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ABSTRACT. We have studied the hydride transfer reaction catalyzed by the enzyme dihydrofolate reductase
(DHFR) and the coenzyme nicotinamide adenine dinucleotide phosphate (NADPH); the substrate is
5-protonated 7,8-dihydrofolate, and the product is tetrahydrofolate. The potential energy surface is modeled
by a combined quantum mechanical-molecular mechanical (QM/MM) method employing Austin model

1 (AM1) and a simple valence bond potential for 69 QM atoms and employing the CHARMM22 and
TIP3P molecular mechanics force fields for the other 21 399 atoms; the QM and MM regions are joined
by two boundary atoms treated by the generalized hybrid orbital (GHO) method. All simulations are
carried out using periodic boundary conditions at neutral pH and 298 K. In stage 1, a reaction coordinate
is defined as the difference between the breaking and forming bond distances to the hydride ion, and a
guasithermodynamic free energy profile is calculated along this reaction coordinate. This calculation includes
guantization effects on bound vibrations but not on the reaction coordinate, and it is used to locate the
variational transition state that defines a transition state ensemble. Then, the key interactions at the reactant,
variational transition state, and product are analyzed in terms of both bond distances and electrostatic
energies. The results of both analyses support the conclusion derived from previous mutational studies
that the M20 loop of DHFR makes an important contribution to the electrostatic stabilization of the hydride
transfer transition state. Third, transmission coefficients (including recrossing factors and multidimensional
tunneling) are calculated and averaged over the transition state ensemble. These averaged transmission
coefficients, combined with the quasithermodynamic free energy profile determined in stage 1, allow us
to calculate rate constants, phenomenological free energies of activation, and primary and secondary kinetic
isotope effects. A primary kinetic isotope effect (KIE) of 2.8 has been obtained, in good agreement with
the experimentally determined value of 3.0 and with the value 3.2 calculated previously. The primary
KIE is mainly a consequence of the quantization of bound vibrations. In contrast, the secondary KIE,
with a value of 1.13, is almost entirely due to dynamical effects on the reaction coordinate, especially

tunneling.
1. INTRODUCTION In the simple MichaelisMenten mechanistic scheme
Dihydrofolate reductase (DHFR) catalyzes the reduction K K
of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) E+S=—ES—=>E+P

through the oxidation of the coenzyme nicotinamide adenine

dinucleotide phosphate (NADPH). Figure 1 shows a sche- the catalytic constank.,, represents the maximum number
matic representation of the crystal structure of DHFR, and of substrate molecules converted to products per active site
Figure 2 depicts the substrate and coenzyme. DHFR plays aper unit time. In general, the transformation of ES te-FP°

key role in maintaining intracellular pools of tetrahydrofolate, involves the formation of intermediates and multiple steps,
which is a coenzyme in a number of one-carbon metabolic including the release of the product. In the DHFR reaction,
processes and is essential for the biosynthesis of purinesgarly kinetic investigations by Fierke et &) @nd Morrison
thymidylate, and several amino acids. The DHFR enzyme et al. 3) showed that product release is the rate-limiting step
has long been recognized as a target for anticancer andand that the enzyme-catalyzed chemical transformation is
antibacterial drugsl). The importance of DHFR both in  exceptionally efficient.

biological function and clinical application have led to The overall reaction of DHFR involves addition of a proton
numerous experimental and theoretical studies, including and a hydride ion to DHF (Figure 2). At neutral pkds has
studies aimed at determining the catalytic mechanism of thisa value of 450 st at 298 K2 and at this pH the main
enzyme. contribution to limiting the rate comes from the release of
tetrahydrofolate. The rate constant for hydride transfer from
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experimentally that the catalytic cycle involves conforma-
tional changes 1(1-18). On the basis of X-ray crystal-
lographic data on ECDHFR, Sawaya and Krdif) oroposed
that the conformational changes of the M20 loop (the active
site loop of DHFR, see Figure 1) modulate the ligand
specificity observed in the catalytic cycle. A possible reason
for the flexibility of the M20 loop in ECDHFR is to increase
the affinity for NADPH versus NADP (14, 19), which is
not necessary in human DHFR because in eukaryotic cells
the concentrations of NADPare no more than 1% of
NADPH concentrations. Thus, ECDHFR and human DHFR
have different catalytic pathways and binding affinities for
substrates and products. Because of the evolutionary diver-
gence of ECDHFR from mamalian DHFR and even from
other bacterial DHFRs1Q), we will concentrate further
discussion only on ECDHFR. Mutation studids3(15, 16)
of EcDHFR have shown that deletion of residues on the M20
loop and the neighboring-FG loop (Figure 1) has a large
impact on the rate constant of the hydride transfer step. These
mutation effects together with the results obtained in NMR
Ficure 1: X-ray structure (PDB code 1RX2) of the ternary complex Studies {1, 12, 17) support a mechanistic model in which
betweenEscherichia colidihydrofolate reductase enzyme,'folate interloop contacts regulate an equilibrium of M20 loop
substrate, and NADPcoenzyme. The heavy atoms of the ligands  conformations, and, in turn, this equilibrium modulates ligand
are represented in ball-and-stick model. Thielices are labeled .
oB andaC. affinity and turnover 16, 18, 20).

In several mutagenesis experiments, Benkovic and co-
workers found nonadditive effects for distant double mutants

Folate

MM (21, 22). A recent molecular dynamics simulation showed
that the interactions of the mutated residues are correlated
? o N\ (23). Importantly, these correlated interactions occur in many
! "¢/ i of the same regions of the protein identified as highly flexible
N regions in the dynamic NMR measuremerttg, (17, 20). It

was also suggested that motions of key residues in the active
site play an important role in catalysis by promoting the
hydride transfer step2¢—26). However, Agarwal et al.
pointed out 24) that it is difficult to distinguish whether the
effect of the mutations is to uncouple the motions between
0 the residues or to cause conformational changes that alter
the reactive orientation of the substrate with respect to the
coenzyme; this orientation is found to be governed by
interactions with distant residues. The molecular dynamics

i . simulations have been extend&¥) to studying the effect
FIGURE 2: Schematic representation of the NADPH coenzyme (top) . . .
and 7,8-dihydrofolate substrate (bottom). Labels have been givenmc the mutation of Gly-121 to valine, which reduces the rate

to the atoms that are cited in the text. The two arrows indicate the Of the hydride transfer by a factor of 1683); the simulation
positions where a proton (N5 position) and a hydride (C6 position) indicates that the reduction is due to an increase in the free

are added to give the final product, 5,6,7,8-tetrahydrofolate. The energy barrier. These calculations show that some of the
solid line divides the quantal and classical regions in the QM/MM changes in interaction distances that are observed in the active
simulations, and the two boundary atoms (which are both carbon) _. . ; . . .
are marked with “B”. site of the wild-type enzyme in going from the Michaelis
complex to the transition state are not found in the mutant
enzyme R7). These studie20—27) have identified dynami-
rate limiting at high pH, as shown by the dependence of the cal motions of various residues in DHFR that are proposed
primary kinetic isotope effect (KIE) ..t on pH, and this to be coupled to the catalytic transformation.
strongly suggests that the protonated substrate is the reactive Recently, Thorpe and Brook28) calculated the energy
species for the hydride transfer reacti@h However, X-ray profiles along the reaction coordinate for the hydride transfer
structures show no direct interaction between the only in the wild-type enzyme and the G121S and G121V mutants
ionizable residue (Asp 27) in the active center and the proton by a combined quantum-mechanical and molecular-mechan-
acceptor atom (N5 in Figure 2), and this makes it difficult ical (QM/MM) method. They analyzed the correlation
to map the proton-transfer pathwad; b). Although several between the hydride transfer barrier calculated for different
experimental4—7) and computational studie8-¢10) have enzyme configurations and the change of a selected set of
provided insight, the proton-transfer mechanism is not well- geometric parameters. The geometrical changes in the wild-
established yet. type enzyme are found to agree with the results obtained by
Other aspects of the catalytic cycle of DHFR have also Agarwal et al. £5), although most of the enzyme atoms are
been intensively investigated. For example, it has been shownfixed in the calculations. This led Thorpe and Brooks to
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suggest that coupled promoting motions are not essential andjuasithermodynamic free energy of activation, which in-
that the difference in reaction rates between the wild-type cludes the quantum mechanical (QM) vibrational free energy.
and mutant enzymes may be explained by quasithermody-Both k® and AGS, correspond to a distinguished reaction
namic contributionsZ8). coordinatez, and they are labeled with the superscript (1)
The effects of the enzyme electric field on the molecular pecause the steps of the calculation employing this distin-
polarization of the NADPH coenzyme and the substrate were guished reaction coordinate are called stage 1. (In stage 2,
investigated by Bajorath et al29) and Greatbanks et al.  which is the calculation of the transmission coefficient, we
(30). These authors used calculations on a single structureintroduce an ensemble of more accurate reaction coordinates,
to analyze the differences between the atomic partial chargescalled s (37, 38, 41), and this allows the entire system to
of the ligands in the enzyme environment and in the gas participate in the effective reaction coordinate at that stage.)
phase. Those studies have been extended by calculating then summary, the two quantities needed to estimate the rate
energetic consequences of charge polarization of ensemblegonstant are the quasithermodynamic free energy of activa-
of reactant, transition state, and product complexes alongtion and the transmission coefficient.
the reaction path of the hydride transfer staf)( The quasithermodynamic free energy of activation is
Additional computational studies have focused on the obtained by first calculating the classical mechanical potential
kinetics of the hydride transfer step. The free energy profile of mean force (PMF)WCM(2), as a function of the distin-
for the hydride transfer from NADPH to the 8-methylpterin  guished reaction coordinate. This PMACM(2), is called
substrate has been computed using a QM/MM poter8&Il ( classical mechanical (CM) because it is computed in New-
The primary KIE has been estimated using a QM/MM tonian molecular dynamics simulations without quantizing
potential and transition state theory (TST) based on electronic-nuclear motions, and the CM free energy of activation is
energy structure optimizatioi3g). Using molecular dynam-  obtained by 37)
ics coupled with a multiconfiguration self-consistent field

method that included nuclear quantum mechanical effects AGHY = WMEZEM) — WM (zo) — GRY 2)
on the transferred atom, Agarwal et @5 also computed
a free energy profile for the hydride transfer step. where zf“" is the value of the reaction coordinate corre-

The present paper describes a new study of the kineticssponding to the maximum of<M(2), z is the value ofz at
of the hydride transfer reaction from NADPH coenzyme to the reactant (R) minimum of\*M(2), and Gg\é is the free
5-protonated 7,8-dihydrofolate substrate. We use a combinedenergy of the normal modé-) that corresponds to at zz.
QM/MM (34—36) potential energy surface and ensemble- In general, we choose the zero of energy?(z) so that
averaged variational transition state theory with multidimen- WeM(zg) = 0.
sional tunneling contributions (EA-VTST/MTJ{, 38) to The quantization of the classical free energy is achieved
calculate primary and secondary KIEs, which provide unique by adding a quantum mechanical vibrational correction,
information about catalytic mechanisng&9). As mentioned AW,in(T,2), to WEM(2) (37, 42). We employed two methods
above, the hydride transfer reaction catalyzedBycoli for including quantized vibrations in the classical free energy
DHFR becomes rate limiting at high pk)( as shown by  of activation. Both methods start by calculating the frequen-
the measured KIE. In the present study, however, we validatecies wyj of the generalized normal mode2( 43) m for a
the computational method by comparing the calcul&tgd subset of atoms in the active site, called the primary zone of
and primary KIE for the hydride transfer step at neutral pH the system, at an instantaneous configuraji(gee section
to experimental results for the hydride transfer step deter- 3.3.2 for more details of this part of the calculation). The
mined at a similar pHZ), namely, pH 6.5. We also predict first method, called the average frequency (AF) method, is
the secondary KIE. the one used previousIBT, 41, 42). In this method, we first

calculate average frequencies
2. THEORY ;
b

In the present work, we have modeled the potential energy @,(z,) = 0z — 2, o= =S o, 3)
surface (PES) by a combined QM/MM approad4-36)
that includes the generalized hybrid orbital (GHGB)
method to treat the boundary between the QM and the MM wherez, is the value o at the center of a bin of width 0.01
fragments of the system. In addition, we use a simple valenceA, J, is the number of configurations at which frequencies
bond (SVB) @0) term to improve the accuracy of the PES. are calculated in birb, andJ = } Jy is the number of

The rate constants and KIEs have been determined by theconfigurations used to make the quantum correction. (Note
ensemble-averaged variational transition state theory withthatJ is being defined for later use in section 3.3.2.) Then,
the multidimensional tunneling EA-VTST/MT method, the the difference between the quantized and classical mechanical
formalism of which has been presented in detail in recent free energies is estimated by
papers 87, 38, 41). In brief, the rate constant for the hydride
transfer step in DHFR is written as follows: AW, (Z) = W ( @(z)}) — Wop(@n(@)})  (4)

b=

_ Y 1 1 where W2, and WC, are, respectively, the quantized and
k(M) = V(T)k( )(-D - y(T)%exp[—ﬂ AGSiC)l(T)] 1) classicalv;%echaniggl expressiodg)(for the vibrational free
o energy of a collection of harmonic oscillators, &rl(z,)}
whereh is Planck’s constan3 = 1KT, k is Boltzmann's  denotes the set of frequencié(z,) in the collection. In
constant,y(T) is the overall transmission coefficiend}) is the second method, called the perturbation (P) method, we

the quasithermodynamic rate constant, ak@' is the  replace eq 4 by



Energetics and Kinetics of the Hydride Transfer in DHFR Biochemistry, Vol. 42, No. 46, 20033561

exp[-A vib(zb)/RT] =[(z—z) x btet\t/\r/]een it§ tm]zciximu? Iy:] the MFTP ;:alé(:klt;lz?g(;n Z?)d iErshvaIue
c - at the point for whichz equals to : . The
EXp[_[W\%b({ wm,J} )—~Wiin( wm,j} /KT]D= introduction of the classical recrossing correction, given by
1 - the average value df, I'(T) = T[] to the transition state
3 exp-[Weh({ 0m ) —Wep({ @ HIKT] (5) rate constark® gives the final quasiclassical rate constant:
b=
KM = T(MKY(T) 8

The correction functiod\W,i(T,2,) evaluated at the sequence

of Z values is fitted to a cont.inuo.us functicvaib('lh'A,Z)- Then individual semiclassical transmission coefficients
Adding AW,ix(T,2), calculated with either method, W<(2) are calculated by employing methods fully described in
gives the quasithermodynamic potential of mean force, previous work 43, 45, 46). The product of the two factors,

WH(2) (37), that contains quantized vibrations for the primary , andT;, gives the net transmission coefficient for config-
zone, except one degree of freedom corresponding to theyrationi.

reaction coordinatez:
" " Vi =l 9)
WD(T,2) = WM(T,2) + AW,,,(T.2) (6)
_ _ - Averaging the total transmission coefficiept over i
The quasithermodynamic transition state free energy of secondary-zone configurations gives the final static-second-

activation, AG2 in eq 1, is obtained by ary-zone rate constant of eq 1, wher@) = 3]
The final theoretical estimate of the phenomenological free
AGE = WY — Wi (z) — G357 (7)  energy of activation is
wherez" is the coordinate at the maximum ¥#%)(z), and AG,,= AGY — RTIny (10)

Gg¥ is the quantized value dBgy (37).
In the present study, the transmission coefficient is  More details about the dynamics methods used in this work
computed in the static secondary zone approximatg (  are given in section 3.3.2.
from a transition state ensemble optimized on the basis of
free energy; the use of such an ensemble provides a more3: COMPUTATIONAL DETAILS

realistic and complete treatment than using only a single 3.1, Model of the EnzymeSubstrate-Coenzyme Complex
structure optimized on the basis of electronic energy. The i, \water. Sawaya and Krautld) have resolved a set of
transmission coefficient is the product of two factdrsand  isomorphous crystal structures that are proposed to be
«. The first factor, which is the quasiclassical transmission analogous to the five detectable kinetic intermediates in the
factor,I', corrects the rate constant for dynamical recrossing catalytic cycle ofE. coli DHFR. On the basis of these
(37, 44); this factor is calculated quasiclassically, which, in - stryctures, it has been inferred that the M20 loop (Figure 1)
this context, refers to the fact that some degrees of freedomis predominantly closed over the reactants in the holoenzyme,
are quantized, but the reaction coordinate is not. The secondyichaelis complex, and transition state. The structure (PDB
factor, «, is the semiclassical transmission coefficient that ¢oge 1RX2) used to build the model for the present study
accounts mainly for tunneling, that is, the quantum mechan- ¢orresponds to the Michaelis complex with the M20 loop
ical effects on the motion along the reaction coordinate, (residues 16-24) in the closed conformation. The crystal
which are missing in the quasithermodynamic calculation strycture contains a total of 159 amino acid residues, 153
of the k) rate constant. (In the present context, “semiclas- crystallographic waters, and the folate and NADIBands,
sical” refers to the use of a multidimensional WKB-like \yhich were replaced by 7,8-dihydrofolate and NADPH,
approximation to compute the quantum effects.) The primary respectively, for the simulation. Key interactiond4
such effect is quantum mechanical tunneling, butdfEctor — responsible for coenzyme binding include hydrogen bonds
also includes nonclassical reflectiof8] by the barrier (this  jnyolving lle14, Gly15, Glu17, Asn18, and Asp122 (Figure
latter effect is a diffraction effect by which a small fraction  3) The F-G loop (residues 116125) and the helix C

of the particles that have enough energy to surmount the residues 44 50) interact with the M20 loop, positioning it
barrier are nevertheless reflected by it). The calculations i interact with the coenzymei4). These interactions are
carried out to determine thE and « factors involve an  characteristic of the closed conformatid), and therefore
ensemble averag@7, 38) over an equilibrium distribution e have monitored them along the simulated reaction, as a
of secondary-zone configurations, labelees 1, 2, ...,1, validation for the model used.

corresponding ta = Z" + Az, wherez is the location of The coordinates for hydrogen atoms of the protein and
the stage 1 variational transition state (also called the the coenzyme were determined using the HBUILD facility
quasithermodynamic transition state), which is located at in the program CHARMM 47). On the basis of the results

= zi”, and Az is 0.005 A. For each transition state of Callender and co-worker$,(7), we assumed that Asp27
configurationi, we freeze the secondary-zone atoms to is deprotonated at neutral pH, as it would be in bulk water.
calculate an isoinertial minimum energy path (MEP). The The protonation states for all other ionizable residues were
individual paths obtained for the different configuratians  set corresponding to pH 7 (which is reasonable since the
describe the dynamics of the primary-zone atoms under theexperiment we compare to corresponds to pH 6.5). Thus,
effective potential of the rest of the system for the various histidine residues were modeled as neutral residues with the
configurations. For each configuration, we first calculate the proton on N or NJ as determined on the basis of possible
T factor, which is a function of the difference in free energy hydrogen bond interactions deduced from the X-ray crystal-
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Ficure 4: Model reaction for the hydride transfer step.

Table 1: Energy of Reactidrfor the Model Reaction of Figure 4

method AE (kcal/mol)
AM1 14.0
PM3 15.4
HF/6-31G(d,p) —6.6
B3LYP/6-31G(d) -6.2
mPW1PW91/6-3+G(d) -7.1

coenzyme
a Excluding zero-point contributions in all cases.

substrate 69 atoms and a molecular mechanical region containing the
rest of the system. The QM system includes 39 atoms from

Ficure 3: Partial view of the active center of DHFR (PDB code :\Te S-Ercl)tonate(g 7.’8_DHF ;ubztrate _(the %terlglgz rlngz the
1RX2). The position of the M20 and+G loops, the nicotinamide -methylene-substitutepraminobenzoic acid (pABA) moi-

and ribose rings of the coenzyme, and the pterin ring of the substrateety, and the-NH—C, group of the glutamate moiety) and
are shown. The numbers indicate the distances found in the X-ray 30 atoms from the NADPH coenzyme (the dihydronicotin-

structure for interactions that are proposed to characterize the M20gmide and ribose rings). This is illustrated in Figure 2. The
loop closed conformation. QM subsystem contains two boundary atoms: thehe

| hic struct Th bstrat lecul tonat dglutamate residue and the 'CBbose atom, which are
ographic structure. The substrate molecule was protonate represented by the GHO methagby.

at the N5 position to model the protonated 7,8-dihydrofolate
(Figure 2). The resulting system has a net charge 15 e,

which was neutralized by placing sodium cations near
negatively charged residues at distances greater than 17

frolm tthc? gfr:ive ceqter.lThe fli_rl;al tp(rjoteirl;_ stbructu;e V\{as and hybrid density functional calculations for the model
S0 \Ila el with a pre:jnousr)]/ equilibrated cubic ofxr? Water  reaction represented in Figure 4. Geometry optimizations and
molecules, centered at the geometric center of the IorOtemenergies were computed at the AM1, PM2), HF/6-31G-
ternary complex. The initial dimensions of the box were 60 (d,p), B3LYP/6-31G(d), mPW1PW91/6-315(d) levels of

x 60 x 60 A%, which ensures that all protein atoms are at theory. The latter hybrid density functional theory (HDFT)
leag 8 A away from the edges of the box. Water molecules has been shown to be especially accurs® 64), and it

that are within 2.5 A of any non-hydrogen atoms of the will be used as a standard for testing the semiempirical

protein or ligand were removed. The f|_nal model contains methods. The results for the energy of reaction of the model
21468 atoms,_ of which 2489 are protein atoms._ reaction are compared in Table 1. The AM1 semiempirical
For comparison, an analogous model was built to study |eye| was chosen in the present study because of its overall
the hydride transfer reaction from NADPH to the nonpro- performance. However, the deviation from HDFT results was
tonated 7,8-dihydrofolate substrate. too large to be ignored for quantitative work. Consequently,
3.2 Potential Energy Surfac§o equilibrate the solvateq we introduced a simple valence bond (SVB) teri)(to
protein system, we first carried out molecular dynamics cqrrect the energies at the critical points on the potential
simulations using the all-atom CHARMM228) force field energy surface. This correction includes two Morse terms,
to represent the protein, substrate, and coenzy#@8 @nd  \hich correct the error in the difference of the heterolytic
using the three-point-charge TIP3RI[ model for water.  pong dissociation energies for the two-half hydride transfer

The parameters for the 5-protonated 7,8-dihydrofolate sub-reactions. The form of the SVB potential is given as follows:
strate were derived from standard parameters for analogous

functional groups along with results from ab initio calcula- 1

tions. Mulliken population charge5(@) that were determined Vsvg = E[Ml(rDH) + My(ran) —

using the QM/MM model described below were assigned to > >

the QM atoms of the 5-protonated DHF substrate and to the \/((MZ(rAH) — My(rpn)” +4V,,] + D, (11)

nicotinamide and ribose atoms of the coenzyme. A list of

all new parameters determined this way is given in the WhereMi(ri) is a Morse potential given by

appendix. We note that these parameters were used only for

the purpose of initial equilibration of the system. They are M,(r)) = D, [e” 24" — pgailiri)] (12)

not designed for quantitative calculations, nor were they used

to determine the properties reported in this paper (becauseandVi. is a coupling element. Although one might take

in the final calculations we did not use molecular mechanics to be a function of the doneracceptor distance or other

for these atoms). geometrical variables in the general case, in the present work
For combined QM/MM calculations, the system was it was taken as a constant for simplicity. Therefore, there

partitioned into a quantum mechanical region consisting of are seven parameters. In eq 11, the donor species (DH)

We used the semiempirical Austin model 31 (AM1)
to describe the QM subsystem. To validate the performance
of the AM1 model and to make corrections to improve its
ccuracy, we carried out gas-phase ab initio molecular orbital
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Table 2: Parameters for the Simple Valence Bond (SVB) Potential the extended system constant pressure and temperature

for the Hydride Transfer Reaction in Dihydrofolate Reductase algorithm implemented in .CHARMM q6-58). All bond
D (kealmol) (A Y ro(A) Vi (kcalimol) Iengths_ and bond angles mvolymg hydrogen atoms were
constrained by the SHAKE algorithrg), and the dielectric
C4N-H 245.7 0.4 1.10 tant tto 1
C6-H 214.1 05 111 constant was set 1o L.
C4AN—C6 23.0 Initially, the temperature of the system was gradually

raised from 0 to 298 K in 30 ps of molecular dynamics, with
denotes the nicotinamide ring and the acceptor (AH) specifiesth® System under harmonic restraints using the crystal-

the pterin ring. lographic structure as the reference. Then, the harmonic
The final QM(AM1-SVB)/MM potential energy surface ~ "estraints on the protein atoms were gradually released during
(PES) is a further 50 ps simulation at 298 K. At this stage, the
harmonic force constants used for the restraints on the heavy
V= Vommm T Vsve (13)  atoms of the pteridine ring of the substrate and the nicotin-

amide ring of the coenzyme were decreased to a value of 1
where the first term is the QM/MM potential based on AM1 kcal molt A=2, but not completely eliminated. This ensured
(51), the CHARMM22 protein force field48), and the TIP3P  that the relative orientation of the hydride-donor and hydride-
model for water 49). acceptor rings, found in the X-ray structure, was maintained.

We parametrized the SVB term in this PES to reproduce This was necessary because nonstandard MM parameters
(after adding an estimation of the quantum and dynamical listed in the appendix were used for the substrate atoms in
corrections to the classical free energy of reaction and to this stage. At this point, we considered that the system was
the TST rate constant, respectively) the experimental free equilibrated because of the small value of the fluctuation in
energy of reaction of-4.4 kcal/mol, which is calculated from  temperature (2 K) and total energy (0.3% of the average
the reported Z) value (1700) ofKe,, and the experimental  value) over the last 10 ps. The average length of the box
free energy of activation of 13.4 kcal/mol, calculated from edge in the last 10 000 steps (10 ps) of the 50 ps run was
the phenomenological rate constar®) for the hydride 58.93044 A, which was used in the subsequent QM/MM
transfer step using transition state theory. To accomplish this,molecular dynamics simulations at constant volume and
we repeated the calculations of the potential of mean force temperature. This average length is 2% smaller than the
on the QM(AM1-SVB)/MM PES with different trial sets of — average length of the original box edge.

SVB parameters. The final parameters are listed in Table 2. The QM/MM simulations were carried out using periodic

3.3. Simulations. 3.3.IThe Michaelis Complex Prepara- boundary conditions and the same nonbonded cutoff, switch-
tion. To remove close contacts and highly repulsive orienta- ing functions, and dielectric constant as in the MM calcula-
tions of the initial protein-solvent system, we first performed tions, but we used an algorithm that takes advantage of the
100 steps of energy minimization for all water molecules minimum image convention for a periodic cubic box. The
using the adopted-basis set NewtdRaphson (ABNR) procedure is an extension of that implemented into CHARMM
method in CHARMM-version c284(7), with the protein by Shirley and Brooksg0) for MM calculations, which
atoms held fixed. This was followed by 100 steps of avoids the generation (that is required in the standard
restrained energy minimization of the entire system; the CRYSTAL module) of image atoms in addition to atoms in
restraints were harmonic potentials applied to atoms in the the primary cell. The solvent molecules (water and counter-
coenzyme and substrate and to the protein backbone atomsons) were translated every 1000 steps to their image position
From the resulting configuration, molecular dynamics (MD) closest to the center of the system, which is defined as the
simulations with periodic boundary conditions (PBC) and geometric center of the protettigands complex. The center
the isothermatisobaric (NPT) ensemble at 298 K and 1 atm of the protein-ligands complex was updated at each non-
were carried out to obtain the average volume of the system.bonded pair list update. All the hydrogen atoms, with the
The constant pressure and temperature calculations wereexception of the hydrogens attached to the C4N atom of the
carried out using the CRYSTAL module of CHARMM- NADPH coenzyme, were constrained by the SHAKIS)(
version ¢28; in this method, a crystal is constructed by algorithm. The velocity Verlet algorithn6() and the Nose
surrounding the cubic primary cell (the ternary complex, the Hoover 66, 57) constant temperature algorithm were used
cubic box of waters, and the counterions) with 26 identical to run these simulations at 298 K and at constant volume on
images. In practice, only the images within a given cutoff the QM(AM1-SVB)/MM potential energy surface described
are generated when a cutoff criterion is used to reduce theabove. After 10 ps of restrained MD simulations, using the
number of nonbonded interactions, and in all the calculations restraints applied during the last 20 ps of the classical MM
of the present study, a spherical cutoff distance of 12 A was simulation, the system was allowed to move completely
used for the nonbonded interactions along with a switch freely for 50 ps. Overall, the equilibration phase included
function in the region 1412 A to feather the interaction 140 ps of MD simulations, of which 80 ps were based on
energy to zero. The nonbonded pair list and the image list MM potentials and 60 ps were based on QM/MM potentials,
were built on the basis of group separations, and they wereto prepare the starting configuration of the Michaelis complex
updated every 30 and 120 steps, respectively. During anfor free energy simulations.
image update, the distant solvent molecules were replaced 3.3.2. Dynamics.The potential of mean force (PMF)
by a close image, and the group of image atoms within the WCM(z) was determined using the umbrella sampling tech-
cutoff distance of the primary atoms was updated. nigue ©62—64) along the reaction coordinatg which

We used the leapfrog integration scherd8) fo propagate  is defined geometrically38, 65) as the difference between
the equations of motion with a time step of 1 fs and with the C4AN-H4 distanceriom and the H4C6 distance preak
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In the present study (Figure 4):
Z= I'preak — Tform (14)

A total of 18 separate simulations (or windows) were

executed to span the entire range of the reaction coordinate

from reactants to products. Each simulation was performed
with the addition of a biasing potential, roughly the negative
of the final computed PMF, and a harmonic restraining
potential centered at the Iocatiomo)( of that particular
window. For each window of these calculations, the veloci-
ties and positions of the last configuration generated in the
previous window were used to initiate the next window,
which was equilibrated for 15 ps, and the probability density
of configurations along was collected for an additional 40
ps and sorted into bins of width 0.01 A. The uncertainty in
the reaction coordinate is half of the bin size, 0.005 A. To
estimate the simulation error and to increase the efficiency
of sampling, we carried out two series of these calculations,
one starting from the reactant side and one from the product
side.

Each of these two series of simulations has a total length
of 990 ps. During the umbrella sampling simulations, the
trajectory was saved at intervals of 100 steps for the
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Ficure 5: (a) Schematic representation of the primary zone atoms
(in red) used for the calculation of the quantum mechanical

simulation started from the reactant side and intervals of 10 Vibrational free energy correction. (b) Schematic representation of

steps from the product state.

The WeM(2) curve was first obtained from these separate
series of simulations by manually matching, at the point of
maximum overlap in probability density of configurations,
the free energy profiles obtained from consecutive windows.
We then repeated the analysis of the data obtained by th
two separate series of simulations with the weighted histo-
gram analysis method (WHAM)6Q, 64). The results
obtained by manually matching the free energies of consecu-
tive windows and the ones obtained by the WHAM method
differ by less than 0.82 kcal/mol at all values Dbetween
the reactant and the product states. A fiveM(2) was
obtained by combining the probability density of configura-
tions obtained from both series of simulations in the WHAM
analysis 62—64).

For subsequent calculations, we used structural information

e

the primary zone atoms (in red) used for the dynamics calculations.

For each configuration, the instantaneous generalized normal-
mode frequencies were determined for the 31 atoms of the
primary zone defined in Figure 5a. The Hessian was
determined numerically by a central difference scheme with

a step size of 0.0053 A, and the generalized normal modes

were calculated in rectilinear coordinate&3), When cal-

culating generalized normal-mode frequencies, the reaction
coordinate was projected out of the Hessian, as described in
refs 37 and42. The calculated frequencies for the various
configurations were averaged over all the configurations that
belong to a given bin of width 0.01 A, and the correction of
eq 4 was calculated as a function of the averaged frequencies.
For the HH case, we also calculated eq 5.

We chose the configurations for the transition state

from the simulation started at the reactant state to estimate€Nsemble (TSE) from the classical simulation, and these

KIEs by employing the CHARMMRATE 6) module of
CHARMM (47), based on interface of CHARMM and

configurations were used to calculate the averaged transmis-
sion coefficient of eq 9. In previous worlT, 41, 65, 68),

POLYRATE (67). We investigated three different systems this selection was made by using samples that were ap-
and determined the primary and secondary KIEs: (i) the Proximately evenly spaced in time; however, in the present
nicotinamide ring with protum atoms at H4 and 'H4 Work, we used a better prescription; in particular, we chose
positions (labeled HH substitution, Figure 2), (i) the replace- theé members of the TSE on the basis of their closeness to
ment of protium by a deuterium atom at position H4 (labeled 2. In each window of the umbrella sampling simulation,

DH substitution), and (iii) the deuterium replacement at 400 configurations were saved, and the TSE consisted of

position H4 (labeled HD substitution). Note that position 4
labels the atom transferred, andldbels the spectator.

The quantized-vibration correctiod?) to the computed
potential of mean force was obtained from instantaneous
generalized normal-mode frequencigg, @2) of the primary-
zone atoms for 694 configurations generated along the
umbrella sampling simulation patll € 198 configurations
from two windows at the reactant stafies= 198 configura-
tions from two windows at the product state, ahe: 298
configurations from the transition state region). The same
configurations were used to calculate the quantized-vibration
correction to the PMF for the isotopically substituted cases.

the saved configurations withvalues closest tqﬁl) (within

0.01 A). In calculating the transmission coefficient, the
primary zone is somewhat larger than the one used above to
make quantum corrections to the PMF. In particular, we
included all the atoms of the pteridine ring (Figure 5b), so
that the total number of dynamical atoms is 40. Geometry
optimizations of the primary zone reactant and product
species were performed using the BFGS metle®), (vhile

the saddle point geometry was obtained using the Newton
Raphson method with Brent line minimizatiorQj with the
gradient converged to 1.% 104 kcal molt A-L The
reaction path was traced using the Euler steepest descent
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20 get meaningful results from theoretically justified free energy
sampling methods, and it is not necessary to use unconven-
tional averaging methods.

The computed classical quasithermodynamic free energy
of activation is 16.1 kcal/mol, which includes the correction
due to theGgy term in eq 2. It turns out thaBgy is 0.5
kcal/mol for all isotopic substitutions, namely, HH, DH, and
HD, as obtained (from five configurations that were saved
at the minimum on the reactant sidezat= —1.425 A) by
a procedure that has been presented previo®3ly (

- : , : - : Figure 6 shows that the transition state of the CM PMF is
20 s A0 05 00 0510 1S located a*™ = —0.145 A. The average distance between
z(A) the donor and the acceptor atomzit' is 2.68 A, and the
Ficure 6: Classical mechanical potentials of mean force (CM average C4N-H4—C6 angle is 157 deg. These values agree
PMF). The dotted curve is from manually matching the series of well with results obtained previously2§, 33, 72, 73) for

simulations started at the reactant side, the dashed curve is from del i in th h d f fi in th
manually matching the series started at the product side, and theMOU€! reactions in the gas phase and 1or reaction in the

solid curve is obtained by WHAM62—64) analysis using all the ~ €nzyme.
samples from both series of simulations. 4.2 MechanismThe DHFR reaction formally involves
] ) ] the addition of H to DHF, and, a priori, the proton-transfer
method 71) in mass-scaled coordinates with a reduced masssiep can proceed either before or after the hydride transfer
of 1 amu and a step size of 0.00106 A. The number of reaction. The free energy reaction profile for the hydride
transyﬂ_on sta}te configurations used to calculate transmissionygnsfer step in Figure 6 was obtained for the substrate after
coefficients isl = 13. N _ ~ the protonation reaction at the N5 position of DHF. We have
The MT transmission coefficient;(T), was microcanoni-  aiso calculated the potential of mean force for the hydride
cally optimized between the small-curvature tunneling (SCT) transfer reaction from NADPH to 7,8-dihydrofolate, i.e., the
value calculated by using the centrifugal-dominant small- nonprotonated substrate, which yielded a free energy barrier
curvature semiclassical adiabatic algorith#B)( and the  of 48 kcal/mol, which is more than 30 kcal/mol greater than
large-curvature tunneling (LCT) value determined with the for the protonated substrate. In a recent study, Shrimpton et
version 4 algorithm46b). al. (10) concluded that the hydride transfer step might occur
before the proton transfer because the average time during
4. RESULTS AND DISCUSSION which water was found within hydrogen bonding distance
4.1. Potential of Mean Force and Free Energy of Aati ~ Of N5 was significantly increased when the hydride was
tion. Figure 6 shows the potentials of mean force obtained transferred from NADPH to C6 of 7,8-dihydrofolate before
from the two independent series of simulations started from Protonation. However, this observation does not provide
the reactant and the product states, respectively. These twdlirect evidence for the sequence of reaction. On the other
curves have been obtained by manually matching the freehand, the results from the free energy simulations in the
energy prof“es calculated from consecutive windows. In pl’esent Study demonstrate that the barrier for hydrlde transfer
addition, Figure 6 shows the combined PMF obtained from Would be unrealistically high if the protonation step took
both simulations using the WHAM metho62—64). The place after the hydride transfer reaction. Furthermore, we
largest deviation between the PMFs from the forward and found that a water molecule bridging the N5 and O4 atoms
backward simulations is about 2.1 kcal/mol. (Recall from ©f the substrate 7,8-dihydrofolate is conserved throughout
section 2 that each PMF was zeroed on the reactant Side_’:he simulation. Thus, we conclude that the reduction of DHF
The deviation of the two series of simulations is about 1 Proceeds via an initial proton transfer, perhaps through a
kcal/mol at the transition state. In a recent study, Thorpe et bridging water molecule, followed by hydride transfer,
al. (28) found a broad range of values in the computed energy consistent with experimentaB) and computationalg 9)
barrier height for the DHFR reaction. They obtained an results.
effective energy of activation by averaging the barrier height 4.3 Rate Constants and Degree of Tunnelifg.evaluate
of many potential energy profiles, which were determined rate constants for enzymatic reactions in the EA-VTST/MT
by constrained energy minimization using a combined QM/ method, two kinds of corrections are made to the rate
MM potential for configurations that were saved in a 10 ns constants determined using the free energy barrier from
MD simulation (with time step of 2 fs). These authors argued classical molecular dynamics simulations (Figure 6). The first
that PMF-based approaches tend to sample a very localizeds to include quantum mechanical effects, specifically zero-
set of configurations, and they are not able to capture the point energy, tunneling, and nonclassical reflection, and the
range of protein and solvent configurations that lead to such second is to include dynamical recrossing in the transmission
broad distributions28). However, similar findings have been  coefficient. We calculated the effect of quantizing vibrations,
observed using configurations that were saved during except one degree of freedom corresponding to the reaction
umbrella sampling calculation87, 41, 68), and Figure 6 coordinate, using both the average frequency (AF) and the
also indicates that the computed PMF shows good conver-perturbation (P) method (see section 2). The numerical results
gence when tested by comparing simulations started at veryfrom the two computational methods agree within 0.05 kcal/
different conformational substates of the enzyme (separatedmol for the HH case. Thus, the computadV,i,(2) is not
by 990 ps of MD simulation). Thus, it appears possible to sensitive to whether this averaging step is carried out using

WM(z,T) (kcal/mol)
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Table 3: Computed Rate Constants and Free Energies of Activation

at 298 K for Three Isotopic Combinations
Rate Constants (%)

Garcia-Viloca et al.

that the standard deviations are larger than those in our
previous applications3({, 38, 41, 68) of the ensemble-
averaged method. The high value of the standard deviation

KO(T)e k(TP KEA-VTSTIMT (T Knye(T)° of the transmission coefficients is due to the fluctuations of
AH 638 277 1619 950 the |_nd|V|d_uaI parrler helghts, shapes, and Wld_ths for the
DH 232 191 572 317 configurations in a canonical ensemble of transition states.
HD 638 464 1433 In section 4.4.1, we point out that we have found structures
Free Energies of Activation (kcal/mol) in the transition state region with two possible conﬂgu_rauons
— of the nicotinamide ring with respect to the pterin ring of
AG(l) AGQC AGEA VTST/MT AG
act act act act the substrate. Of the 13 members of the TSE, two belong to
HH 13.6 13.8 13.1 13.4 one group and 11 belong to the other group. However, this
DH 14.2 14.3 13.7 14.0 structural difference is not correlated with the values of
HD 13.6 13.8 13.1 o L - .
Kinetic [sotone Effect individual transmission coefficients obtained for the members
Inetic Isotope ects : H
HH/DH 275 5 50 > 83 3.00 of each group of conflguratlons. _
HH/HD 1.00 103 113 The final quasiclassical rate constants of this sté8%(T),

are also shown in Table 3; they are the product of the
quasiclassical transmission coefficidnfl) and the quasi-
classical transition state theory rate constdh(T). (These
results are called quasiclassical because they do not include
guantum effects on the motion along the reaction coordinate,
although they do include quantization of all other degrees
of freedom.) Including quantum mechanical tunneling and

a Quasiclassical transition state theory restilthe quasiclassical
result includingI'(T). ¢ The final result based on the transmission
coefficienty(T). ¢ Experimental, from ref 2.

Table 4: Average Transmission Coefficients and Their Standard
Deviation at 298 K

Isotope substitution Im <M v(M guasiclassical dynamical recrossing corrections, our best
HiH 075[0.26]  3.13[1.29]  254[1.61]  estimate of the phenomenological free energy of activation
o 082[0.21]  2.88[0.82]  2.46(1.09] and free energy of reaction are 13.1 and.7 kcal/mol
HD 0.73[0.27] 2.84[1.10]  2.25[1.45] )% . . ;

respectively, for the hydride transfer step in DHFR. For
, ) i comparison, the experimental free energy of activation is 13.4
average frequencies, as used in previous stuBigsi(, 42, kcal/mol at pH 6.52). The final static secondary zone (SSZ)
68), or by the direct evaluation of the ratio of the quantum constantskEA-VTSTMT(T) shown in the second last
and classical partition functions. We used the AF method ¢4 mn of Table 3 are the product of the average transmission
for the results presented below. ~ coefficient, y(T), and the rate constakV(T). They are
_For the HH case, the inclusion of quantum mechanical comparable to the experimental rate constants determined
vibrational free energy lowers the free energy of activation gt 298 K and at pH= 6.5 (2). Note that the rate constants in
from the classical mechanical value of 16.1 kcal/mol the taple give an indication of the degree of tunneling. In

presented in section 4.1 to 13.6 kcal/mol. These values areparticular, the fraction of reactions that occur by tunneling
denoted 42) as quasiclassical (QC) to indicate that the F s bounded as follows:

quantization excludes a dynamical degree of freedom, the

reaction coordinate, although the final quasiclassical result KEA-VTSTIMT _|1QC
also includes quasiclassical recrossing. There is no displace- Fun = KC

ment in the location of the transition state from the classical

PMF due to the inclusion of quantized vibrations for the HH 116 hound would be an equality if there were no nonclassical
case. Thus, the quasiclassical transition state corresponds tQsfiection. Nonclassical reflection reduces the rate (for a
2" = —0.145 A. Thek®(T) column of Table 3 shows the  typical reaction involving significant amounts of tunneling,
resulting rate constants and free energies of activation. nonclasscial reflection might reduce the rate by about by
A total of 13 configurations can be classified as members 5—10%: but the tunneling and nonclassical reflection effects
of the transition state ensemble (TSE) by the criterion are not separated by the numbers in Table 3 becausg the
explained in section 3.3.2; these configurations are found in factors of eq 9 introduce both effects at the same time). From
the range ofé}) from —0.140 to—0.150 A. For each of  Table 3, we see that tunneling accounts for more than 71%
these configurations, the primary zone atoms, defined in for the rate constant for the perpriotio case.
Figure 5b, were optimized to the nearest saddle point in the 4.4. Primary and Secondary Kinetic Isotope Effettée
presence of the rest of the system (with the rest of the systemhave determined the primary and secondary KIEs for the
held fixed), and a minimum energy path (MEP) was obtained. hydride transfer reaction catalyzed by DHFR. In these
The MEPs were used to determine the individual transmis- calculations as well as in many other enzymatic reactions, it
sion factors,I'; and «;, that correct the rate constant for is essential to include quantum mechanical tunneling con-
quasiclassical recrossing and multidimensional tunneling, tributions in the computed free energy of activati@s, (37,
respectively, and the total transmission coefficierdt,), is 38, 41, 65, 68, 74—83). Agarwal et al. 25 computed the
obtained by averaging the products of the two individual primary KIE for the hydride transfer reaction in DHFR by
factors over all the configurations of the TSE. Table 4 shows means of a mixed quantum/classical description of the nuclei,
the computed average transmission coefficients together withwhich includes quantum mechanical effects (such as zero
their standard deviation. Note that the standard deviation ispoint energy of modes including the transferred atom and
a characteristic of the fluctuations in the physical system (it hydrogen tunneling) and classical dynamical effects (such
is not a measure of any error in the simulations). We note as dynamical barrier recrossings) by treating one of the atoms

(15)
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quantum mechanically. The primary KIE has also been coordinate (2.7) and the value after the inclusion of the
calculated by conventional transition state theory without transmission coefficient (2.8) shows that the primary KIE is
tunneling based on a single minimized reaction path calcu- mainly a consequence of the quantization of bound vibra-
lated with a combined QM/MM potential functioB3). Our tions. However, the secondary KIE, with a final value of
study extends the earlier work to both primary and secondary1.13, is entirely due to dynamical effects on the reaction
KIEs by using a multidimensional tunneling approach that coordinate, especially tunneling, which contribute a factor
includes quantal effects on the motion of 40 atoms and thatof 1.10.
is averaged over an ensemble of 13 transition state configu- 4.5. Analysis of EnzymeSubstrate Interactions. 4.5.1
rations. Hydrogen Bonding Interaction3.o shed light on the effect
The inclusion of quantum mechanical vibrational free Of substrate-enzyme interactions on the enzymatic reaction,
energy lowers the free energy of activation (16.1 kcal/mol) we have examined a variety of hydrogen-bonding interactions
presented in section 4.1 to 13.6 kcal/mol for the HD and their interatomic distances along the reaction path. Since
substitution (the same value as reported above for the HHthe number of pair interactions is very large, it is impractical
case) and to 14.2 kcal/mol for the DH case. The calculated to monitor every pair interaction along the reaction pathway.
free energy of reaction for the hydride transfer step-#7 Thus, certain selection criteria were established to facilitate
kcal/mol for all three cases (HH, DH, and HD). As for the the analysis of key interactions. To begin, from the first
HH case, there is no displacement in the location of the umbrella sampling simulations, we focused on three groups
transition state from the classical PMF due to the inclusion of configurations that were generated and saved in the
of quantized vibrations for the HD substitution, which umbrella sampling trajectory, corresponding to the Michaelis
therefore corresponds ¢ = —0.145 A. However, for the ~ complex (the reactant state region defined by the range of
DH case the maximum of the free energy profile is displaced = Z& & 0.250 A whereze = —1.425 A), the transition state
slightly to Z*QC = —0.155 A. (TheWR(T,2) curve is 8.3x (def!ned byz = —0.1454+ 0.100 A), and the prod_uct state
10°5 kcal/mol higher at—0.155 A than at—0.145 A, a  (defined byz =27+ 0.25 A whereze = 0.895 A). First, we
quantitatively insignificant value.) Th&(T) column of calculgted the average distances of all pairs that mvolvela
Table 3 shows how the resulting rate constants and freePOtential hydrogen bond between a residue of the protein
energies of activation change upon isotopic sustitution. The @nd either the DHF substrate or the NADPH coenzyme or
inclusion of quantum effects on the bound vibrations gives Petween DHF and NADPH. This resulted in a total of 46
a primary KIE of 2.75 and a secondary KIE of 1.00. substrate-enzyme, coenzymeenzyme, and substrate

We use the same configurations as the TSE for the threeC0ENZyme interactions that had doracceptor distances of

cases, although each isotopic combination engenders its ownN6 A or less. Then, for analysis with a larger number of
' ug P Lo 9¢ configurations, we selected the subset of these interactions
set of reaction paths and transmission coeeficients. Table 4

o o that either (i) have doneracceptor distances that fluctuate
shows the computed average transmission coefficients to-

. . S . .~ by more than 0.2 A along the reaction or (i) have been
ggmgirnglitgn;hew standard deviation for all three isotopic proposed by previous workersl4—16, 25, 29) to be

) o ) important for catalysis. This subset was analyzed for all
The primary and secondary kinetic isotope effects obtained 79 400 configurations from the 2 ns of simulations, 9281 in

after correcting the rate constant for quasiclassical recrossingne reactant region, 3411 in the transition state region, and
by multiplying k™(T) by I'(T) are 2.50 and 1.03, respectively. ggge in the product region; these configurations were used
Thus, the inclusion of this correction diminishes the primary 5 optain the averages presented in Table 5. Convergence
KIE and makes a nonnegligible contribution to the secondary et with small subsets of the data yielded similar results,

KIE. The first fact is explained by a higher quasiclassical j,icating that the results are very well converged. The
transmission coefficient for the DH case than for the HH gi3ndard deviation for the values in Table 5 is typically

case, with values 0.82 and 0.75, respectively. Interestingly, 5 901—0.005 A.
these values agree very well with the values 0.85 and 0.80 T4pje 5 also contains coenzymenzyme interactions that

for the DH and the HH substitution, respectively, obtained p4y6 peen proposed to be important to stabilize the coenzyme
by Agarwal et al. 25). Thus, both studies (despite having i, 5 proper conformation to react with the substraté).(

different reaction coordinates) have recrossing corrections gy ctural (4) and NMR studies1, 12, 17) have indicated
of 15-25%. From Table 3 and eq 15, we see that tunneling ¢ the M20 loop that encloses the active site oscillates
accounts for more than 67% of the reactive events for the peyyeen different conformational states at a frequency similar
DH case, and more than 68% for the HD case. to k.a« These conformation states have been classified as the
We have obtained a final primary KIE of 2.8, in agreement open, closed, and occluded conformations, according to
with the experimentally determined value (in the pH range whether the active site is open, closed, or partially closed
of 5-8) of 3 (2), and with the value of 3.2 calculated by by the loop. In the reactive form, the closed conformation,
Agarwal et al. 5). They found that the inclusion of quantum  of the M20 loop, X-ray crystallographic studies have revealed
mechanical effects lowers the barrier for the hydride transfer specific interactions of the M20 loop with the nicotinamide-
reaction by 2.4 kcal/mol. In comparison, we obtain an overall rihose group of the coenzyme. In addition, the mobile loop
guantum mechanical correction to the classical free energyforms hydrogen bonds with the-& loop and helix C, which
of activation of 3.2 kcal/mol (of which 2.5 kcal/mol are characteristic of the closed conformatiad)( Important
originates from quantizing nuclear vibration and 0.7 kcal/ interactions that have been identified experimentally are
mol comes from hydrogen tunneling). marked by an asterisk in Table 5.
Comparing the value obtained for the primary KIE without ~ The first four rows of Table 5 show hydrogen bond
taking into account dynamical effects on the reaction interactions of either the pteridine ring or the glutamate tail
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Table 5: Selected Average Interatomic DistangggA) between D

and A Atoms of the 5-protonated 7,8-dihydrofolate Substrate, the
Coenzyme, and the Enzymatic Residues in the Active Center of
Dihydrofolate Reductase at Three Points along the Hydride Transfer
Reactioft

hydrogen bonds

D A MC¢ TS product X-ray

DHF-aB N3 002, Asp27 2.81 2.80 2.83 2.62
N2 001, Asp27 2.90 3.00 297 297
DHF—RC NH1, Arg57 O1 2.64 2.63 2.67 2.70
NH2, Arg57 02 2.82 283 285 263
DHF—Nic N8 O7N 341 361 397 3.31
N5 O7N 433 372 389 393

Rib-M20  O2N O, Asn18 420 3.78 4.02 3.89
N, Asn18 O3N 3.21 330 321 343

Nic-M20  N7N* 0, llel4 292 295 3.03 3.18

M20-FG N, Asp122* O, Glyl5 3.28 389 350 295
N, Glul7*  Od1,Aspl22 3.52 512 563 3.13
N, Glul7* 02, Aspl22 4.03 538 527 277

Rib-FG O3N Oyl1,Thrl23 4.71 510 4.71 4.18
PhoaC  NH2, Arg44 O3A 401 339 300 4.19 FiGure 7: Partial view of the DHFNADPH—DHFR complex.
Ne, Arg4d  O2A 347 338 320 3.93 The residues that are cited in the text (section 4.2.1) because they
O3PA Ne, Arg4d4 348 330 342 367 interact with the coenzyme through hydrogen bond interactions are
Pho-CD N, Ser64 O1PA 269 2.68 273 277 represented in ball-and-stick model.
N, GIn65 O1PA 3.82 3.72 375 4.37

The remaining hydrogen bond distances in Table 5

other interactions MC TS  product X-ray . . .
correspond to interaction between residues and substrate

%1"614 gﬁpﬁfr?i%)o g'gg gé‘; gég’ gig atoms involving the nicotinamide (Nic), ribose (Rib), or
C4N OH, Tyr100 375 358 380 298 phosphate (Pho) components of the coenzyme, the M20 loop
C3N* 0, Asn18 473 4.04 4.26 4.46 (Asn18, llel4, Gly15, Glul7), the CD loop (Ser64, GIn65),

2 An asterisk denotes an important interaction that has been identified th€ FG l0op (Asp122, Thr123), and helix C (Arg 44) (see
experimentally. See Figure 2 for a key to atomic labels. the case Figures 1 and 7). In going from the reactant to the transition
of hydrogen bonds, D is the proton donor and A is the proton acceptor. state, the M20 Ioop residues move closer to the coenzyme,
°MC and TS stand for Michaelis complex and transition state, \yhereas the interaction between the FG loop and either of
rles)’zgcg;’:lﬁ'r{ ;Zelggtigffégogpfhg ttgglé'ray structure with PDB code w0 enzyme and the M20 loop decreases. This suggests

that the M20 loop stabilizes the transition state, in agreement
of the substrate with enzymatic residues in the B helix or with experimental findings84). The next section (4.4.2)
in a random coil (RC) connecting the sevefitisheet with presents an electrostatic energy analysis that is consistent
helix C. These interactions show little variation in going from with this conclusion based on distances. Table 5 also
the Michaelis complex through the transition state to the indicates that the interactions between Arg44 and the
product and are maintained throughout the simulation, a coenzyme are reinforced at the transition state.
feature found by other group%-31). These interactions Finally, the last four rows of Table 5 give results for four
are responsible for the polarization of the substrate in the interactions that have been discussed in previous stuzfles (
active center of DHFR enzym@9, 31). In a separate paper 28). Our simulation shows that Phe31 (see Figure 7) and
(31), we have presented a quantitative determination of the the p-ABA ring of the substrate move closer by about 0.3 A
energetic consequences of this polarization effect. as the hydride transfer reaction occurs, as do residues lle14

The fifth and sixth rows of Table 5 show strong interac- and Tyr100. Similar findings have been noted by Agarwal
tions between the pteridine ring of the 5-protonated 7,8- et al. @4). The shortening of the distance between the side
dihydrofolate substrate and the nicotinamide ring. Evidently, chain of Tyr100 and the donor atom C4N suggests that this
the carbonyl oxygen (O7N) of the nicotinamide ring interacts residue may provide electrostatic stabilization of the transi-
predominantly with the N8 atom of the substrate in the tion state. The same inference may be drawn from the van
Michaelis complex (interaction distance is 3.41 A), while der Waals contact between the backbone oxygen of the M20
the interaction with the N5 atom is weaker (the interaction loop residue Asn18 and the NC&om of the ribose ring of
distance is 4.33 A). However, the latter interaction becomes the coenzyme.
stronger at the transition state and the product geometry with  The correlation of characteristic structural changes, espe-
significantly shortened distances of 3.72 and 3.89 A, cially hydrogen bond distances, along the hydride transfer
respectively. This is accompanied by a decrease in thereaction path in DHFR has been described as coupled
distance between N8 and O7N atoms at the two critical points promoting motions that provide stabilization to the transition
along the reaction path (3.61 and 3.97 A, respectively). state by Agarwal et al2@, 25). Although these authors have
Further analysis shows that these shortened distances at thbeen careful in defining the meaning of “promoting motions”,
transition state and in the product result from two different it perhaps should be emphasized again that the changes in
possible orientations of the nicotinamide ring with respect hydrogen bonding distances are results of thermodynamic
to the substrate, which depend on the substrate atom (N5 oraverages of conformational substates of the enzyme in its
N8) that interacts with the carbonyl oxygen (O7N) of the reactant, transition state, and product region. These “motions”
nicotinamide ring. are not dynamically correlated in real time with the hydride
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transfer motion. They actually occur on a much slower time 30
scale, but the umbrella sampling algorithm shows that they \
are correlated geometrically. That is, when the reaction
coordinate is near the transition state, these average hydrogen
bond distances may tend to be larger or smaller than they
are when the reaction coordinate is in the reactant region.
Changes in average protein conformations and ligand
coordination from the Michaelis complex to the transition : :
state and finally to the product state have been observed 20-" 4
experimentally {4, 85—87) and computationallyA3, 25, 41, -10 19 ,
88, 89) for many enzyme systems, and the contribution of 8 8 10 5212 qg 14 16 18
protein conformational free energy to catalysis has been
estimated for the reaction catalyzed by orotidine monophos- distance to acceptor (A)
phate decarboxylas@&9). FicURe 8: Individual residue contribution to stabilize or destabilize
The present study of the DHFR reaction shows similar the transition state (solid line) and product (dotted line) with respect

. B . . to the reactant as a function of the distance between that@n
variations in hydrogen bond distances and in the Phe31 it he residue and the C6 atom of the substrate. The residue numbers

C11 distance to those reported by Agarwal et a4, 5). of the residues with largest magnitude contributions are indicated.
The agreement in these variations is particularly pleasing Numbers in orange indicate residues that interact with the substrate,

because dlﬁerent Computatlonal approaches have been use@;nd numbers in violet indicate residues that interact with the
including the potential energy surface and the definition of “0€N2YMe-
the reaction coordinate.

It would be interesting to determine the energetic contribu-
tions of the structural changes to catalysis.

4.5.2. Differential Interactions along the Reaction Path.
The change of hydrogen bond distances discussed abov
provides a qualitative indication that these residues may be
involved in the stabilization or destabilization of the transition
state in the chemical step. To identify their functional roles,
we have carried out an interaction energy decomposition o .
analysis using the combined QM/MM potential at the reactant groduit, g rsggnAsmgr? ditaf’fogrfzgogd'rré%&z:cﬁ;ell'4?:5;
sr:ate, tr(ansition st;te, and prodluc;f state.h (The fS VB term in eéczﬁ configuratién Wé have éequenfially pzeroedyt.he MM
the QM(AM1-SVB)/MM potential affects the configurations ’ . ; .
generated in the MD simulation but does not affect this g?;tl;%iz Og;:;egﬂzilr?;agtgerﬁ'd:ﬁ; ':Eeorc(:jgr;t];meo?htﬁgeﬁ
electrostatic analysis.) This approach was first used by Bash bstrate DHE. At “h deleti t the diff .
et al. ©0) for the enzyme triosephosphate isomerase, and it Su strae h. . Iee}c ¢ etet!on sep,b f ! e(rjenfc;e ;2
involves sequentially annihilating the partial charges of amino gﬁgp grgrr‘r;ﬁﬁ";?cﬁaise ggﬁrr?s da‘:; ?rq(ear?n);e;gtri?)r?gngr er ofe
acid residues, starting from the ones closest to the L~3ub1~:tratethiS rgesiduej with the QM subsystem 9y
Although the specified contributions from individual residues ’ y '
to the overall proteirrsubstrate interaction depend on the
order of the cﬁarge annihilation, the results I?jo provide a AE(l) = [EQM(I) - EQM(I -+

20 4 Yoo

AQM Energy (kcal/mol)

N 4!
4400/

to the sum of the first two terms in eq 15. An important
feature of combined QM/MM calculations is that the
electronic polarization of the QM subsystem by its environ-

ent is naturally included in eq 16 by the self-consistent-
ield optimization of the wave function.

From the molecular dynamics configurations saved in the
forward umbrella sampling simulation, we selected all
configurations with a value afwithin 0.1 A of the reactant,

reasonable estimate of the magnitude of the interaction [Eommm (D) + Equm (I = 1)] (17)
energy and a good indication of the role of each residue in
stabilizing or destabilizing the transition staly. The final results are averaged over all the reactant, product,
In combined QM/MM calculations, the total potential and transition state configurations, respectively. To shed light
energy of the system is expressed as follows: on the importance of each residue during the hydride transfer
reaction, relative interaction energies at the transition state
Vowmm = Eom T Equmm T+ Eum (16) and product are obtained by subtracting the interaction

energies in the reactant state; these differences of the average
whereEqy is the internal energy of the subsystem treated TS or product value from the average reactant values are
by QM in the presence of the proteisolvent environment,  shown in Figure 8. Figure 9 shows a snapshot of the active
Eowmm represents the interaction energy between the QM site that illustrates interactions of residues having significant
and MM region, which is the sum of electrostatic contribu- contributions.
tions from interactions of the QM subsystem with all MM At first glance, Figure 8 shows that the overall transition/
residues and water molecules in the system as well as withproduct state stabilization comes from contributions of many
the MM parts of the substrate and coenzyme, ERgl is residues at distances ranging from 8 to 16 A from the reaction
the total energy (Coulomb and van der Waals) of the MM center. An interesting observation is that the same residues
subsystem plus the van der Waals interactions between thehat stabilize the transition state also stabilize the product,
QM and MM subsystems. The first two terms in eq 16 are but the effect is generally greater for the product. Most
computed using the QM electronic structural method, which interactions that have significant changes in going from the
is the semiempirical AM1 model in the present study. In reactant state to the transition state provide a stabilizing
the energy decomposition analysis presented in this sectiongeffect. The only exception is Asp27, which is directly
the term “quantum mechanical electrostatic energy” refers hydrogen bonded to two nitrogen atoms of the pteridine ring,
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energy, and it amounts t619.3 @&0.5) kcal/mol.

Of the residues that stabilize the transition state in Figure
8, Tyrl00 and Asnl18 directly interact with the coenzyme
(Figure 9b), and their stabilization effect is mirrored by a
decrease in hydrogen bond distances in Table 5. Three
residues in the M20 loop, Metl16, Glul7, and Alal9, are
found to stabilize the TS, although they are not hydrogen
bonded to the substrate or coenzyme. Li et &) found
that replacing residues @9 of the M20 loop by a single
glycine results in a decrease in the rate of the hydride transfer
step from 950 to 1.7°3. Our computational experiment is
consistent with these mutagenesis studies. The distant residue
\ Asp122 in the FG loop (16 A from the C6 atom) stabilizes
the transition state and the product by 3.5 and 10.0 kcal/
mol, respectively. The FG loop affects the substrate and
coenzyme through hydrogen-bonding interactions with the
M20 loop. Table 5 shows that as the M20 loop closes in to
form stronger hydrogen bonds at the transition state, the FG
loop residue Aspl22 increases its distance from the M20
loop and the substrate. The stabilizing effect of Asp122 is
probably due to the increase of positive charge on the

(a) Met20 /ﬁ‘ that it accounts for 3.5% of the total electrostatic interaction

Asp27

Lys32 . ke g

(b) F-G loop
Asp 122

M20 loop nicotinamide moiety of the coenzyme.
: The total QM/MM electrostatic interaction energy between
substrate¥ the enzyme and the substrate and coenzyme was found to

FIGURE 9: Snapshot of the reactant state showing (a) interactions INcrease in going from the reactant to the transition state,
between the substrate and the enzymatic residues with highest@nd the difference is very large, including 9 kcal/mol due to
individual electrostatic interaction in Figure 8, and (b) interactions electronic polarization of the QM regio1). Overall, our

between the nicotinamide and ribose rings of the coenzyme andregyits indicate that the electrostatic stabilization of the

the enzymatic residues with highest individual electrostatic interac- o : : :
tion in Figure 8. In panel b, the solid black curve shows the trace transition state plays an important role in the reaction of

of the M20 loop by surrounding the M20 loop residues that are DHFR. ) )
shown in the figure. Zhu et al. @3) have synthesized a series of 1l-aryl-1,4-

dihydronicotinamides as NAD(P)H models, and they have
. . determined the second-order rate constants for oxidation by

but destabilizes the transition state and the product by 135 _mathy|.5-nitroisoquinolinium cation in aqueous solution.
and 28 kcal/mol, respectively. This is due to the hydride o phenomenological free energy of activation correspond-

transfer reaction, resulting in a net increase in negative chargeg 1o the measured reaction rates is about 19 kcal/mol, which
density on the substrate. Interestingly, Table 5 shows thatisapayt 6 keal/mol higher than the free energy of activation

the hydrogen bond distance between Asp27 and the N3 and, the enzymatic hydride transfer reaction. This provides
N2 atoms of the substrate hardly changes along the reaction,y estimation of the catalytic effect on the chemical step of
path, suggesting that examining geometrical features alonechanging the surrounding medium from water to enzyme,
can bg misleading'fo'r inferring the mgchanism of enzymgtic coenzyme, and water, and it would be interesting to try to
reactions. In fact, it is useful to consider both the variation (gate this observation to the kind of calculations presented
in hydrogen bond distances and their correlation with pgre.
interaction energy. 4.6. Comparison of Two Reaction Coordinatés men-
The destabilizing effect of Asp27 is surprising in its tioned above, DHFR has been studied with two types of
magnitude, although not unprecedente@®)( and it is reaction coordinates. In the present study, the reaction
compensated by stabilizing interactions between the substratecoordinatez, of stage 1 of the calculation is defined in terms
and other residues, including Met20, Lys32, Arg52, and of two bond distances, eq 14, and the umbrella sampling
Arg57, through direct hydrogen bonding and long-range technique is used to drive the enzymatic system from the
electrostatic interactions (Figures 8 and 9a). Theatm reactant complex to the transition state and product com-
of Met20 is within van der Waals contact distance (3.92, plexes. Experience with this approach seems to indicate that
4.24, and 3.8 A at the reactant, TS, and product, respectively)it can provide adequate sampling of the environmental
of the N5 atom of the substrate, and Arg57 is hydrogen configurations 88, 41). Another widely used way of defining
bonded to two carboxylate oxygens of the glutamate tail (seethe reaction coordinate, with its origins in electron transfer
Table 5). Lys32 and Arg52 are more tha A away from theory, is to use the energy or polarization difference between
the substrate, and thus their effect is due to long-rangereactant and product diabatic states to gauge the progress of
electrostatics. These two residues, together with Arg57, havethe reaction §4—105), for example:
been proposed to polarize the substrate, but this proposal
has not been quantitatively demonstrat2g) (In a separate AE=Vg =V, (18)
study B1), we have determined the total polarization effect
of the enzyme on the product tetrahydrofolate, and we found whereVs andVp are, respectively, the energy of the diabatic
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reactant state and the diabatic product state. Because the 200
energies of the diabatic states include not only solute internal 150 -
energies but also solutesolvent interaction energies, this 100 A

kind of AE is a collective reaction coordinate that includes
a physical combination of solvent coordinates. In the present
approach, the solvent and the secondary-zone part of the
protein participate in the reaction coordinate only in stage
2, where the use of different reaction coordinates for different
solvent configurations incorporates the solvent into an
effective reaction coordinate. The hydride transfer reaction o0 | T
in DHFR has been studied by using the energy gap reaction 300 ‘ ‘ ‘ ‘ ‘ . .
coordinateAE by Agarwal et al. 25). In their study, the 20 15 -10 -05 00 05 10 15 20
ground state potential energy surface was mod_eled empiri- z (A)
f:ally by an empirical valence bpn_d (EVB) potentiag| that Ficure 10: Energy gap reaction coordinate calculated including
included two structures that mimic the reactant and product ihe Morse potential for the-€H4 bond (dotted symbols) or without
state, respectively, and the diagonal elemeviisand Vp, including it (crosshair symbols) as a function of the geometric
were described by the GROMOS force fielthg), except reaction coordinate used to study the hydride transfer reaction in
that (see below) certain van der Waals interactions were cl?\r'el:IEinFsochfbv(\)/?gtﬁagis}lthaenséothhdecsunr/neb(c:)(ljsngggtlsetg? ggﬁ@%‘i;’?&es
omitted, and Morse _potenthls were used for the bonds result of adding or subtra’cting the cgrresponding standard deviation.
between the transferring hydride and the donor (or acceptor)
carbon atom for the diabatic state 1 (or 2). (In contrast, as hydrogen atom on the donor carbon C4N, have been set to
stated above, we used a QM/MM potential rather than EVB zero, and a Morse potential was used for the bond terms
and the CHARMM22 force field rather than GROMOS.)  C4N—H4 and C6-H4 in Vg andVp, respectively. The Morse

In the approaches that use a geometric reaction coordinatepotentials are given by
the solvent must respond to the changes in the solute internal
degrees of freedom along the reaction coordinate, while both M(Rcyy) = Dey(1 — ~o(Ron—Ra)2 (29)
solvent and solute must respond to the bias of the energy
gap potential in simulations employing eq 18 as the control where Ry is the distance between the hydride and the
variable. The two approaches have been compared in detaibonded donor or acceptor carbon atday is the dissocia-
elsewhere100, 103 105). A key issue is that the potential tion energy of the €H bond, Re is the equilibrium bond
of mean force is evaluated as a function of the reaction distance between atoms C and H, aadis the range
coordinate. Consequently, the quasithermodynamic freeparameter related to the force constlgt and the bond
energy of activation depends on the choice of the reaction dissociation energy by = (kcn/2Dcr)2 All the parameters
coordinate, although the estimated rate constant would bein eq 19 were taken from ref 25. Since valence bond states
the same if an accurate transmission coefficient were includedVy andVp have been defined by a molecular mechanics force
in both approaches. In some publicatio®3,(100), it has field, the charges on all the atoms are fixed for a given
been suggested that the use of only solute geometricalvalence bond state, and they represent the polarization of
parameters to define the reaction coordinate for reactions inthe atoms in the system at the reactant or at the product,
solution will not provide adequate sampling of the solvent/ respectively. The charges on the atoms that were represented
protein configurations. However, other studies have led to as quantum mechanical atoms in the QM(AM1-SVB)/MM
different conclusions3g, 41, 103 105), and the efficiency  simulations carried out to calculate the PMF and to generate
of solvent configuration sampling in simulations that employ the configurations used to determiA&(z), have been taken
a solute reaction coordinate has not been directly assessedrom the average values obtained during two 10 ps molecular
Here we examine this question by directly evaluating the dynamics simulations at the reactant and at the product states,
distribution of values of a collective solvent reaction respectively. To avoid charge transfer between the fragments
coordinate for the configurations sampled in simulations (pterin ring and nicotinamide ring), we developed charges
driven by a geometric solute reaction coordinate. If the for the fragments in each VB state using single-point QM/
criticism were indeed true, one might expect that a gap will MM calculations where only one of the two fragments was
be evident in the distribution of solvent reaction coordinate represented quantum mechanically. (Additional tests showed
values when one proceeds from reactants to products usinghat the results do not depend significantly on this restriction
enzyme configurations sampled by the solute reaction of charge transfer.)
coordinate. The average of eq 18 over bins of width 0.1 A gives the

To analyze the sampling efficiency of the energy-gap function AE(2), which is plotted in Figure 10. Figure 10
reaction coordinate in simulations based on a geometricalshows that the configurations sampled using the geometric
reaction coordinate, we have computed the energy A&p, reaction coordinate include the full range of values of the
for all 7200 structures that were saved during the first energy gap coordinate. Furthermore, this is still true when
umbrella sampling simulation. In these calculations, the we remove the Morse term that represents the change in the
diabatic state potential energi¥g andVp were defined as  intramolecular interactions of the solute in going from
in ref 25 and were calculated using the CHARMM22 force reactants to products (curve with crosshair symbols in Figure
field (48), except that, as in ref 25, the van der Waals 10). Therefore, umbrella sampling calculations that employ
parameters for the interactions of the transferring hydride a geometric reaction coordinate can provide solvent/protein
atom with the acceptor atom, the donor atom, or the other configurations that span the same range of selatdvent

50 -

504 without
-100 4 )
150 { 244

-200

TR ZREA

AE (kcal/mol)

" including
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Table 6: CHARMM Topology File Associated with the 5-Protonated DHF Molecule and the Nicotinamide and Ribose Rings of the NADPH
Molecule and CHARMM Parameter File Associated to the 5-Protonated DHF Molecule

RESI QMP—-1.08 ATOM NC6 CN3C —0.03237
! DHF molecule ATOM NH6 HN6 0.18652
GROUP PTERIN ATOM NC5 CN3 —0.24761
ATOM N1 NN3G —0.34280 ATOM NH5 HN6 0.16108
ATOM C2 CN2 0.33045 ATOM NC4 CN8 —0.04350
ATOM NA2 NN1 —0.31652 ATOM NH4 HN8 0.08494
ATOM HA21 HN1 0.32769 ATOM NH42 HN8 0.07656
ATOM HA22 HN1 0.26521 ATOM NC3 CN3 —0.29826
ATOM N3 NN2G —0.32320 ATOM NC2 CN3C 0.05753
ATOM H3 HN2 0.34085 ATOM NH2 HN6 0.16789
ATOM C4 CN1 0.41298 ATOM NC7 CN1A 0.36143
ATOM 04 ON1 —0.43951 ATOM NO7 ON1 —0.44747
ATOM C4A CN5G —0.36937 ATOM NN7 NN1 —0.42416
ATOM N5 NN2 0.08607 ATOM NH71 HN1 0.23400
ATOM HP HN2 0.34746 ATOM NH72 HN1 0.21663
ATOM C6 CA —0.04909 Iboundary atom
ATOM C7CT2 —0.00273 ATOM NC5CN8B —0.01824
ATOM H71 HA 0.10860 GROUP BOUND
ATOM H72 HA 0.14338 ATOM CACT1 —0.03027
ATOM N8 NN2 —0.29864 CHARMM parameter file associated to the 5-protonated DHF molecule
ATOM H8 HN2 0.28209 BONDS
ATOM C8A CN5 0.30777 CAC 250.0 1.4900
GROUP pABA NH1 CA 370.0 1.3450
ATOM C9CT2 0.02198 NN2 CA 370.0 1.4800
ATOM HI91 HA 0.15452 NN2 CT2 370.0 1.3200
ATOM H92 HA 0.10156 CN5G NN2 370.0 1.4000
ATOM N10 NH1 —0.33883 NN2 CT1 370.0 1.4500
ATOM H10H 0.28444 ANGLES
ATOM C11CA —0.18192 OCCA 80.0 118.00
ATOM C12CA —0.02821 NH1 C CA 80.0 118.00
ATOM H12 HP 0.15231 CN1 CN5G NN2 70.0 120.59
ATOM C13CA —0.19923 NN2 CN5G CN5 70.0 119.95
ATOM H13 HP 0.16268 CN5G NN2 CA 70.0 121.87
ATOM C14 CA 0.12150 NN2 CACT2 70.0 121.95
ATOM C15CA —0.24807 CT2CACT2 70.0 115.88
ATOM H15 HP 0.12424 CA CT2 NN2 70.0 114.00
ATOM C16 CA —0.04124 CT2 NN2 CN5 70.0 120.02
ATOM H16 HP 0.13025 NN3G CN5 NN2 70.0 116.75
ATOM cC 0.39306 CN5G CN5 NN2 70.0 120.71
ATOM (00 —0.48595 CACT2 NH1 70.0 110.15
ATOM N NH1 —0.34668 CT2NH1CA 70.0 109.00
ATOM HH 0.25183 NH1 CA CA 70.0 116.00
GROUP GLU CACAC 70.0 117.00
ATOM HA HB 0.0900 CN5G NN2 HN2 70.0 117.84
ATOM CBCT2 —0.1800 HN2 NN2 CA 70.0 120.30
ATOM HB1 HA 0.0900 HA CT2 NN2 70.0 107.83
ATOM HB2 HA 0.0900 CT2 NN2 HN2 70.0 116.72
ATOM CGCT2 —0.2800 H NH1 CA 70.0 107.06
ATOM HG1 HA 0.0900 DIHEDRALS
ATOM HG2 HA 0.0900 HNH1 C CA 25 2 180.00
ATOM DCC 0.6200 CT1NH1CCA 25 2 180.00
ATOM OE10C —0.7600 CN1 CN5G NN2 CA 25 2 181.85
ATOM OE2 0C —0.7600 CN5G NN2 CA CT2 25 1 0.07
ATOM CTCC 0.6200 CA NN2 CN5G CN5 25 1 243
ATOM o10cC —0.7600 CA CT2NN2 CN5 25 1 13.32
ATOM 020C —0.7600 CACT2NH1CA 25 1 73.19
I NADPH molecule (nicotinamide and ribose) CT2NH1CACA 25 2 177.67
GROUP NICO NH1 CACACA 25 2 179.67
ATOM NC2 CN7B —0.03355 CACACO 25 1 0.00
ATOM NH2" HN7 0.13045 CACACNH1 2.5 2 159.18
ATOM NO2 ON5 —0.32069 CACACAC 25 2 180.00
ATOM NH2T HN5 23741 CN1 CN5G NN2 HN2 25 1 0.00
ATOM NC3 CN7 —0.03629 HN2 NN2 CN5G CN5 25 2 180.00
ATOM NH3" HN7 0.11196 HN2 NN2 CA CT2 25 2 180.00
ATOM NO3 ON5 —0.36248 CA CT2 NN2 HN2 25 2 180.00
ATOM NH3T HN5 .22359 CACT2NH1H 2.5 1 —50.00
ATOM NC1' CN7B 0.11554 HA CT2 NN2 CN5 25 1 134.86
ATOM NH1" HN7 0.10965 HA CT2 NN2 HN2 2.5 1 —64.16
ATOM NC4' CN7 0.01349 HA CT2 NH1 CA 25 1 —163.22
ATOM NH4' HN7 0.17032 NH1 CA CAHP 25 1 —0.28
ATOM NO4' ON6B —0.25622 HNH1 CA CA 2.5 1 —61.88
ATOM NN1 NN2 —0.21681 HP CACAC 25 1 0.00

interaction energies as that in simulations using an energy-at least with regard to sampling efficiency of the enzyme
gap mapping potential (reaction coordinate). Our analysis conformational subspace as measured by the range of
shows no particular advantage of using the energy-gapprotein—substrate interactions. Nevertheless, the representa-
reaction coordinate over the geometrical reaction coordinate,tion of the potential of mean force as a function of the
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Ficure 11: Schematic representation of the 5-protonated DHF molecule with the atom type assigned to each atom.

energy-gap reaction coordinate provides a different perspec- We have calculated the primary and secondary KIEs using
tive on the reaction mechanism than is provided by the ensemble-averaged variational transition state theory with
geometrical reaction coordinate. Furthermore, one reactionmultidimensional tunneling37, 38) (EA-VTST/MT). Our
coordinate would be much better than the other if one of study, in agreement with previous results obtained by
them has a significanly smaller value of the recrossing Agarwal et al. 25), demonstrates that quantum mechanical
transmission coefficient. However, previous estimates of vibrational effects are important for computing the potential
the transmission coefficients for enzymatic reactions, for of mean force of the reaction because they lower the barrier
either type of reaction coordinate, are close to uny—( height by~3 kcal/mol, and that it is essential to incorporate
27, 37, 38, 41, 68, 104, 107), and for DHFR and LADH multidimensional quantum tunneling contributions to esti-
(26, 37) the values ofl’ computed by the two approaches mate the primary kinetic isotope effects for the hydride
are very similar. In these circumstances, the computed freetransfer reaction. Our calculation of the secondary kinetic
energies of activation are expected to be similar from isotope effect is the first such calculation for DHFR, and
geometrical or energy-gap reaction coordinates, if one useswe predict a kinetic isotope effect of 1.13, mainly due to
the same PES. Furthermore, as discussed above, goodunneling.

agreement was obtained between structural (section 4.4.1)

and kinetic (sections 4.3 and 4.4) results obtained by usingNOTE AFTER ASAP POSTING

the two different approaches. This article posted on the ASAP website on October 21,
5. CONCLUDING REMARKS 2003 contained two errors. The Glu20 label in Figure 3

The results obtained in the present study provide further Should have been Glul7, and the title to Table 6 was
insight into the catalysis of the hydride transfer reaction from incomplete. This information has been corrected in this new
NADPH to 5-protonated DHF by the enzyme dihydrofolate Version posted October 29, 2003.
reductase. Starting with structures of the enzyme, SUbStrateAPPENDIX
and cofactor, we carried out molecular dynamics simulations

with periodic boundary conditions based on a combined QM/ The CHARMM topology file associated with the 5-pro-
MM (34-36) potential energy surface. The molecular tonated DHF molecule and the nicotinamide and ribose rings
dynamics simulations start with classical trajectories involv- of the NADPH molecule is shown in Table 6. The atom types
ing 21 468 atoms, and then quantum mechanical effects areassigned to each atom of the 5-protonated DHF molecule
incorporated on the dynamics of 120 degrees of freedom. are indicated in Figure 11. The atom types for the atoms of
These simulations provide many molecular-level details that the NADPH molecule were taken from the standard defini-
are inaccessible to experiment. We have obtained the freetion in the CHARMM topology file. The charges for all the
energy profile for the hydride transfer reaction as a function atoms in the groups PTERIN, pABA, NICO, and BOUND
of a reaction coordinate that depends on geometrical ywere obtained from a QM/MM single point calculation with
parameters of the reactants, and we ascertained that, althougthese atoms represented quantum mechanically at the AM1
tunneling makes only a small change in the primary kinetic semiempirical level of theory and the rest of the substrate
isotope effect, it makes a large change in the secondaryand coenzyme atoms, the protein atoms, and the solvent
kinetic isotope effect. We have determined the relative described by the CHARMM22 force field. The charges for

stabilization afforded by individual enzymatic residues to the the atoms in the GLU group are the standard CHARMM22
transition state and to the product state with respect to thecharges for a glutamate residue.

reactants. Furthermore, the variation of key hydrogen bond

distances along the reaction path has been investigated anlREFERENCES
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