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Abstract In this study, we have investigated the enzyme shikimate 5-dehydrogenase
from the causative agent of tuberculosis, Mycobacterium tuberculosis. We have
employed a mixture of computational techniques, including molecular dynam-
ics, hybrid quantum chemical/molecular mechanical potentials, relaxed sur-
face scans, fast quantum chemical descriptors and free-energy simulations, to
elucidate the enzyme’s reaction pathway. Overall, we find a concerted mech-
anism, with a single transition state, that proceeds by an energetically uphill
hydride transfer, followed by an energetically downhill proton transfer. Our
mechanism and calculated free energy barrier for the reaction, 64.9 kJ mol−1,
are in good agreement with those predicted from experiment. An analysis of
quantum chemical descriptors along the reaction pathway indicated a possibly
important, yet currently unreported, role of the active site threonine residue,
Thr65.

Keywords Mycobacterium tuberculosis · free-energy profiles · fast quantum
chemical descriptors · quantum chemical/molecular mechanical potentials ·
reaction mechanism · shikimate 5-dehydrogenase

1 Introduction

Enzymes are the most important catalysts in life chemistry. These proteins can
increase reaction rates by a factor of as much as 108 in some cases, thereby
tuning the chemical reactions in metabolic pathways. As a result, enzymes have
substantial relevance in many areas of biochemistry, including biotechnology,
nanoscience and medicinal chemistry. The selection of a suitable protein to
target is a crucial step in the drug development process of bioactive molecules,
such as drugs and herbicides. The protein should either be in the metabolic
pathway that is present in the pathogen but absent in the hosts, following the
rule of selective toxicity, or be sufficiently different that it can be specifically
targeted.

The shikimate (SKM) pathway [1] is a seven-step enzymatic pathway that
converts erythrose 4-phosphate and phosphoenolpyruvate to chorismate, a
biosynthetic precursor of aromatic amino acids, vitamins B9 and K1, ubiquinone,
and salicylate. This route is present in plants, fungi, bacteria, and apicom-
plexan parasites, but not in metazoans, such as humans beings, which makes
the enzymes from this enzymatic pathway promising targets for non-toxic an-
timicrobials and herbicides. The widely used herbicide known as glyphosate
is an effective inhibitor of 5-enolpyruvyl-shikimate-3-phosphate (EPSP) syn-
thase, the sixth step on the SKM pathway.

An example of an organism in which the SKM pathway has been targeted
is Mycobacterium tuberculosis. This bacterium is the causative agent of tu-
berculosis which, according to the WHO, is the most fatal infectious disease
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with over one million deaths per year [2]. Gene disruption experiments have
demonstrated that the SKM pathway is essential for the viability of M. tu-
berculosis [3] and, as a result, substantial efforts have been made to develop
inhibitors against its constituent enzymes, including 3-dehydroquinate dehy-
dratase [4], shikimate kinase [5,6,7] and EPSP synthase [8].

Shikimate 5-dehydrogenase (SDH), encoded by the gene aroE, catalyzes
the fourth step of the SKM pathway. It converts dehydroshikimate (DHK)
to SKM via a NAPDH-dependent reduction, a reaction shown in Figure 1.
A concerted catalytic mechanism for the SDH reaction was first proposed by
Fonseca and coworkers [9], in which the transfers of the hydride from NADPH
(atom H42 in the figure) and the proton from the solvent occur simultaneously.
Subsequently, Gan and coworkers proposed that the SDH-catalysed reaction in
Aquifex aeolicus followed the same mechanism [10]. More recently, Peek and
coworkers highlighted the importance of the conserved lysine and aspartate
residues in the SDH reaction [11].

DHK
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C4N

HZ3

H41

HZ2

HZ1

NZ

O3
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Fig. 1 Proposed mechanism of the shikimate 5-dehydrogenase catalytic reaction.

Although experimental studies have supplied valuable insights into the
SDH reaction in various organisms, it is difficult to fully elucidate a mechanism
via in vitro experiments alone. Computational approaches can act as a com-
plement to experiment by providing information that is difficult to obtain ex-
perimentally, such as a knowledge of transition state (TS) structures. Here, we
employ molecular simulation methods to investigate the reaction of the shiki-
mate 5-dehydrogenase from M. tuberculosis (MtSDH). We first used classical
molecular dynamics (MD) simulations along with molecular mechanical (MM)
potentials to determine the most populated conformations of the MtSDH en-
zyme complexed with its substrates prior to enzyme catalysis. Subsequently we
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performed MD simulations with hybrid quantum chemical (QC)/MM poten-
tials to study the reduction catalyzed by the enzyme. Finally, we analyzed in
detail the reactivity of the reacting atoms using reactivity descriptors (RDs),
which are theoretical quantities that correspond to well established chemical
concepts, such as softness and hardness. RDs have already been applied in the
context of biomolecules and have been shown to be able to reliably reproduce
reactivity information for polypeptides and for ligand-protein interactions [12],
and also to theoretically characterize enzymatic catalytic mechanisms [13]. To-
gether our simulation results and RD analysis, in combination with previous
experimental data, provide a detailed picture of the reaction mechanism of
MtSDH.

2 Methods

In this section we present the setup and details of the computational simula-
tions performed in this study. We applied three different levels of simulation
protocol, namely: molecular mechanical/molecular dynamics (MM/MD), in
which we sampled representative reactive structures of the system; quantum
chemical/molecular mechanical (QC/MM) potentials for scanning possible re-
action paths, searching for transition states, and calculating reaction free ener-
gies; and reactivity descriptors (RDs) for characterizing atom reactivity along
the reaction path so as to elucidate some of the stabilizing interactions that
provide the enzyme with its catalytic power. A summary of our simulation
protocol is given in Figure 2.
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Fig. 2 Flowchart of the simulation protocol used in this study.

2.1 MM/MD simulations

The coordinates of the enzyme MtSDH were obtained from the Protein Data
Bank (pdb id: 4P4G) [14]. The original shikimate molecule present in the
structure was edited and converted to 3-dehydroshikimate using the Avo-
gadro molecular editor [15], and the NADPH molecule was introduced into
the MtSDH active site via the superposition of the crystal structure of SDH
from Thermus thermophilus (pdb id: 2EV9) [16].

MD simulations of MtSDH associated with its substrates were carried out
using the Amber99SB force field implemented in GROMACS 2016.3 [17]. The
substrate’s force field was parameterized using ACPYPE [18] and its atom
partial charges assigned by AM1-bcc. NADPH parameters were obtained from
the Bryce group Amber Database [19,20]. Protonation states of the protein
were assigned at pH 7.5 using the PROPKA3 [21] web server. The protein-
substrate complex was fully solvated in a cubic box. Periodic bound conditions
were employed, with van der Waals interactions computed using a 12 Å cut-off,
and electrostatic contributions calculated via a particle mesh Ewald method
using a grid with 1.2 Å spacing.
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Simulations were performed in the isothermal-isobaric ensemble. The tem-
perature was kept constant (298.15 K) using a V-rescale [22] thermostat with
a coupling time of 0.1 ps, and the pressure was maintained at 1 bar by the
Berendsen barostat [23]. The system evolved in time steps of 2 fs, since a
LINCS [24] algorithm was used to restrain the lengths of all bonds involv-
ing hydrogen atoms. Prior to MD, the system was energy minimized with
a steepest-descent energy algorithm. Altogether, MD simulations were per-
formed for a duration of 5 ns after equilibration, with snapshots of the system
being saved every 20 ps, giving 2500 snapshots for subsequent analysis.

2.2 QC/MM simulations

Snapshots from the MM/MD simulations were used as starting points for the
QC/MM potential calculations. All QC/MM simulations were performed with
pDynamo 1.9.0 [25,26] coupled to ORCA 4.0 [27]. The EasyHybrid/GTKDynamo
interface [28] was used to setup the system. To reduce the computational cost
of the QC/MM calculations we employed a subset of the MM/MD system that
consisted of the 7432 atoms within 25 Å of the H42(NADPH) atom. To pre-
serve the integrity of the system, the positions of the atoms at the boundary
of this subset were frozen. The QC region had 66 atoms with a total elec-
tronic charge of zero, consisting of the side chain of Lys69, DHK, and the
nicotinamide and ribose portions of the NADPH (see Figure S1). pDynamo’s
standard hydrogen link atom approximation was employed to saturate the
broken bonds at the boundary between QC and MM regions.

The reaction was studied using a relaxed surface scan procedure. This
was performed with five of the semiempirical QC methods implemented in
pDynamo, namely AM1, AM1/d-PhoT, PM3, PM6 and RM1, together with
B3LYP/3-21G and B3LYP/6-31+G* density functional theory (DFT) meth-
ods available in ORCA. These scans were supplemented by calculations to
determine free energy profiles as a function of a reaction coordinate using
umbrella sampling and the weighted histogram analysis method (WHAM), as
implemented in pDynamo. For each profile, 40 umbrella sampling windows
were employed. For each window, 10 ps of equilibration dynamics followed by
50 ps of production dynamics were performed, using distance-dependent har-
monic biasing potentials with force constants of 200 kJ mol−1Å−2. Finally, as
a consistency check on the quality of the scan reaction paths, we carried out
refinements using the nudged elastic band (NEB) algorithm [29] implemented
in pDynamo.

2.3 Reactivity descriptor calculations

Conceptual DFT (CDFT) provides mathematical definitions of commonly-
used chemical concepts. These definitions are drawn from the fundamental
differential equation of DFT, Equation 1 [30], either by taking its derivatives
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or manipulating its Taylor expansions, so as to provide quantitative estimates
of the changes in electronic structure as the number of electrons varies.

dE = µdN +

∫
ρ(r)dν(r)dr (1)

The derivatives of energy with respect to the number of electrons produce
global quantities. The first derivative is the electronic chemical potential, µ,
which is a measure of the capacity of the system to donate electrons (Equa-
tion 2). The second derivative is the hardness, η, which indicates the resistance
of the system to donate electrons, and whose inverse is the softness S (Equa-
tion 3).

µ =

(
∂E

∂N

)
ν

(2)

η =
1

S
=

(
∂2E

∂N2

)
ν

(3)

The derivatives of electron density with respect to the number of electrons
result in local RDs that assign a number to each point in three-dimensional
space. The first derivative of electron density with respect to the number
of electrons is the Fukui function (Equation 4) [31]. The electron density in
regions where this derivative reaches its maximum has the greatest propensity
to increase as the number of electrons vary. Due to the discontinuity in the
number of electrons, this derivative is determined using finite differences where
the densities are calculated by performing DFT calculations at the N -electron
geometry but with N − 1, N and N + 1 electrons [32]. This leads to two
local RDs, namely the electrophilic attack susceptibility (EAS) (Equation 5),
and the nucleophilic attack susceptibility (NAS) (Equation 6). The latter can
also be calculated using frontier molecular orbitals, with the EAS and NAS
approximated by the density of HOMO (Equation 7) and LUMO (Equation 8),
respectively.

f(r) =

(
∂ρ(r)

∂N

)
ν

(4)

EAS(r) = f−(r) = ρ(r)N − ρ(r)N−1 (5)

NAS(r) = f+(r) = ρ(r)N+1 − ρ(r)N (6)

EAS(r) = |φHOMO(r)|2 (7)

NAS(r) = |φLUMO(r)|2 (8)

The local RDs can be condensed to atoms, thereby assigning values to
atomic centers. Equation 9 shows the generic condensation method for a Fukui
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function whose value is integrated over a region of space that encloses an atom
k. In the case of finite difference Fukui functions, the condensation is done
using the partial gross charges of each atom derived from the requisite N − 1,
N and N + 1-electron calculations.

fak =

∫
Ωk

f(r)akdr (9)

A local softness function can be defined in terms of the Fukui function by
multiplication by the global softness, S. Like the Fukui function, soft-soft in-
teractions are related to orbital superposition, as opposed to the hard-hard in-
teractions that arise from electrostatic and weak forces. By contrast, however,
there is no unambiguous definition of a local version of hardness, although
the mathematical development of CDFT has led to several solutions for its
approximation. Grillo and co-workers [13] showed that the local hardness was
crucial for the depiction of enzymatic reaction profiles, and that reasonable
values for an atom k could be obtained using the molecular electrostatic po-
tential definition in Equation 10. In this equation, N is the total number of
electrons, and the sum runs over all atoms, l, other than k.

1

2N

∑
l 6=k

f−(rl)

|rk − rl|
(10)

The calculation of RDs faces specific issues when employed for large biomolecules,
mainly due to the size of the system. For finite-difference calculations, the
standard perturbation of removing and adding one electron to estimate the
derivative is often insufficiently precise due to the large number of electrons
compared to the small number present in the molecules typically studied by
organic chemists. The solution proposed by Khandonghin and coworkers [33] is
to use a larger charge perturbation of at least five electrons, but this can lead
to difficulties in converging the QC calculation. By contrast, frontier orbital
methods are cheaper as only one QC calculation is required, rather than the
three needed for the finite-difference methods. Nevertheless, problems arise in
large biological polymers because of degeneracies among the molecular orbitals
near the HOMO-LUMO gap. To counter this, Fukushima and coworkers [34]
showed that the reactivity of enzymes can be related to orbital energy levels
in windows as far as 1-5 eV from the HOMO and LUMO energies, suggesting
that these should also be included in the definitions of the RDs. Because of
this, in this study, we have used an energy-weighted approach for the calcula-
tion of the Fukui functions, shown for the EAS and the NAS in Equation 11
and Equation 12, respectively. In these equations the sums run over all or-
bitals whose energy lies within a given energy band, b, of the HOMO (EAS)
or LUMO (NAS).

f−EW =

HOMO∑
i=b

e−|Ei−EHOMO||ψi|2 (11)
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f+EW =

b∑
i=LUMO

e−|Ei−ELUMO||ψi|2 (12)

3 Results and Discussions

3.1 Structures from the MM/MD simulations

We carried out MM/MD simulations to determine the range of conforma-
tions that were accessible to the protein-substrate system. For the reduction
reaction, two pertinent distances that characterize it are those between the
hydride, H42(NADPH), and C3(DHK), and between the proton, HZ3(Lys69),
and O3(DHK), respectively. We show in Figure 3A scatter plots of these two
distances obtained from each of the MD snapshots, from which we retrieved
the most representative structure obtained from the simulation. This struc-
ture is given in Figure 3B, with H42-C3 and HZ3-O3 distances of 2.90 Å and
2.85 Å, respectively. We use this as the starting point for the hybrid QC/MM
calculations.
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Fig. 3 Analysis of structures from the MM/MD simulations. (A) Scatter plots of the hydride
transfer H42-C4N and proton transfer HZ3-O3 distances for each of the MD snapshots;
(B) The MM/MD structure used for the QC/MM calculations. The tertiary structure is
represented as ribbons, and the residues involved in the reaction as balls and sticks with
CPK colors. The carbon atoms of substrate (DHK) are colored in green. Image generated
with PyMOL [35].

3.2 Description of the SDH catalyzed reaction

We performed relaxed surface scans of the reduction reaction as a function of
two coordinates. The first considered, which characterizes the hydride trans-
fer, is the difference between the C4N-H42(NADPH) and H42-C3(DHK) dis-
tances, whereas that for the proton transfer was the difference between NZ-
HZ3(Lys69) and HZ3-O3(DHK) distances. From these simulations, we calcu-
lated PESs as a function of both coordinates, displayed in Figure S2, and
one-dimensional potential energy curves determined by simulating only the
hydride transfer coordinate, depicted in Figure 4.
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Fig. 4 Relaxed surface scan potential energy profiles for the SDH reaction from M. tu-
berculosis using different QC/MM methods as a function of the hydride transfer reaction
coordinate. All structures with the semiempirical and B3LYP/3-21G QC/MM methods were
fully geometry optimized as a function of the reaction coordinate. By contrast, the B3LYP/6-
31+G* values are single points on top of the B3LYP/3-21G structures.

The surfaces in Figure S2 show that the reaction proceeds with a single
energy barrier, corresponding to a TS structure in which the hydride is al-
most completely transferred, but the proton transfer has yet to occur. After
the TS there is an increase in the C3-O3 bond length of SKM and a spon-
taneous reorientation of the general base, Lys69 towards O3. Proton transfer
itself occurs after hydride transfer has finished. The geometries obtained with
the different QC/MM potentials agree well, although the TS energies differ
substantially. This can be seen in the one-dimensional energy profiles in Fig-
ure 4, with the B3LYP/3-21G QC/MM potential presenting the lowest energy
barrier, of 101.2 kJ mol−1. This is in agreement with kinetic isotope effect
measurements that suggest a concerted mechanism with a single TS [9].

Figure 5 shows the critical structures along the pathway arising from the
2-D scans with the AM1/d-PhoT QC/MM potential. In addition, it gives
the PES obtained by performing single point calculations with a B3LYP/6-
31+G* DFT QC/MM potential at the B3LYP/3-21G optimized geometries.
The DFT/MM surface gives the same mechanism as the semiempirical ones,
but its energies are much lower, with a TS energy of only 101.2 kJ mol−1. The
same is observed for the equivalently calculated 1-D DFT/MM profile for the
hydride transfer (Figure 4). NEB calculations also corroborate the presence of
a single TS and a concerted mechanism. These NEB calculations, including
those fully optimized with a B3LYP/6-31+G*/D3 DFT QC/MM potential,
gave very similar profiles and energy barriers to the ones obtained by scans,
and so will not be discussed further here.
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reaction; (C) enzyme-product (EP) complex obtained at the end of the reaction. All dis-
tances are given in angstroms. (D) two-dimensional PES for the transfer of hydride from
NADPH to the C3 carbon of DHK and for the proton from lysine to the O3 oxygen of
DHK. Reactants, transition state, and products are highlighted as R, TS and, P, respec-
tively. The energies are in kJ mol−1 and were obtained by performing B3LYP/6-31+G*/MM
single point calculations at the optimized geometries from the AM1d-PhoT/MM PES. The
residues involved in the reaction are represented as balls and sticks with CPK colors. The
carbon atoms of substrate (DHK) and product (SKM) are colored in green. Image generated
with PyMOL [35].

Finally, to obtain an estimate of the free energy of the reaction, we carried
out umbrella sampling simulations (Figure 6) for the rate-limiting hydride
transfer reaction using the B3LYP/3-21G QC/MM potential. The resulting
barrier is 116.9 kJ mol−1, which is about 52 kJ mol−1 higher than the ex-
perimental one. However, we obtain an adjusted activation free energy barrier
of 64.9 kJ mol−1, which is in much better agreement with the experimental
barrier of 61.9 kJ mol−1, if we employ a correction equivalent to the difference
of the semi-empirical/MM and DFT/MM TS potential energies. This assumes
that the dynamical effects contributing to the free energy are well reproduced
by the umbrella sampling simulations, but that the static electronic effects are
more accurately described by the DFT/MM potential.
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Fig. 6 Reaction coordinate of the MtSDH described by umbrella sampling approach. The
initial geometries were retrieved from the relaxed scan calculated using the QC(B3LYP/3-
21G)/MM potential. Image generated with Grace [36].

3.3 Reactivity Descriptors

We calculated Fukui functions, electrophilic and nucleophilic attack suscepti-
bilities, and local hardness using the electronic structure of each step of the
2-D coordinate simulated reaction with the semiempirical AM1 Hamiltonian.
In Figure 7, we show contour plots of the local hardness and EAS values
for the transferred hydride atom, and the EAS for the O3 of DHK which is
protonated by Lys69. The transfer of high charge density groups, such as hy-
drides and protons, is expected to be governed mainly by Coulombic forces
and are labelled as hard-hard processes in reactivity theories. In Figure 7A,
the local hardness of the hydride atom increases as it is transferred, showing
that the electrostatic forces that drive this reaction increases as the hydride
atom starts bonding with the C3 atom from DHK. The hardness reaches its
maximum value at the TS structure (point P2 of Figure 7A) but is smaller
in the parts of the PES where the lysine proton has already been transferred.
The propensity of H42(NADPH) to react as a hydride anion, carrying electron
density to the DHK from the nicotimide ring of NADPH, is indicated in the
EAS contour plot of Figure 7B. The EAS is only high in the TS structure
and decreases rapidly as the hydride transfer completes. Finally, Figure 7C
displays the EAS contour plot for the O3 oxygen of DHK, which shows that it
activates only after a significant displacement in the hydride transfer reaction
coordinate or, in other words, that it will tend to abstract the proton from the
lysine only after hydride transfer.
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Fig. 7 RD contour plots for the simulated 2-D relaxed surface scan of the MtSDH catalyzed
reaction. A) Local hardness for H42(NADPH): P1 — initial structure; P2 — TS structure;
P3 — structure where the hydride transfer is almost completed. B) EAS for H42(NADPH).
C) EAS for O3(DHK).

These RD results support the observation that the mechanism of the
MtSDH reaction occurs in two-steps, with an initial hydride transfer followed
by abstraction of the lysine proton by DHK. Figure 8 focuses on the RDs for
two key structures from the reaction path. Figure 8A shows the net propen-
sity of attack susceptibility, or dual descriptor, for the initial structure (P1
in Figure 7A). This is calculated as the difference of the EAS and NAS, with
positive values (red) indicating regions where an atom is more prone to receive
a nucleophilic attack and accommodate electron density, and negative values
(blue) regions where it is more prone to suffer an electrophilic attack and do-
nate electron density. In this initial geometry, the nicotimide ring of NADPH
and the aspartic acid, Asp105, show positive values. This can be interpreted
as the NADPH not having a propensity to donate charge, and Asp105 near
Lys69 being prone to receive electron density thereby increasing the propen-
sity of Lys69 to lose one of its protons. In Figure 8B the partial charges of the
initial structure are depicted and show negative partial charges on the nico-
timide ring atoms, but positive charges on the hydrogens, including the one
that is expected to be transferred as a hydride. After hydride transfer it can
be observed in Figure 8C that NADP has no net reactivity, the DHK atoms
have reactivity indicative of a nucleophilic species, and Asp105 continues to
present itself as an electrophile. The partial charges for this structure after
the hydride transfer are illustrated in Figure 8D, showing the high negative
partial charge on the O3(DHK) atom that abstracts the lysine proton.
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surface scan for each atom. B) Partial charges for each atom in the initial structure from
the 2-D surface scan. C) Net propensity of attack susceptibility for the structure after the
hydride transfer. D) Partial charge for the structure after the hydride transfer for each atom.

The reactivity maps of Figure 8 support the hypothesis that proton transfer
is only activated after hydride transfer, and also that charge delocalization
from the NADPH to DHK is expected, but only after a certain displacement
in the hydride transfer reaction coordinate has occurred. As has already been
stated, electrostatic interactions appear to be the main driving force for the
hydride transfer reaction, thereby explaining why a charge transfer, a soft-soft
interaction driven process, is not predictive of the hydride transfer.
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Fig. 9 Local hardness reactivity maps. A) initial structure (P1). B) TS structure (P2).

Figure 9 displays local hardness reactivity maps for the initial (P1) and TS
(P2) structures, which highlights the roles of some nearby amino acid residues,
such as the threonine, Thr65. Comparing the local hardness for Thr65 between
the initial (Figure 9A) and TS (Figure 9B) structures, it is evident that there
is an increase in the values of the threonine side chain atoms, which thereby
stabilize the TS through electrostatic interactions.
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Fig. 10 Average EAS, hardness and NAS values for selected active site amino-acids, sub-
strates and cofactors calculated for all structures of the 2-D relaxed surface scan. AVG
denotes the average for all residues and black bars are the standard deviations of the re-
spective averages.

In Figure 10 the average EAS, hardness and NAS values for selected active
site amino-acids and substrates are plotted for all structures of the 2-D relaxed
surface scan. The averages were obtained by averaging over all atom values
in the respective residues. The figure also shows the average RD values over
all residues for each structure (denoted by AVG), together with the standard
deviation in the structure averages. It can be seen that Thr65 has significant
local hardness in all geometries sampled by the surface scan procedure, with
low variability, indicating that it is an important residue in TS stabilization. It
also has a high EAS value, meaning that it has a propensity to donate electron
density. As expected for reactant species, the hardnesses of the substrate,
DHK, and the cofactor, NADPH, have high variability. Likewise, Asp105 has
significant NAS values for the entire sampled set of geometries, supporting its
hypothesized role in increasing the activity of Lys69.
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4 Conclusions

In this work we have investigated the reaction mechanism of the shikimate
5-dehydrogenase from Mycobacterium tuberculosis using a variety of hybrid
QC/MM potentials in combination with relaxed surface scans, free-energy sim-
ulations and an analysis of a variety of reactivity descriptors. To our knowl-
edge, this is the first computational study of the reaction in this enzyme.
Overall, the methods predict a consensus mechanism in which there is no
stable intermediate. Instead the reaction proceeds by an energetically uphill
hydride transfer, followed by an energetically downhill reorientation and then
transfer of the proton towards the O3 oxygen of DHK. The TS for the reac-
tion corresponds to a structure in which there is almost complete transfer of
the hydride. Our mechanism is consistent with double kinetic isotope effect
measurements that suggest a single TS and a concerted mechanism, and our
DFT-corrected free energy barrier for the reaction is also in good agreement
with that estimated from experiment. Overall, our results confirm those ob-
tained experimentally, but they also provide additional information, including
insights into the driving force underlying the reaction, the important roles of
some peripheral amino acids in the active site, and the structure of the TS
structure, which should be valuable for developing more selective inhibitors
for this enzyme.
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