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ABSTRACT: Orotidine 5′-monophosphate (OMP) decarboxylase (ODCase)
catalyzes the decarboxylation of OMP to uridine 5′-monophosphate (UMP).
Numerous studies of this reaction have suggested a plethora of mechanisms
including covalent addition, ylide or carbene formation, and concerted or
stepwise protonation. Recent experiments and simulations present strong
evidence for a direct decarboxylation mechanism, although direct comparison
between experiment and theory is still lacking. In the current work we present
hybrid quantum mechanics−molecular mechanics simulations that address the
detailed decarboxylation mechanisms for OMP and 5-fluoro-OMP by ODCase.
Multidimensional potentials of mean force are computed as functions of
structural progress coordinates for the Methanobacterium thermoautotrophicum
ODCase reaction: the decarboxylation reaction coordinate, an orbital
rehybridization coordinate, and the proton transfer coordinate between Lys72
and the substrate. The computed free energy profiles are in accord with the available experimental data. To facilitate further
direct comparison with experiment, we compute the kinetic isotope effects (KIEs) for the enzyme-catalyzed reactions using a
mass-perturbation-based path-integral method. The computed KIE provide further support for a direct decarboxylation
mechanism. In agreement with experiment, the data suggest a role for Lys72 in stabilizing the transition state in the catalysis of
OMP and, to a somewhat lesser extent, in 5-fluoro-OMP.

Orotidine 5′-monophosphate (OMP) decarboxylase (ODCase)
catalyzes the decarboxylation of OMP to uridine 5′-mono-
phosphate (UMP) (Scheme 1).1 ODCase catalyzes the crucial

final step in the pyrimidine biosynthetic pathway and presents a
significant target in the development of antimalaria and cancer
drugs.2 Interestingly, ODCase is one of the most proficient
enzymes known, enhancing the rate of spontaneous substrate
decarboxylation by more than 17 orders of magnitude.3−5

Indeed, the nonenzymatic rate constant extrapolated to 25 °C
is ∼10−16 s−1, corresponding to a half-life of 78 million years,
while the ODCase catalyzed reaction has a turnover rate of 39
s−1.3

The catalytic mechanism of ODC has been subject to
numerous investigations by both experimental6−16 and
theoretical8,17−24 means. Several mechanisms have been

proposed in the past decades, but a consensus has yet to
emerge.6,14−16,25 Beak and Siegel9 suggested a mechanism in
which the O2 carbonyl oxygen of the orotic acid moiety is
protonated, necessitating formation of a ylide with a positively
charged N1 during catalysis. The validity of this mechanism was
questioned by 15N kinetic isotope effect (KIE) experiments that
showed no change in the bond order of N1 during the course
of the reaction.16 Moreover, no correctly positioned active site
acid is present in the active site.12,26 Lee and Houk suggested
that the decarboxylation is accompanied by protonation at the
O4 position rather than O2 based on model gas-phase
computational studies.22 This conclusion was further supported
by DFT calculations due to Singleton at el.27 Silverman and
Groziak suggested a mechanism that involves a Michael
addition of an active site nucleophile at the C5 position,28,29

whereas Kollman and co-workers suggested that protonation at
C5 could catalyze decarboxylation.30 These mechanisms were
ruled out by Acheson and co-workers who demonstrated a lack
of secondary deuterium isotope effect for the C5 hydrogen.7

Recent KIE studies of Cleland and co-workers support the
direct decarboxylation mechanism involving an anionic
intermediate.14,31 In addition, multiple isotope effect experi-
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Scheme 1. Decarboxylation of OMP by ODCase
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ments were employed to determine whether protonation
occurs in concert with decarboxylation for the ODCase
reaction.32 Therein the 13C isotope effects did not increase
when the aqueous solvent for the reaction was replaced with
D2O, showing that no protonation occurs as the C−C bond is
cleaved, pointing to a stepwise mechanism. The stepwise
decarboxylation followed by protonation by an active site Lys
residue33 has received accruing support by a series of NMR
studies by Richard and co-workers.31,34−36

The direct decarboxylation followed by C6-protonation
mechanism has gained acceptance in recent years based on a
series of hybrid quantum mechanics−molecular mechanics
(QM/MM) studies. The pioneering QM/MM work of Gao
and co-workers suggested a direct decarboxylation mechanism,
and excellent agreement with experimental kinetic data was
obtained, although the question of proton transfer was not
addressed.8 Warshel and co-workers also sided with a direct
decarboxylation mechanism followed by proton transfer,
although the details of the proton transfer were not studied
in the enzyme.21 Surprisingly, more recent studies employing
fairly accurate density function theory (DFT) QM methods
obtained poor agreement with experimental kinetic data, with
barriers considerably higher than those observed.17,19,30 Raugei
et al. also suggested a direct decarboxylation mechanism using
DFT based Car−Parrinello/MM simulations, although the
computed activation free energy barrier was significantly too
high, and the question of C6-protonation was not rigorously
addressed.19 Interestingly, Houk and co-workers dismissed the
direct decarboxylation mechanism based on the disagreement
between their predicted and the experimentally observed
kinetics, although an alternative mechanism was not
presented.17,37 A more recent DFT based QM/MM study of
Yang and co-workers suggested that earlier failures to obtain
reasonable reaction free energy barriers were due to the
incorrect modeling of the enzyme system.18 Indeed, this study
presented a reaction free energy barrier in excellent agreement
with experiment, although the proton transfer step was not
explicitly monitored in this work.
In this paper, we present a detailed study of the

decarboxylation reaction of OMP and 5-fluoro-OMP in the
enzyme Methanobacterium thermoautotrophicum ODCase
(MtODCase). The potential energy surface is described by a
hybrid QM/MM potential, where the QM subsystem is treated
by the semiempirical Austin model 1 (AM1) formalism,38

which has been shown to give excellent results for
decarboxylation reactions,8,39−42 as well as for proton transfers
involving Lys residues.43,44 We derive a combined reaction
progress coordinate based on three geometric metrics: the
decarboxylation reaction coordinate, the rehybridization of the
carboxylate leaving group, and the proton transfer coordinate
from Lys72 to the C6 position of OMP. KIEs are computed
employing a coupled free energy mass perturbation and
umbrella sampling simulation technique based on Feynman
centroid path integral calculations (PI-FEP/UM).45 Thus, both
the electronic structure of the reacting system and the nuclear
dynamics are treated quantum mechanically. This combined
approach has been successfully employed in a series of studies
of chemical reactions in solution and in enzymes.43,45−48

1. METHODOLOGY
QM/MM Simulations of MtODCase. Construction of the

Michaelis Complex. The active form of ODCase is a dimer
with two active sites at the interface between the two

monomers. Four residues in the active site were discovered
to be important for catalytic activity. These residues include
two Lys and one Asp from one monomer and one Asp residue
from the other monomer.8,12,49 Mutation of any of the four
residues leads to partial or even complete loss of activity and
also to reduction of substrate affinity.14,50 Additionally, the
phosphate and ribose group of the substrate (OMP) have been
shown to contribute to binding and catalysis.51−56 Numerous
X-ray structures of native ODCase from different species and
complexes with different inhibitors were solved in the past
decade.8,12,13,49,57,58 We chose to focus on the structure of
MtODCase complexed with the inhibitor 6-hydroxy-OMP
(BMP) at 1.4 Å.26

The crystal structure of the MtODCase dimer with the BMP
inhibitor (PDB code 3LTP)26 was used to construct the initial
configuration for the present study. The X-ray crystal structure
contains 218 amino acid residues in monomer A and 217
amino acid residues in monomer B, 142 crystallographic waters,
and the BMP inhibitor.26 The BMP inhibitor was modified to
OMP in each monomer. The missing crystallographic amino
acid residues 1−7 and 226−228 were added to monomer A and
residues 1−8 and 226−228 were added to monomer B, using
Discovery Studio 3.5 (Accelrys Inc.), prior to commencing the
simulations. The residues were added in an extended
conformation and subjected to geometry minimization and
molecular dynamics (MD) simulations while the remainder of
the enzyme was kept fixed. During these steps distance
restraints were employed between Met1 and Met9 (approx-
imately 8−9 Å) to hasten folding of the N-terminus during the
minimization and dynamics. One BMP bound water molecule
was deleted based on the suggestion of Hu et al.18

The protonation states of all ionizable residues were set
corresponding to pH 7.26 The hydrogen bonding patterns of
the ionizable residues with the surrounding environment were
visually inspected to verify that the protonation states are
reasonable. The coordinates of hydrogen atoms of the protein
and water were determined using the HBUILD facility in the
program CHARMM.59,60 The possible protonation states of
His residues (protonated on Nε or Nδ or doubly protonated
form) were determined by examination of the hydrogen
bonding interactions. Peripheral/surface His residues were
assumed to be positively charged. The resulting negatively
charged enzyme (−20) has dimensions of approximately 64 ×
59 × 66 Å3. To this system we added 20 sodium ions in
random positions outside the protein to obtain a net-neutral
system.61 Subsequently, the protein, ligands, crystal waters, and
counterions were embedded in a water box as detailed below.

Hybrid QM/MM Potential Energy Surface. The hydride
transfer reaction in ODCase was described using a hybrid QM/
MM potential energy surface (PES).

̂ = ̂ + ̂ + ̂H H H HQM MM QM/MM (1)

The system was partitioned into a QM region consisting of 44
atoms and a MM region containing the rest of the system
(Figure 1). The QM subsystem includes 26 atoms from the
OMP substrate and 16 atoms from the Lys72 protein residue.
Additionally, two hydrogen link atoms were introduced along
the covalent bonds crossing the boundary between the QM and
the MM regions, to satisfy the valence requirements of the QM
fragments.
The QM region was treated by the AM1 Hamiltonian.38

AM1 yields excellent results for model decarboxylation and
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proton transfer reactions involving amines8,39−44 (see Tables S1
and S2 in Supporting Information). The effect of introducing a
link atom on the current reaction was estimated by comparing
the decarboxylation potential energy surface of OMP treated
within a QM/MM framework with a link atom and OMP
treated as fully QM. The results are nearly identical and
demonstrate that the link atom approach is valid for this
reaction (Figure S1). The all-atom CHARMM22/27 force
field62,63 with grid-based energy correction maps (CMAP)64 for
peptide dihedral angles was employed to treat the entire
protein, the substrate, and the ions. The water molecules were
represented by the three-point charge TIP3P model.65 QM/
MM interactions were treated by electrostatic embedding,
wherein the MM partial atomic charges are included in the one-
electron Hamiltonian.
Free Energy Simulations: General Approach.45 We follow a

two-step procedure in which we first carry out Newtonian MD
simulations to determine the classical mechanical potential of
mean force (PMF) along the reaction coordinate for the
decarboxylation reaction in the fully solvated enzyme.
Subsequently, atoms directly involved in the decarboxylation
reaction are quantized via path-integral (PI) simulations. To
this end, configurations sampled in the classical MD
simulations are used as a configurational basin for the quantum
simulations. This double (quantum and classical) averaging
scheme is formally exact45,66−68 and yields the QM-PMF as a
function of the centroid reaction path.69,70 In PI-FEP/UM, the
ratio of the quantum partition functions for different isotopes,
which yields the KIE, is obtained by free energy perturbation
from a light isotope mass into a heavier one within the same
centroid PI simulation.45 This strategy avoids computing the
difference between two free energy barriers, which have greater
fluctuations than the difference itself for the two isotopic
reactions.45,47

MD Simulations. MD simulations were conducted under
periodic boundary conditions (PBC), with Ewald summation
for electrostatic interactions.71 The solute was soaked in a pre-
equilibrated 81 × 81 × 81 Å3 cubic box of 17 701 water
molecules, with its longest axis lying along the space diagonal of
the box to ensure that all protein atoms are at least 10 Å away
from the edges of the box. The final model contained 52 677
atoms. For van der Waals and electrostatic interactions, a 13.0
Å group-based cutoff was used. The Ewald method was
employed for reciprocal space summations between MM sites

as well as for the QM/MM interactions using a 80 × 80 × 80
FFT grid.71 The κ value was set to 0.340 Å−1.
All water molecules were relaxed using the adopted basis set

Newton−Raphson (ABNR) minimization method (30 steps),
while the crystal water oxygens were harmonically restrained to
their original positions. This was followed by a 100 ps MD
equilibration of the water molecules, which were thereafter
minimized again (30 steps ABNR). Subsequently, all atoms
were subjected to minimization in a stepwise fashion to remove
close contacts in the initial protein−ligand−solvent system: (a)
The substrate was first minimized (30 step ABNR) while
placing harmonic restraints on heavy atoms and keeping the
rest of the system fixed. The restraints were gradually decreased
to zero, while the substrate was further minimized (5 × 30 steps
ABNR). (b) The water molecules and protein molecules were
minimized (this time the substrate was held fixed) while the
harmonic restraints on the water and protein heavy atoms were
gradually reduced (4 × 10 steps ABNR). (c) Finally, the entire
system was minimized (30 steps ABNR) without any restraints.
The isothermal−isobaric ensemble (NPT) was employed at

1 atm and 298 K using the extended system pressure/
temperature (CPT) algorithm of Andersen72 with an effective
mass of 500 amu and the Hoover thermostat73 with an effective
mass of 1000 kcal mol−1 ps−2. The SHAKE algorithm74 was
applied to constrain all MM bonds involving hydrogen atoms.
The system was gradually heated up from 48 to 298 K during
five sessions of 5 ps for a total of 25 ps and thereafter
equilibrated at the target temperature (298 K) over the course
of 1 ns at the MM level of theory. Finally, the system was
equilibrated during the course of an additional 200 ps using the
QM(AM1)/MM potential.
Nuclear Overhauser effect (NOE) harmonic restraints were

added to distances between donors and acceptors of selected
hydrogen bonds within the protein during early stages of the
equilibration. All restraints were removed 100 ps prior to
commencing the production phase.

Potential of Mean Force. The classical−mechanical
potential of mean force (CM-PMF) was determined using
the umbrella sampling technique in order to sample the high-
energy regions of the PES.75 The reaction coordinate (ζ) was
defined as a collective reaction coordinate.76 This collective
coordinate is composed of three reaction coordinates (Figure
2). The first reaction coordinate is defined as the distance
between the carboxyl carbon (C) and the C6 atom involved in
the covalent bond to be cleaved during the decarboxylation
reaction:

ζ = −R(C6 C)decarb (2)

The second reaction coordinate describes the hybridization
state, χ, of the carboxyl carbon atom (C), namely, defining the
ratio of the p vs s atomic orbital contributions to the hybrid
orbital:

ζ χ= (C)rehyb (3)

The evaluation of the hybridization state relies on the model
formulated by Pu et al.,77 according to which the hybridization
state can be linearly correlated with L, the distance from the
central carbon atom to the line or plane, determined by the
positions of its substituents, in the form χ(C) = 1 + 2L for the
leaving C carbon.
Taking advantage of this definition, we have

ζ = + L1 2rehyb (4)

Figure 1. QM/MM partitioning scheme. The dashed line divides
between the QM and MM regions.
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Specifically, in the reactant state (RS) of the ODCase catalyzed
reaction, the carboxyl carbon adopts an approximate sp2

hybridization, which corresponds to χ(C) = 2 and L = 1/2 Å.
Accordingly, the upper boundary of ζrehyb in the RS has a
theoretical value of 2 Å, while the product state (PS), where the
sp-hybridized carbon dioxide is ultimately formed, is charac-
terized by linear geometry of C, i.e., χ(C) = 1 and L = 0 Å,
resulting in lower limit of 1 Å.
Finally, the third reaction coordinate describes the proton

transfer from Lys72 to the C6 carbon of OMP and is defined
geometrically as the difference between the lengths of the
breaking (HZ2−NZLys72) and forming (C6OMP−HZ2) bonds:

ζ = − − −R R(HZ2 NZ) (C6 HZ2)pt (5)

The PMF is described as a function of these three reaction
coordinates, and a collective reaction coordinate is defined as
the minimum free energy path in the multidimensional reaction
coordinate space. Practically, this path is obtained using the
string method.76,78 A total of 16 discrete regions along the
reaction coordinate (“windows”) were defined with spacing of
0.05−0.20 Å. Each simulation was performed with the addition
of a biasing potential to the decarboxylation coordinate
(roughly the negative of the computed PMF) and a harmonic
restraint centered in each window for the decarboxylation
coordinate and the proton transfer coordinate. The harmonic
force constants, k, ranged between 5.0 and 80.0 kcal·mol−1·Å−2

[Eharm = k(ζ − ζref)
2]. Each window was equilibrated for 75 ps,

followed by 175 ps production simulations that collected the
probability densities of configurations (ρ) along the reaction
coordinates (ζi) and sorted them into bins of width 0.01−0.04
Å. The velocities and positions of the last configuration
generated in each window were used to initiate the next
window. The PMF curve was obtained using a multidimen-
sional version of the weighted histogram analysis method
(WHAM).76,79 To ensure convergence of the PMF, the
simulations were run until the difference between sequential
PMF profiles was less than ±1 kcal/mol.
Quantum Monte Carlo Simulations and Kinetic

Isotope Effects. The QM-PMF was obtained using a double
averaging procedure by centroid PI simulations on config-
urations saved during the umbrella sampling simulations.45,67,80

In essence, the centroid PI simulations yield the free energy

difference between the classical mechanical and the quantum
mechanical PMFs.45,67,80

The PI-FEP/UM method was used to compute KIE.45 The
method is based on quantum transition state theory and uses
the bisection or staging sampling algorithms coupled with a
mass-perturbation scheme to compute the KIEs directly.45 The
PI simulations were performed for each isotope (12C, 13C, 14N,
15N, 16O, 18O) for the decarboxylation reaction.
Specifically, to evaluate the KIEs, the centroid PI simulations

were carried out for the light isotopic reaction, and the ratio of
the partition functions between two isotopic reactions was
determined by free energy perturbation theory from the light
mass into the heavier one.45 For the decarboxylation reaction,
the isotope labeled atom was quantized in addition to three
neighboring atoms. Each quantized particle was represented by
paths discretized into 32 beads. We used the staging sampling
technique80,81 in all centroid PI simulations, sampling 10 free-
particle configurations for each of 20 800 classical config-
urations in the RS and transition state (TS), yielding a total of
208 000 path-integral sampling steps.

2. RESULTS AND DISCUSSION
Reaction Mechanism in ODCase. Multidimensional

umbrella sampling simulations were performed to obtain the
free energy reaction profile for the ODCase catalyzed
decarboxylation. This multidimensional strategy provides
insight into the proton transfer and change in hybridization
during the catalytic reaction. Two- and three-dimensional free
energy surfaces are presented in Figure 3.
In Figure 3A we show the free energy as a function of the

decarboxylation coordinate and the proton transfer coordinate
while averaging the contributions of the rehybridization
coordinate. This figure reflects the classical mechanical PMF
(CM-PMF) for the ODCase decarboxylation reaction obtained
from free energy MD simulations, using the QM(AM1)/MM
Hamiltonian. The free energy barrier predicted by the
corresponding PMF is ΔG⧧ = 15.7 kcal/mol. The TS is
located at ζdecarb ≈ 2.1 Å and ζpt ≈ −1.65 Å prior to the onset of
the proton transfer (Figure 4). Nonetheless, inspection of the
minimum free energy path reveals that the formation of an ion
pair between Lys72 and C6 of OMP and the decarboxylation
step are coupled. A tight ion pair between Lys72 and the
developing anion at C6 is progressively formed as CO2 leaves.
This Lys residue is held tightly in place by two strong hydrogen
bonds to Asp70 and Asp75B (Figure 4), ready to donate a
proton from one side of the pyrimidine plane while dissociation
of CO2 occurs on the opposite side of the pyrimidine plane.
The proton is only transferred once the decarboxylation
process is complete, and this step has no free energy barrier.
The current results are consistent with experimental KIE32,35

results pointing to a stepwise mechanism, wherein the proton
transfer is not rate determining. Indeed, the current results are
in remarkable agreement with the work of Richard and co-
workers.35 On the basis of product isotope effect experiments,
they suggested that the rate-limiting step is the breakdown of
OMP to form a C6 UMP carbanion intermediate and that the
subsequent hydron transfer to C6 is faster than rotation of the
Lys72 C−N bond. The current results support such a view on
all accounts.
In addition to the role of Lys72 in facilitating reaction, several

additional active site residues contribute to catalysis. In
particular, Hu et al. suggested that Ser127 plays an important
role in stabilizing the TS via hydrogen-bond interactions.18 In

Figure 2. Depiction of the three reaction coordinates employed in the
simulations of ODCase.
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Table S3 we present ensemble averaged distances between O4
in OMP and the Ser127 backbone amide nitrogen and between
N3 in OMP and the Ser127 side chain. As is seen from the

table, the H-bond distances are short and the substrate is held
tightly in place during catalysis. These interactions provide
further stabilization in addition to that of Lys72.
Figure 3B provides a multidimensional depiction of the

classical mechanical free energy landscape for the ODCase
catalyzed decarboxylation reaction. We employed a sampling
scheme in which a biasing potential was imposed on the
decarboxylation reaction coordinate and the proton reaction
coordinate, while the rehybridization coordinates were used as
a spectator coordinate. In this description, isosurfaces are drawn
along ζrehyb spanning the entire reaction coordinate, and each
surface represents a “slice” of the free energy surface.
Analysis of the figure shows that the change in hybridization

of the CO2 carbon occurs during the decarboxylation reaction.
The starting value is ζrehyb ≈ 2 Å (RS). As the bond between C6
and CO2 starts to break, the rehybridization decreases. At the
TS, the value of the rehybridization coordinate is ∼1.5 Å and
the value of decarboxylation coordinate is ∼2.2 Å. Thus, near
the TS the decarboxylation coordinate and the rehybridization
coordinate are synchronized. The rehybridization coordinate
reaches its end value (ζdehyb ≈ 1 Å) at around ζdecarb ≈ 3.5 Å
and does not change during the proton transfer step. The
reaction free energy is ∼1.2 kcal/mol, suggesting that the
reaction could be reversible.82−84 The reverse reaction would
require a proton abstraction followed by electrophilic addition
of CO2 to the carbanion. The barrier for the latter of these two
steps is 3.5 kcal/mol, suggesting that the decarboxylation
reaction could be reversible.
The QM-PMF is obtained from Feynman PI calcula-

tions45,66,68 in which the centroid positions of the discrete
paths of quantized particles are used to specify the reaction
coordinate.45,69,70 By use of QM(AM1)/MM, inclusion of
nuclear quantum effects (NQE) in the simulations45 lowers the
computed free energies of activation by 0.8 kcal/mol, yielding a
quantum free energy of activation for the decarboxylation of
14.9 kcal/mol. Direct comparison with experiment is not
possible, as product release is strongly rate limiting for this
system.58 Nonetheless, if an upper limit to the experimental
free energy of activation is calculated from the phenomeno-

Figure 3. Classical (A) two- and (B) three-dimensional potential of
mean force surfaces (kcal/mol) for the ODCase catalyzed
decarboxylation reaction of OMP. Associated minimum free energy
paths (white-colored curves in parts A and B) were obtained using the
string method with 50 images.

Figure 4. Snapshot of the transition state in the active site of ODCase obtained by QM(AM1)/MM molecular dynamics simulations.
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logical rate constant (kcat) using transition state theory, a value
of 16.6 kcal/mol is obtained58 in good agreement with our
result.
We also performed multidimensional umbrella sampling

simulations to obtain the free energy reaction profile for the
ODCase catalyzed decarboxylation of 5-fluoro-OMP. In Figure
5 we show the free energy as a function of the decarboxylation

coordinate and the proton transfer coordinate while averaging
the contributions of the rehybridization coordinate. The free
energy barrier predicted by the corresponding PMF is ΔG⧧ =
14.7 kcal/mol. The TS is located at ζdecarb ≈ 2.1 Å and ζpt ≈
−2.0 Å prior to the onset of the proton transfer. Comparison of
these results to the free energy profile of OMP shows a lower
energy barrier (by approximately −1.0 kcal/mol) and slightly
earlier TS. We also observed that 5-fluoro-OMP exhibits a
weaker ion pair between Lys72 and the developing anion at C6
in comparison to OMP (ζpt ≈ −1.65 Å for the TS of OMP
compared to ζpt ≈ −2.0 Å for the TS of 5-fluoro-OMP). A
slight barrier to protonation of the carbanion is also observed.
These changes may be ascribed to an inductive effect of the
fluorine, which stabilizes the carbanion intermediate by electron
withdrawal and produces a reaction with a lower barrier and an
earlier transition state. The reverse electrophilic addition of
CO2 to the carbanion has a free energy barrier of 4.4 kcal/mol,
which is slightly higher than for OMP. As is the case for OMP,
the results for 5-fluoro-OMP are in line with the conclusions of
Richard and co-workers based on product isotope effects, which
suggest that the reaction is stepwise, yet synchronous.
Inclusion of NQE in the simulations45 lowers the computed

free energy of activation for 5-fluoro-OMP by ∼0.7 kcal/mol,
resulting in a quantum free energy of activation for the
decarboxylation of 14.0 kcal/mol. This value is similar to that
obtained from the experimental kcat which yields a phenom-
enological activation free energy of 14.1 kcal/mol.58 The effect
of the 5-fluoro substitution from our simulations is thus 0.9
kcal/mol. This effect is somewhat lower than the 3.5 kcal/mol
value estimated by Richard and co-workers.85 The reason for
the slight underestimation of the effect of the 5-fluoro
substitution is possibly due to the AM1 method employed
for the QM region in this work. Inspection of Table S2 reveals
that AM1 underestimates the effect of the 5-fluoro substituent
on C6 anion formation by 2.1 kcal/mol compared to the M06
DFT method.

Kinetic Isotope Effects. The KIEs for OMP were
computed using a mass-perturbation-based PI approach as
described in the methods section, and the results are
summarized in Table 1. The computed intrinsic KIE for the

carboxyl group carbon is 1.050 ± 0.006, in good agreement
with the experimental intrinsic KIE value of 1.0494 ±
0.0006.6,16 The computed intrinsic KIE for the N1 position is
1.003 ± 0.005. This result is also in reasonable agreement with
the experimental intrinsic KIE value of 1.0068 ± 0.0003.16 The
computed intrinsic KIE for the O2 position is 0.998 ± 0.005,
and for the O4 position it is 1.004 ± 0.007. The O2 result is in
good agreement with the experimental intrinsic KIE value of
0.983 ± 0.001.15

We also computed the KIEs for 5-fluoro-OMP using the
methodology described above, and the results are summarized
in Table 1. The computed intrinsic KIE for the carboxyl group
carbon is 1.047 ± 0.009. This result is in good agreement with
the experimental intrinsic KIE of value 1.0356 ± 0.0001.14 The
slightly lower KIE value of the fluorinated OMP supports the
notion of an inductive effect of fluorine and of an earlier TS
than that for OMP. The computed intrinsic KIE for the N1
position is 1.004 ± 0.006, while the computed intrinsic KIE for
the O2 position is 0.998 ± 0.005 and for the O4 position is
1.001 ± 0.005.
In conclusion, the current free energy reaction profiles and

KIE provide further support for a direct decarboxylation
mechanism, followed by protonation by Lys72.

3. SUMMARY
In this article we present for the first time a complete free
energy landscape for the ODCase catalyzed decarboxylation
reaction, including the proton transfer step. Our results show
that decarboxylation of OMP is the rate-determining step with
a free energy barrier of 14.9 kcal/mol, in good agreement with
the experimental upper estimate of 16.4 kcal/mol. The
simulations suggest that although the decarboxylation and
protonation steps are stepwise, the formation of an ion pair
between the positively charged Lys72 and the developing anion
at the C6 atom of OMP is tightly coupled to the
decarboxylation step. We have also calculated the complete
free energy landscape for the ODCase catalyzed decarbox-
ylation reaction of 5-fluoro-OMP. Our results show that
decarboxylation of 5-fluoro-OMP is the rate-determining step
with a free energy barrier of 14.0 kcal/mol, in good agreement
with the experimental upper estimate of 14.1 kcal/mol. The

Figure 5. Classical two-dimensional potential of mean force surface
(kcal/mol) for the ODCase catalyzed decarboxylation reaction of 5-
fluoro-OMP. The associated minimum free energy path (white-
colored) were obtained using the string method with 50 images.

Table 1. Comparison between the Computed and
Experimental Intrinsic Kinetic Isotope Effect Values for the
Decarboxylation Reaction in ODCase at 298 K

KIE

calcd exptl

OMP
CO2 1.050 ± 0.006 1.0494 ± 0.0006 6,16

N1 1.003 ± 0.005 1.0068 ± 0.0003 16

O2 0.998 ± 0.005 0.983 ± 0.001 15

O4 1.004 ± 0.007
5-Fluoro-OMP

CO2 1.047 ± 0.009 1.0356 ± 0.0001 14

N1 1.004 ± 0.006
O2 0.998 ± 0.005
O4 1.001 ± 0.005
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computed effect of the 5-fluoro substitution on the
decarboxylation free energy barrier is thus 0.9 kcal/mol, slightly
less than the 3.5 kcal/mol value predicted by experiment.85 The
simulation of 5-fluoro-OMP exhibits a weaker ion pair between
Lys72 and the developing anion at C6 and an earlier transition
state. These changes are caused by the inductive effect of
fluorine, which stabilizes the carbanion intermediate. Com-
puted kinetic isotope effects were found to be in good
agreement with experiment and serve as further support for a
direct decarboxylation mechanism.
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