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ABSTRACT: A mixed centroid path integral and free energy pertur-
bationmethod (PI-FEP/UM) has been used to investigate the primary
carbon and secondary hydrogen kinetic isotope effects (KIEs) in the
amino acid decarboxylation of L-Dopa catalyzed by the enzyme L-Dopa
decarboxylase (DDC) alongwith the corresponding uncatalyzed reaction
in water. DDC is a pyridoxal 50-phosphate (PLP) dependent enzyme.
The cofactor undergoes an internal proton transfer between the zwitter-
ionic protonated Schiff base configuration and the neutral hydroxyimine
tautomer. It was found that the cofactor PLP makes significant contribu-
tions to lowering the decarboxylation barrier, while the enzyme active site provides further stabilization of the transition state. Interestingly,
the O-protonated configuration is preferred both in the Michaelis complex and at the decarboxylation transition state. The computed
kinetic isotope effects (KIE) on the carboxylate C-13 are consistent with that observed on decarboxylation reactions of other PLP-
dependent enzymes, whereas theKIEs on theR carbon and secondary proton,which can easily be validated experimentally,may be used as
a possible identification for the active form of the PLP tautomer in the active site of DDC.

’ INTRODUCTION

Pyridoxal 50-phosphate (PLP) facilitates a wide range of
chemical transformations in enzymes.1,2 Although common
features of PLP-dependent enzymes such as transamination
and stabilization of the external aldimine have been well
characterized,1,3 the critical role of the internal proton transfer
on catalysis remains poorly understood.4 The most comprehen-
sive studies of this process were conducted by Toney, Limbach
and their co-workers on a series of model Schiff bases in solution
and in solid state.5-8 Spectroscopic results on PLP-dependent
decarboxylases provided additional insight.9-14 In this article, we
report a theoretical study of the primary (1�) 13C and secondary
(2�) 2H kinetic isotope effects (KIEs) on the decarboxylation of
L-dopa catalyzed by the PLP-dependent L-dopa decarboxylase
(DDC) with the cofactor both in the zwitterionic N-protonated
Schiff base (PBS) and the neutral O-protonated hydroxyimine
(HI) form (Scheme 1). The present work provides an under-
standing of the role of the internal proton transfer between the
Schiff base and the hydroxyl group of PLP on the transition state of
the enzymatic reaction. Furthermore, we make a theoretical
prediction to identify the active form of the PLP tautomer in the
active site of DDC based on the decarboxylation KIEs.

The external aldimine between PLP and an amino acid
substrate consists of three titratable sites in addition to the
phosphate group,8,15 including the pyridine nitrogen, the 3-oxo
oxygen and the imine nitrogen of the Schiff base linkage; the
specific protonation state and site are critical to catalysis.7 Under
physiological conditions, the external aldimine would retain only
one proton, whereas the protonation of the pyridine nitrogen site
is strongly dependent on the amino acid, with which it forms

a specific hydrogen bond in the active site. In the enzyme L-dopa
decarboxylase,12 the carboxylate side chain of Asp271 accepts a
hydrogen bond from the protonated pyridinium ion of PLP.
Richard and co-workers suggested that PLP-dependent enzymes
select the zwitterionic external aldimine complex, in which
pronation at the imine nitrogen is preferred.1,16 Consequently,
the R-carbon acidity has a relatively high acidity with a pKa of 17
as a result of carbanion stabilization.17-19 The proton that forms
an internal hydrogen bond between the 3-oxo anion and the
imine nitrogen of the external aldimine can undergo proton
transfer from the N-protonated Schiff base to the O-protonated
hydroxyimine, formally corresponding to a tautomerization
(Scheme 1). Toney and Limbach and their co-workers demon-
strated that the intramolecular proton transfer is coupled to the
protonation state of the pyridine ring, which favors the N-proto-
nated PSB in solid state and in polar aprotic solvent when it is
protonated.6,8 However, there is no coupling in aqueous solution
because of competition between intramolecular and intermolecu-
lar hydrogen bonds.5,7

Dopa decarboxylase catalyzes the conversion of L-dopa into
dopamine in the treatment of Parkinson’s disease, which has
been extensive studied, providing a wealth of kinetic data for
validation of our theoretical model.9,10 Crystal structures of the
PLP-enzyme binary complex and a inhibitor ternary complex
have been determined.12 We have previously investigated the
internal proton transfer of PLP and the relative stability of the
zwitterionicN-protonated (PSB) and the neutralO-protonated (HI)
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isomers in water and inDDCusing a combined quantummechanical
and molecular mechanical (QM/MM) method.4 It was found that
the zwitterionic PSB configuration is more stable in the gas phase,
whereas the neutral formHI is slightly preferred by about 1 kcal/mol
in aqueous solution and in the active site of the enzyme. The latter is
somewhat surprising in that the protonated Schiff base is generally
thought to be preferred in catalysis because it provides a key
stabilization of the R-carbanion,1 responsible for the exceptionally
high acidity of a carbon acid and critical to amino acid racemization
and transamination reactions. In both types of reactions, the removal
of a proton at the R-carbon of the external aldimine substrate results
in a net gain of one negative charge on the ligand, which can be
effectively stabilized by a neighboring cation and further delocalized
into the pyridinium ring, a so-called electron sink.2,3 However, the
total charge of the external aldimine is unchanged in the active site
during PLP-dependent decarboxylation reactions, and the strong
electrostatic interactions between the carboxylate anion of the
substrate and the PSB in fact has an inhibition effect to the removal
of carbon dioxide. Thus, the neutral form of the Schiff base and a
hydroxyl isomer of the external aldimine could be preferred for
enzymatic decarboxylation processes.

In the present study, we aim to understand the effect of the
intramolecular proton transfer of the external aldimine on the
decarboxylationmechanism in L-dopa decarboxylase.We employ a
combinedQM/MMand path integral approach, inwhich both the
potential energy surface (PES)20,21 for the chemical process and
the nuclear quantum effects (NQEs)22,23 are treated quantum-
mechanically, to determine the kinetic isotope effects associated
with the decarboxylation reaction both in water and in the DDC
enzyme. A novel centroid path integral (PI) method (PI-FEP/
UM) that couples umbrella sampling for determination of the
potential of mean force (PMF) and free energy perturbation
theory between heavy and light isotopes to compute KIEs is
used.22-27 The computational results show that the reaction free
energy profiles for the L-dopa decarboxylation reaction exhibit
characteristic features in the PSB and the HI form of the substrate,
which are reflected in the computed KIEs. In the following, we
present the computational details, followed by results and discus-
sion. The main findings are summarized in the conclusion.

’COMPUTATIONAL DETAILS

Model for the External PLP Schiff Base and Dopa Dec-
arboxylase. The X-ray crystal structure of pig kidney DDC in a
ternary complex with the PLP cofactor and carbiDopa inhibitor (PDB

entry: 1JS3)12 was used to generate the initial Michaelis complex
structure containing the PLP-L-dopa external Schiff base. DDC is a
homodimer, consisting of 486 amino acid residues in each subunit.
There is only one active site and one PLP cofactor per dimer structure,
located at the interface of the two monomers. In the active site, the
crystal structure reveals that there is strong interaction between the
pyridine nitrogen and the side chain of Asp271, a typical structural
feature in PLP-dependent enzymes.2 Given that the pKa of the pyridine
of the external aldimine is somewhat more basic than a carboxylate
group,1 we have kept the pyridine nitrogen of the dopa-external aldimine
protonated, (PLP(Hþ)-L-dopa), throughout the simulation. The re-
sidues in the missing loop (residue 3280-3390) were modeled as
described in ref 4. The active site residue Lys303, which is released
from the internal aldimine Schiff base, was set neutral, ready for the next
reaction cycle. His192, His262, His348, His386, and His434 that form
ion-pairs or are exposed to the solvent were protonated, and we treated
the remaining titratable residues corresponding to ionization states at
pH 7.
Potential Energy Function. The decarboxylation reaction of the

external aldimine substrate PLP(Hþ)L-dopa was modeled by using a
combined quantum QM/MM potential.20,21,28 The boundary between
QMandMMregions is located at the C5A position (Scheme 2), which is
described by the generalized hybrid orbital (GHO) method.29,30 A total
of 39 atoms are included in the QM region and the Austin Model 1
(AM1)31 semiempirical Hamiltonian was used. Previous studies of
several decarboxylation reactions, including the decarboxylation of
3-carboxybenzisoxazole in Water,32 orotidine 50-monophosphate
(OMP) in water and in OMP dcarboxylase,33,34 biotin carboxylation
by acetyl-CoA carboxylase,35 N-methyl picolinate in water,25 and the
closely related L-ornithine by ornithine decarboxylase36 show that the
AM1 model can yield good geometrical and energetic results for the
decarboxylation reaction. In hybrid QM/MM simulations, The
CHARMM22 all-atom force field37 was used to represent the protein
and the phosphate group of the PLP, whereas the three point charge
TIP3P model38 was used to describe water.
Molecular Dynamics Simulations. Periodic boundary condi-

tions along with the isothermal-isobaric (NPT) ensemble at 298.15 K
and 1 atm were used. Long-range electrostatic interactions are modeled by
using a QM/MM particle-mesh Ewald method,39 whereas van der Waals
interactions were feathered to zero between 12 Å� and 13 Å� with a shift
function. All bonds involving hydrogen atoms, except those in the QM
region, were constrained to their equilibrium distances using the SHAKE
algorithm. The integration step in dynamics simulations was 1 fs.

The enzyme system was embedded in a cubic box of water molecules
about 93� 93� 93 Å�3. The resulting system has a net charge of zero and
no additional counterions were added. The final model of the enzyme
system consists of 75514 atoms, including 20203 water molecules. The

Scheme 1. Schematic Illustration of the Intramolecular Proton Transfer between the Zwitterionic N-Protonated Schiff Base and
the Neutral O-Protonated Hydroxyimine of the PLP-dopa External Aldimine Cofactor in the Decarboxylation Reaction by Dopa
Decarboxylase
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system has been thoroughly equilibrated during the study of the internal
proton transfer process in DDC. For the external aldimime reactions in
water, the center of mass of the solute was solvated at the center of a
cubic water box with a box length of 45 Å. Two sodium ions (Naþ) were
added to neutralize the systems.

A series of umbrella sampling simulations were performed to
compute the potentials of mean force (PMFs) for the decarboxylation
reactions of the PLP-L-dopa external aldimine in the N-protonated and
O-protonated configurations but in the enzyme dopa decarboxylase and
in water without the catalyst. For each reaction, the reaction coordinate,
as depicted in Scheme 2, is defined as the distance between the carboxyl
carbon (C) and the R-carbon (CR) of the amino acid L-dopa:

RC � RðCR - CCO-
2 Þ

We used a total of 13 windows for the enzymatic reactions and 12
windows for the model reactions. For the enzymatic simulations, each
window consisted of 30-ps equilibration, followed by additional 30 ps for
averaging and trajectory collection. For the model reactions, each
windowwas equilibrated for 50 ps and subsequently sampled for another
50 ps. The weighted histogram analysis method (WHAM)40 was used to
analyze the probability density and to obtain the free energy profiles for
the unbiased systems along the decarboxylation reaction coordinate.
Computation of Kinetic Isotope Effects. The potential of

mean force obtained from classical molecular dynamics simulations
above, employing a combined QM/MM potential, does not include
nuclear quantum effects (NQEs), which are required to compute kinetic
isotope effects (KIEs). In the current work, we employ a coupled free
energy perturbation and umbrella sampling simulation technique in
Feynman centroid path integral calculations (PI-FEP/UM)22,27 to
describe the nuclear quantum effects. In the PI-FEP/UM calculation,
the ratio of the quantum partition function for different isotopes, which
yields the corresponding KIEs, is obtained by free energy perturbation
from a light isotope mass into a heavier one within the same centroid
path integral simulation. Consequently, the PI-FEP/UM method can
yield highly accurate results on computed KIEs through a single simula-
tion rather than separate calculations for different isotopic reactions.23

The PI-FEP/UMmethod has been demonstrated in a series of studies of
chemical reactions in solution and in enzymes.18,19,22-27,41

In the centroid path integral simulation, we represent each quantized
atom by a ring of particles or beads, whose geometrical center (centroid)
is constrained to its classical position.42,43 Thus, for each classical
configuration sampled in molecular dynamics umbrella sampling

simulations, we perform PI sampling to obtain the NQEs for nuclear
motions.22,44,45 When the PI calculations are performed along the
reaction coordinate, we obtain a quantum mechanical correction at
each point of the reaction coordinate, resulting in a QM-PMF as a
function of the centroid reaction coordinate. The approach of NQE
corrections to the classical configurations was used in computer simula-
tions by Sprik et al.,44 and has been exploited in other works.25,45 In the
present study, we used 32 beads for each of the three isotopic sites for
KIE calculations along with the atoms directly connected to them for the
dopa decarboxylation reaction both in DDC and in water. Previous
studies have shown that this treatment yields good convergence in the
overall quantum corrections for a number of systems in water and in
enzymes.18,19,22-27,41 About 2400 configurations were extracted from
the MD trajectory. Ten separate centroid path integral simulations were
carried out, each of which was sampled by 11 free particle distributions
for equilibration and 50 PI configurations to estimate the KIEs. The final
results are determined from the cumulated path integral samplings,
while the standard errors (1σ) are estimated using the ten separate
averages. The results are listed in Tables S1 and S2 in the Supporting
Information.

There are two contributions from our work in the development of the
PI-FEP/UM method,22 which are distinctively different from previous
works44 and the approach of ref 45. We extended and implemented a
bisection sampling technique,24,46 which greatly improves the conver-
gence of path integral calculations. Second and most importantly, we
developed a free energy perturbation scheme for computing the ratio of
the quantum partition functions of different isotopic reactions in one
single simulation, which yields the kinetic isotope effects directly.22 This
approach avoids the essentially insurmountable difficulty in the direct
approach45,47,48 that takes the difference of two separate simulations, one
for each isotopic reaction, whose statistical fluctuations are as large as or
greater than the difference itself in KIE calculations. Although reasonable
estimate can be obtained for primary H/D isotope effects, which are
typically very large, it is very difficult to yield meaningful results for
secondary or heavy atom primary KIEs using the direct approach. To our
knowledge, secondary KIEs have not been reported from path integral
simulations prior to the development of the PI-FEP/UM method, which
has been implemented into and distributed with CHARMM.

’RESULTS AND DISCUSSION

Transition State Stabilization. The computed centroid po-
tentials of mean force including nuclear quantum effects for the
DDC-catalyzed and the corresponding uncatalyzed PLP-dopa
external aldimine in water are shown in Figure 1. The free energy
profiles are anchored to zero at the reactant state both for the
N-protonated PSB and the O-protonated HI configurations for
convenience of comparison. Note that we have previously
estimated that the free energy difference is -1.3 kcal/mol in
favor of the Michaelis complex with the O-protonated PLP
isomer, whereas the difference is -2.0 kcal/mol for the PLP-
dopa external aldimine species in water.4 In aqueous solution, the
free energy barriers for the decarboxylation reaction of the PLP-
dopa external aldimine complex are essentially the same both for
the zwitterionic PSB and the neutral hydroxyimine tautomers,
suggesting that there is no particular preference for the R-
carbanion stabilization by a neighboring (N-protonated) imi-
nium ion in the present decarboxylation reaction. This is due to
the fact that the decarboxylation reaction retains the anion from
the reactant state as a carbanion in the transition state, both of
which are stabilized by the PSB. The enzyme lowers the free
energy barrier by about 6 (8) kcal/mol with the PLP cofactor in
the N-protonated PSB (O-protonated hydroxyimine) form; the

Scheme 2. Division between the QM (blue) and MM (black)
Region in the PLP-dopa External Aldimine Cofactor; The
Boundary Atom Is Located at the C5A Carbon
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computed barrier height is 17.3 kcal/mol including NQEs, which
may be compared with the experimental value of 16.0 kcal/mol.10

The decarboxylation of the external aldimine, in water in the
absence of an enzyme, is known to be slow, which takes place at
temperatures above 100 �C;49,50 the barrier for the decarboxyla-
tion of the amino acid L-dopa itself is exceedingly high with a
computational value of 42 kcal/mol in water. The latter is
consistent with Wolfenden’s experimental data on similar sys-
tems (41 kcal/mol).50 The PLP cofactor itself provides a
dominant contribution to the overall catalytic effects,1 lowering
the decarboxylation barrier by about 16 kcal/mol, whereas the
enzyme further lowers the barrier by about 8 kcal/mol. The
catalysis by the PLP cofactor can be attributed to the charge
delocalization effect through the resonance of the pyridine-imine
π-conjugation to the anion quinonoid intermediate. A similar
feature has also been demonstrated in our studies of the alanine
racemization reaction in alanine racemase.18,19

A distinctive feature in Figure 1 is that the transition state is
earlier for the O-protonated tautomer of the PLP cofactor than
that for the N-protonated Schiff base, both in the enzymatic and
in the uncatalyzed reactions. The average reaction coordinate,
the distance CR-C, at the transition state is 2.07 Å for the
O-protonated aldimine, and 2.17 Å for the N-protonated system
in the active site. This is further reflected by the concomitant
change in the O-C-O angle of the carboxyl group (Table 1),
which is about 3� to 5� greater for the reaction with the
N-protonated Schiff base configuration than that in the O-pro-
tonated tautomer. The intramolecular O3 3 3 3H 3 3 3N hydrogen
bond in the reactant state (RS) and the transition state (TS) for
the decarboxylation reaction in the N-protonated configuration
of the PLP has a shorter donor-acceptor distance than that in the
O-protonated isomer of the cofactor because the former has
stronger electrostatic interactions in the zwitterion pair. As a result,
the internal torsion about the dihedral angle of N-C4A-C4-C3
(χ) is restricted to be roughly coplanar with the pyridine ring
with rather small fluctuations ((3�). On the other hand the
average χ is 135 ( 15� at the TS when the PLP cofactor adopts
the O-protonated configuration. In this case the PLP external

aldimine favors intermolecular hydrogen bonds with residues
Thr246 and Lys303. It is also important to notice the different
roles of Thr246,4 which acts as a hydrogen-bond donor to
interact with the 3-oxo anion in the N-protonated PLP isomer,
but it becomes an acceptor from the 3-hydroxy group of the
external aldimine at an average distance of 2.40 Å in the
O-protonated PLP configuration. For comparison, in aqueous
solution, Limbach, Toney, and co-workers found that the
intramolecular hydrogen bond in PLP cofactor is not maintained
in aqueous solution because of competition with the solvent.7

Figure 1 shows that the product region is more strongly
stabilized for the reaction in the O-protonated configuration,
whereas the free energy change in the product region is flat. This
may be somewhat surprising since the iminium ion of the Schiff
base linkage has been proposed to provide key stabilization of the
R-carbanion; however, the zwitterions of the PLP cofactor
interferes with hydrogen-bonding interactions with the solvent,
and the neutral O-protonated PLP configuration favors stabiliza-
tion of the carbanion from the decarboxylation reaction.We have
not specifically addressed the reversibility of the carbon dioxide
recombination reaction in the present work.
Kinetic Isotope Effects. Computed 1� and 2� KIEs from

PI-FEP/UM simulations are listed in Table 1 along with key
geometrical results at the transition state. The carbon 1� KIEs
range from 1.03 to 1.05 both for the enzyme and the uncatalyzed
reactions in water. KIEs for the present DDC enzyme have not
been measured, although carboxyl 13C-KIEs are widely used to
probe PLP-dependent decarboxylations by analyzing the product
CO2;

51,52 the observed KIEs are in the range of 1.01-1.06,
keeping in mind that these are not intrinsic effects of the
decarboxylation step. In the closely related PLP-dependent
L-ornithine decarboxylase, Swanson et al. found that the native
substrate has an observed KIE of 1.0325, and it is increased to
1.0633 for the substrate L-Lys.52 The latter value was considered
to be close to the intrinsic KIE for the decarboxylaiton step as it
becomes rate-limiting. In DDC catalysis, the reaction of the
O-protonated isomer of the external aldimine, which has the
lowest reaction barrier (Figure 1), has a computed carboxyl 13C
KIE of 1.053, whereas the N-protonated form has a similar value
of 1.047. The KIEs for the uncatalyzed reactions are also about
1.05. The range of the computed KIEs is very reasonable in
comparison with experiments on PLP-dependent enzymes,
which provides a validation of the present PI-FEP/UM
method.51,52

Figure 1. Computed potentials of mean force for the enzyme-catalyzed
(solid) and uncatalyzed (dashed) decarboxylation of the PLP-dopa
external aldimine in the N-protonated (keto) configuration in green
and O-protonated (enol) tautomer in red.

Table 1. Computed Kinetic Isotope Effects and Selected
Geometrical Parameters at the Transition Statea

dopa decarboxylase aqueous solution

O-protonated N-protonated O-protonated N-protonated

12k/13k(C) 1.053 ( 0.002 1.047 ( 0.003 1.053 ( 0.003 1.049 ( 0.002
12k/13k(CR) 1.037 ( 0.006 1.026 ( 0.005 1.030 ( 0.003 1.034 ( 0.003
1k/2k(HR) 1.053 ( 0.032 1.144 ( 0.066 0.975 ( 0.051 1.137 ( 0.051

Rc(CR-C) 2.07 2.17 2.06 2.17

R(CRdN) 1.36 1.39 1.34 1.38

θ(OdCdO) 148.6 153.8 150.5 153.2
aBond distances are given in angstroms, and angles are in degrees.
Standard errors ((1σ) in computed kinetic isotope effects are deter-
mined over ten separated block averages. Each KIE is obtained by using
all data sampled in the PI-FEP/UM simulations.
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The calculated carboxyl 13C-KIEs in Table 1 are closely related
to the small, but significant, variations in the O-C-O bond
angle of the carboxylate group. The average bond angles at the
transition state are close to 150�, about midway from the reactant
(about 122�) to the product states (180�), consistent with the
estimated Pauling bond order of about 0.4 for the CR-C bond.53

The transition state of the O-protonated tautomer in the active
site has the smallest O-C-O bond angle of the four decar-
obxylation reactions, indicating an early transition state with the
least gain in bond order on the CO2 group. On the other hand,
the N-protonated isomer has the largest O-C-O angle, in-
dicative of enhanced force constant in the CO2 stretch and a late
transition state (mirrored by a larger value in the reaction
coordinate). Thus, for the N-protonated configuration of the
PLP cofactor in the enzymatic reaction, the reduction in the
difference of zero-point energy (ZPE) (between 12C and 13C)
associated with the CR-C stretch is accompanied by an increase
in the O-C-O stretching frequency, orthogonal to the reaction
coordinate, in going from the reactant to the transition state. The
two compensating factors yield a smaller computed carboxyl KIE
in the N-protonated PLP aldimine substrate. The change in O-
C-O angle is less for the O-protonated configuration, resulting
in a greater KIE at the carboxyl site of the substrate.
The rehybridization at the CR position from sp3 to sp2 along

the decarboxylation path is best reflected by the 2o 1k/2k(HR)
KIEs (Table 1). Here, the primary 12k/13k(CR) effects are much
smaller than those at the carboxyl carbon, but they show similar
dependence on the tautomerism of the cofactor. The deuteron
1k/2k(HR) KIE is coupled both to the C-H stretching frequency
and to the hydrogen “out-of-plane” bending mode about the
CR=Nπ-plane that is being developed at the transition state. The
former increases from about 2900 cm-1 to 3100 cm-1 in going
from an sp3 to an sp2 carbon, whereas the latter changes from ca.
1300 cm-1 for an sp3 C-H deformation mode in the reactant
state to about 800 cm-1 in the product state. The development of
the CR=N double bond character is indicated by the distance
R(CR=N) in Table 1. Consequently, a shorter CR=N distance
corresponds to greater sp2 character and a larger force constant in
the C-H stretch, but a smaller bending frequency. In the
N-protonated configuration (a longer CR=N bond distance at
the transition state), the dominant factor is the change in the C-
H deformation mode, giving rise to greater decrease in ZPE,
thereby, relatively large secondary KIEs. We attribute the slow
change in the CR=N double bond at the TS to the cationic Schiff
base, hindering charge delocalization into the cationic pyridine.
For the O-protonated isomer of the cofactor, a greater CR=N
double bond character is developed, resulting in an increase in
the C-H stretch at the transition state. Thus, the
2o 1k/2k(HR) KIEs are relatively small and even inverse for the
reaction in water (Table 1).
Is there a simple way to distinguish between the N-protonated

and O-protonated tautomers of the PLP-dopa external aldimine
in the DDC-catalyzed decarboxylation? The data in Table 1
suggest that the diagnostic feature distinguishing the two con-
figurations is an examination of the overall trends of primary
(13C) and secondary (2H) KIEs. For the N-protonated aldimine,
the 2� KIE for the alpha hydrogen, 1k/2k(HR), is 1.14, greater
than 1.10, accompanied by a carboxyl C-13 intrinsic KIE in the
middle range for similar reactions. On the other hand, for the
O-protonated configuration, 1k/2k(HR) is below 1.10 (1.05), and
the primary carbon KIEs are found at the higher end. Previously,
we have determined that the O-protonated form of the external

aldimine is preferred over the N-protonated tautomer by 1.3
kcal/mol.4 The present computed PMFs show that the free
energy barrier is also lower by 1.5 kcal/mol for the reaction in the
O-protonated hydroxyimine configuration than that in the
N-protonated form. Interestingly, Sicinska et al. adopted the
O-protonated aldimine in their study of the decarboxylation
by L-ornithine decarboxylase.36 These results conclude that the
O-protonated hydroxyimine tautomer of the PLP-dopa external
aldimine is preferred in the DDC-catalyzed decarboxylation,
which exhibits a 2� deuteron KIE below 1.1 and a primary 13C
KIE of greater 1.05 as a diagnostic indicator of the transition
state.

’CONCLUSIONS

A mixed centroid path integral and free energy perturbation
method (PI-FEP/UM) has been used to investigate the primary
carbon and secondary hydrogen kinetic isotope effects (KIEs) in
the amino acid decarboxylation of L-Dopa catalyzed by the
enzyme L-Dopa decarboxylase (DDC) as well as the correspond-
ing uncatalyzed reaction in water. DDC is a pyridoxal
50-phosphate (PLP) dependent enzyme, which undergoes an
intramolecular proton transfer between the N-protonated Schiff
base and the 3-oxo anion. The specific protonation state is
important to enzyme catalysis and the aim of the present study
is to provide an understanding of effects of N- andO-protonation
in the external aldimine cofactor on the decarboxylaiton reaction
catalyzed byDDC. The present theoretical investigation revealed
that the O-protonated hydroximine form of the unprotonated
Schiff base in the cofactor is the preferred configuration in
catalysis by DDC. The computed KIEs are consistent with that
observed on decarboxylation reactions of other PLP-dependent
enzymes. Furthermore, the computational prediction of the
kinetic isotope effects can be conveniently validated experimen-
tally and used as a possible identification of the active form of the
PLP tautomer in the active site of DDC based on the decarbox-
ylation KIEs.
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