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ABSTRACT:Alanine racemase (AlaR) catalyzes the interconversion between L-Ala and D-Ala with the aid of the
cofactor pyridoxal 50-phosphate (PLP). The pyridine nitrogen in PLP in the wild-type enzyme is unprotonated
due to interaction with Arg219, a rare feature among PLP-dependent enzymes. Herein, we performed
combined quantum mechanics and molecular mechanics molecular dynamics simulations to study the
Arg219Glu mutant AlaR. In this form of the enzyme, the PLP-pyridine nitrogen is protonated. This study
suggests that the catalytic effect in the Arg219Glu mutant enzyme is due to a combined solvent and inherent
stabilizing effect of the protonated cofactor, in contrast to the wild-type enzyme where the catalytic effect may
be ascribed to solvent effects alone. Furthermore, we find that the quinonoid intermediate is greatly stabilized
in the mutant enzyme, opening the possibility for side reactions such as transamination. We show that a
computed 1,3-proton transfer in PLP due to the catalytic Lys39 is a feasible side reaction en route to
transamination.

Nature predominantly employs L-amino acids for cell func-
tioning. However, D-amino acids are crucial for the survival of
bacteria which employ the D-isomers as principle building blocks
in the peptidoglycan layers (1). The peptidoglycan is a strong and
flexible polymer that encapsulates the cell wall providing bacteria
with resilience, counteracting the cell’s osmotic pressure. The
principle D-amino acids used by bacteria are D-Ala and D-Glu.
Additional D-amino acids such as D-Met, D-Leu, D-Tyr, and
D-Phe have been found to regulate peptidoglycan synthesis (2).
Additionally, D-amino acids have been found to modulate brain
function in mammals (3).

Alanine racemase (AlaR)1 catalyzes the interconversion be-
tween L-Ala and D-Ala in the presence of the cofactor pyridoxal
50-phosphate (PLP) (Scheme 1). AlaR has been isolated from
bacteria such as Pseudomonas aeruginosa (4, 5), Salmonella
typhimurium (6, 7), and Bacillus stearothermophilus (8-10).
Because of the importance of AlaR in bacterial synthesis, this
enzyme presents an important antibiotic target. At present, most
studies of AlaR have focused on enzyme inhibition and several
potent inhibitors have been found (11). The mechanistic aspects
of the racemization reaction have been studied extensively with
both experimental (9, 10, 12-20) and theoretical tools (21, 22). It
has been demonstrated by mutagenesis experiments (15-17) and
several crystal structures (10, 13, 14) that the catalysis is
performed by the acid base pair Tyr2650 (prime indicates residues

from the second subunit) and Lys39 which are located on
opposite sides of the PLP-conjugated plane. The principle steps
of the racemization reaction (e.g., L f D isomerization) involve
(Scheme 2) (1) binding of L-Ala to the enzyme in an internal
aldimine state with the PLP cofactor bound via a Schiff base to
Lys39, (2) formation by L-Ala of an external aldimine with the
PLP cofactor (Ala-PLP) via displacement of Lys39, (3) abstrac-
tion by Tyr2650 of a proton from L-Ala forming a quinonoid
intermediate, (4) reprotonation by Lys39 to form D-Ala linked to
PLP in an external aldimine form, and (5) displacement by Lys39
of D-Ala to form an internal aldimine and subsequent release of
D-Ala. Mutational analysis and kinetic isotope effect measure-
ments indicate that the proton abstraction reaction is the
principle rate-limiting step (15-19). Toney and co-workers have
presented a detailed free energy profile for this reaction (19, 20).

An interesting feature in AlaR is the protonation state of the
pyridine ring of the PLP cofactor, which has a pKa value
estimated initially to be ca. 5 (23, 24) and more recently to be
5.8 (25). Consequently, in most PLP-dependent enzymes, the
pyridine ring nitrogen is protonated due to the presence of
neighboring acidic or polar amino acids. For instance, in
aminotransferases, Asp or Glu interacts with the pyridinium
ion (26), whereas in members of the tryptophan synthase family,
polar residues, such as Ser or Thr, are located in the vicinity of the
PLP ring heteroatom (27). Indeed, model computational works
on PLP-dependent enzymes have typically employed a proto-
nated PLP pyridine ring (28, 29). However, in AlaR, the pyridine
ring is unprotonated because of the presence of Arg219 (13, 19),
which has a pKa value of ∼13 in water (30). The X-ray crystal
structures of Ringe and co-workers described this structural
feature whereby Arg219 directly donates a hydrogen bond to
the pyridine nitrogen, preventing the formation of a cationic
pyridinium ion (13). Furthermore, a quinonoid intermediate is
not observed in wild-type AlaR or in the Arg219Lys and
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Arg219Ala mutants, whereas it is observed in the Arg219Glu
mutant (15). Seemingly, this unusual protonation state in the
wild-type enzyme plays a significant functional role. Indeed,
Richard et al. found that the PLP(Hþ) cofactor reduces the CR
acidity of Gly by ∼12 pKa units, i.e., from 29 to 17 (31, 32).
Moreover, the N-unprotonated Gly-PLP is estimated to have an
intermediate value between these two. In comparison, early
kinetic work of Dixon and Bruice suggested a pKa of 12 for
Ala-PLP(Hþ) and a value of 14 for Ala-PLP (23). Model
simulations of Ala and protonated and unprotonated Ala-PLP
in aqueous solution suggested that the N-protonated cofactor
form reduces the Ala CR pKa value by nearly 22 units, whereas in
the unprotonated form, the pKa is reduced by 13 units (22). The
principle catalytic effect of Ala-PLP may be ascribed to solva-
tion (22, 33). It is assumed that in the enzyme, the unprotonated
form yields an intermediate with a limited lifetime, a feature that
likely aids the enzyme in avoiding side reactions (24).

It is of great interest to understand the difference in the
mechanism of carbon acidity enhancement by the PLP cofactor
in wild-type AlaR which employs an unprotonated cofactor and
theArg219Glumutant where a protonated pyridine is present. In
this paper, we compare the catalytic mechanism of Arg219Glu
withwild-typeAlaR and provide an atomic-level rationale for the
specificity of AlaR. We employ classical molecular dynamics
(MD) simulations employing a hybrid quantum mechanical and
molecularmechanical (QM/MM) potential energy surface. In the
following, we first describe the computational procedures used in
this study, which is followed by Results and Discussion. Finally,
we highlight the major findings of this study.

COMPUTATIONAL DETAILS

Model of the Solvated Enzyme-Coenzyme-Substrate
Complex. The Arg219Glu mutant AlaR was prepared with a
previously extensively equilibrated wild-type enzyme employed as
a starting point (22). AlaR is a homodimer containing two
domains (13). The N-terminal domain is composed of an eight-
strandedR/β-barrel, while the C-terminal domain is characterized

by R-helices and antiparallel β-sheets. The two active sites are
located at the interfaces between the two subunits. In this work,
we employed the structures published by Esaki et al. which were
determined at 2.0 Å resolution [Protein Data Bank (PDB) entries
1L6F and 1L6G] (10). In these structures, AlaR forms a complex
with the reaction intermediate analogues N-(50-phosphopyridoxyl)-
L-alanine and N-(50-phosphopyridoxyl)-D-alanine, respectively.
The latter structure was used to construct the external aldimine
Michaelis complex of the wild-type enzyme in our study using
CHARMM (34). We obtained the mutant enzyme by mutating
Arg219 to Glu. The Arg219 side chain was manually deleted and
replaced with Glu. Glu219 was oriented in a position to form an
ion pair with the protonated cofactor pyridine nitrogen. The
mutant enzyme was subsequently minimized and allowed to relax
in the presence of the mutation as described below. It is assumed
that no major changes to the active site interactions occur upon
mutation. This is a reasonable assumption based on a similar type
of mutation in D-amino acid transaminase (35). In the Glu177Lys
mutant form of this enzyme, the cofactor is in a position very
similar to that of the wild-type structure and the cofactor inter-
actions are intact.

The protonation states of ionizable residues were assigned
corresponding to pH 7. Interior histidines are modeled as neutral
residues with the titratable hydrogen positioned at the Nδ or Nε
position depending on hydrogen bonding patterns with the
surrounding amino acid residues. We have treated histidine
residues that are exposed to the solvent or that are forming ion
pairs as protonated. The protonation state of theAla-PLPadduct
is shown in Scheme 1. Importantly, the pyridine nitrogen is
treated as protonated because of the interaction with Glu219 in
the mutant enzyme, which has been suggested by 15N NMR
experiments (36-38).
Hybrid SRP-QM/MM Potential Energy Surface. The

proton transfer reactions in Arg219Glu AlaR are treated with a
hybrid QM/MM potential energy surface (39).

Ĥ ¼ ĤQMþ ĤMM þ ĤQM=MM ð1Þ
The QM region is treated by a semiempirical Hamiltonian which
has been optimized for enzymatic racemization reactions (21, 22).
Specifically, we employ the specific reaction parameterHamiltonian
AM1-SRP which was developed to treat the AlaR reaction and
subsequently also employed in the study of GluR (40) and
ProR (33). This Hamiltonian provides an accurate description
of the proton transfer reactions in the gas phase, in solution, and in
enzymes. The QM region was composed of the Ala-PLP cofactor
(excluding the phosphatemoiety), Tyr2650, andLys39, as described
previously (22). The MM region is described by the CHAR-
MM22 (41) force field for the protein; the cofactor phosphate
moiety is treated with the CHARMM27 force field (42, 43), while
water molecules are treated with the TIP3P model (44).

Scheme 1: External Aldimine Adduct of L-Alanine and Pyridoxal
50-Phosphate Cofactor in Wild-Type (Ala-PLP) and Arg219Glu
[Ala-PLP(Hþ)] Alanine Racemase

Scheme 2: Alanine Racemase Reaction Mechanism
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Potential of Mean Force Simulations. The classical poten-
tial of mean force (PMF) as a function of the reaction coordinate
ζ is defined as

WðζÞ ¼ -RT ln FðζÞþC ð2Þ
where F is the unbiased probability density along the reaction
coordinate ζ, R is the gas phase constant, T is the temperature,
and C is a normalization constant (45). The reaction coordinate
of the racemization step was defined as the difference between
breaking theCR-Hbond and formingO-H(Tyr2650 as the base
in the L-to-D conversion) or N-H (Lys39 as the base in the D-to-L
isomerization) bonds. The reaction coordinate of the pretrans-
amination 1,3-proton transfer step was defined as the difference
between breaking the CR-H bond and forming the C40-H
bond. The PMF was obtained by employing adaptive umbrella
sampling MD simulations (46). The reaction coordinate is
divided into windows that are sampled in separate simulations.
A biasing, or so-called umbrella potential, is employed to
improve the sampling of regions that are high in energy, yielding
uniform sampling of the potential energy surface. The free
energies of the separate simulation windows along the reaction
coordinate are combined using the weighed histogram analysis
method (WHAM) (47), to remove the contributions of the
biasing potentials.

Stochastic boundary conditions are used here to model the
active site of AlaR due to the size of the enzyme (48, 49). Such
boundary conditions serve as a thermal bath, preserve structural
and dynamic properties of the system, and prevent the escape of
water molecules from the dynamic region. The CR atom of the
Ala-PLP adduct is centered at the origin of the coordinate
system, which is embedded in a sphere of water molecules with
a radius of 30 Å to mimic the aqueous environment. Water
molecules that arewithin 2.6 Å of any non-hydrogen atoms of the
enzyme, substrate, and crystal waters are deleted. All protein
atoms outside of the 30 Å sphere are fixed throughout the
simulations. The dynamics for atoms 25-30 Å from the origin
are propagated using the Langevin equation, and all atoms
within 25 Å of the origin are treated by Newtonian mole-
cular dynamics. In the Langevin region, the protein atoms are
given a friction coefficient of 200 ps-1, and it is set to 62 ps-1 for
water molecules. The leapfrog integration scheme is used in all
simulations with a time step of 1 fs (50), and the temperature

of the system was set at 298 K. The electrostatic forces were
shifted to zero at 14 Å, while the van der Waals interaction
energy was switched to zero from 12 to 14 Å. Bond lengths
involving hydrogen atoms were constrained using the SHAKE
algorithm (50).

The system is slowly heated over the course of 25 ps, followed
by equilibration for 400 ps. During the equilibration, the ion pair
interaction between Glu219 and the protonated pyridine re-
mained intact. The interaction network in the active site remained
intact to within the standard deviation (Tables 1 and 2). There-
after, the two steps of the AlaR reaction are divided into 13
windows, and the 1,3-proton transfer reaction is divided into 21
windows. Each window is further equilibrated for at least 100 ps
and sampled for at least 100 ps. Sampling was continued until the
PMF was invariant to within approximately (1.0 kcal/mol,
which is the expected statistical error in such simulations (51).
Nuclear Quantum Mechanical Effects. Nuclear quantum

mechanical effects (NQE) are not included in the PMF obtained
from classical MD simulations. These effects are required for the
determination of accurate rate constants in proton transfer
reactions. In this work, we employ bisection centroid path
integral (PI) simulations to evaluate the NQE on the computed
free energy barriers (52-54). In the PI simulation, we represent
each quantized atom by a ring of quasi-particles or beads,
wherein their geometrical center (centroid) is constrained to the
classical position. Thus, for a classical configuration sampled in
MD umbrella sampling simulations, PI sampling is performed to
find the correction for NQE.

In this study, we use 32 beads for each of the quantized atoms
(donor and acceptor heavy atoms and the transferring proton).
Previous studies have shown that this treatment yields good
convergence in the overall quantum corrections formodel proton
transfer reactions in water (53). For each of the reactions (wild
type and mutant), 20000 configurations are extracted from the
MDtrajectory. For each such configuration, 10MonteCarlo free
particle sampling steps are performed.

RESULTS AND DISCUSSION

Racemization Reaction. (i) Free Energy Simulations.
To study the effect of the mutation of the Arg219 residue to
Glu, we computed the free energy profiles of wild-type AlaR

Table 1: Average Distances (Å) for Selected Hydrogen Bonding Interac-

tions in the Michaelis Complex (L-Ala), Transition State, and Intermediate

State in the Arg219Glu AlaR Mutant (L f D direction)a

donor acceptor RSb TSc intermediate

R136 NH1 PLP O3A 3.86 3.92 3.48

R136 NH2 PLP O3A 2.74 2.74 2.70

R136 NH1 PLP OXT 3.71 3.30 2.86

H166 NE2 Y2650 OH 2.67 2.69 2.98

M312 N PLP O 2.68 2.71 2.67

K39 NZ D3130 OD2 2.38 2.38 2.39

K39 NZ Y43 OH 4.71 4.56 4.72

PLP CA Y2650 OH 3.11 2.62 3.29

Y2650 HH Y2650 OH 2.60 1.41 0.98

PLP CA Y2650 HH 1.13 1.29 2.54

PLP N1 E219 OE1 4.47 4.36 4.47

PLP N1 E219 OE2 2.59 2.55 2.62

aThe structures have been averaged over 5000 configurations. Standard
deviations in the average distances are 0.10-0.30 Å. bReactant state.
cTransition state.

Table 2: Average Distances (Å) for Selected Hydrogen Bond Interactions

in theMichaelis Complex (D-Ala), Transition State, and Intermediate State

in the Arg219Glu AlaR Mutant (D f L direction)a

donor acceptor RSb TSc intermediate

R136 NH1 PLP O3A 3.81 3.94 3.66

R136 NH2 PLP O3A 2.76 2.80 2.75

R136 NH1 PLP OXT 2.62 2.59 2.68

H166 NE2 Y2650 OH 2.83 2.88 3.18

M312 N PLP O 2.84 2.74 2.71

K39 NZ D3130 OD2 3.32 2.66 2.37

K39 NZ Y43 OH 3.91 4.32 4.67

PLP CA K39 NZ 3.48 2.71 3.30

K39 HZ3 K39 NZ 2.63 1.36 1.01

PLP CA K39 HZ3 1.13 1.37 2.50

PLP N1 E219 OE1 4.44 4.15 4.50

PLP N1 E219 OE2 2.59 2.61 2.62

aThe structures have been averaged over 5000 configurations. Standard
deviations in the average distances are 0.10-0.30 Å. bReactant state.
cTransition state.
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(wt-AlaR) and the mutant enzyme from hybrid QM/MM molec-
ular dynamics simulations.We note that thewt-AlaRPMFprofile
obtained here is nearly identical to the one obtained previously
(21, 22) and within the statistical error in the simulations.

Inspection of Figure 1A reveals that Arg219 interacts with
His166’sND1and PLP’sN1,mainly via dipole-ion interactions.
The mutation of Arg219 to Glu gives rise to an altered proton-
ation state, where the PLP is protonated at the pyridine nitrogen
position, N1 (Figure 1B). This is suggested by standard pKa

values of Arg, Asp (30), and the PLP-pyridine (19, 23) as well as
related 15N NMR experiments (24, 25, 36-38). A change in the
protonation state of the pyridine nitrogen has been shown to
yield qualitatively different thermodynamic and kinetic proper-
ties in the aqueous solution phase (22, 31). It is therefore of great
interest to study these properties in mutant Arg219Glu AlaR.

The computed classical PMF for the Arg219Glu mutant AlaR
reaction is depicted in Figure 2. TheAlaR catalytic cycle involves
two proton transfer reactions in each direction of the racemiza-
tion. In the L-to-D direction, the Tyr2650 phenolate ion abstracts
the CR proton to yield a carbanion intermediate, which is
followed by a proton transfer from Lys39 to form D-alanine
(Scheme 2). The reaction coordinate for the first proton transfer
step is defined as the difference in bond length between CR-H
andH-OTyr2650 bonds, while that of the second step is defined as
the difference in bond length between CR-H and H-NLys39

bonds, as described in Computational Details. By this definition,
the quinonoid intermediate has a reaction coordinate that is
positive in the first step and negative in the second step. In
constructing Figures 2-4, we shifted the reaction coordinate by
approximately-1 and 1 Å for the first and second reaction steps,
respectively, to display both reaction profiles in the same figure.
Additionally, we set the relative free energy of the reactant state
minimum of the L-Ala-PLP enzyme complex to zero and the free
energies for the Ala-PLP deprotonation intermediate to be
identical for both reaction steps.

The free energy profile for the Arg219Glu mutant differs
considerably from the wild-type reaction profile (Figure 2). The
classical PMFprofile for the LfD direction suggests a barrier for
the proton abstraction of L-Ala by Tyr2650 in wt-AlaR of 20.0
kcal/mol, while in the mutant form, it is 17.4 kcal/mol. This
difference may be ascribed to destabilization of the phenoxide in
the mutant form due to the missing interaction with Arg219 via
His166 and added long-range repulsion with Glu219 (Figure 1).
Addition ofNQE reduces the barriers by 3.0 and 2.9 kcal/mol for
wt-AlaR and the Arg219Glu mutant. This effect is largely due to
the zero-point energy in the RS which is lost as the system moves
to the TS (22). Thus, inclusion of NQE yields barriers of 17.0
and 14.5 kcal/mol for wt-AlaR and the Arg219Glu mutant,

respectively. These numbers compare with values obtained from
the experimental kcat of 13.1 and 18.0 kcal/mol for the wild-type
and mutant forms, respectively (15). We note that to compare
directly the computed free energy barrier in the Lf D direction, it
is necessary to add the free energy of deprotonation of Tyr2650.
This was not attempted here. Additionally, the intermediate is

FIGURE 1: Intermediate in the racemization reaction in (A) wt-AlaR
and (B) the Arg219Glu mutant.

FIGURE 2: Free energy profile for the racemization in AlaR and the
Arg219Glu mutant.

FIGURE 3: Free energy profile for the 1,3-proton transfer in the
Arg219Glu mutant of AlaR.

FIGURE 4: Free energy profile for the 1,3-proton transfer inwt-AlaR.



Article Biochemistry, Vol. 49, No. 18, 2010 3961

more stable in the mutant enzyme which will be discussed below,
resulting in an earlier transition state and concomitant stabiliza-
tion of the transition state in accordance with the Hammond
postulate. In wt-AlaR for the D f L direction, the classical free
energy barrier to reach the intermediate is 15.1 kcal/mol, while
the overall classical barrier is 21.0 kcal/mol. In the Arg219Glu
mutant, the classical free energy barrier to reach the intermediate
is 11.9 kcal/mol, while the overall classical barrier is 23.3 kcal/
mol. Addition of NQE to the overall free energy barriers in the D

f L direction yields values of 18.0 and 20.4 kcal/mol for the wild-
type and mutant reactions, respectively. These numbers compare
with values obtained from the experimental kcat of 13.3 and 18.1
kcal/mol for the wild-type and mutant forms, respectively (15).
The reduced barrier in the first half of the D f L reaction may be
ascribed to favorable long-range interaction between the devel-
oping positive charge on the Lys39 residue andGlu219, as well as
the enhanced stabilization of the intermediate. The computed
shift in the overall free energy barrier in the D f L direction due
to the mutation is 2.4 kcal/mol, when accounting for NQE.
These computed values compare well with the experimental shift
which is 4.8 kcal/mol obtained from barriers of 18.1 and
13.3 kcal/mol for themutant andwild-type enzymes, respectively,
obtained from the experimental kcat values for the D f L direc-
tion (15). For the overall reaction in the forward direction, the
reaction free energy is -5.9 kcal/mol in Arg219Glu compared
to-1.0 kcal/mol in wt-AlaR. On the basis of the experimental pKa

values of the acid-base couple in wt-AlaR, Tyr2650 and Lys39, the
free energy change of the overall reaction in the forward direction
for themutant,ΔGexpt, is expected to be close to-3.4 kcal/mol (15).
The correlation of this value (-3.4 kcal/mol) with the calculated
value (-5.9 kcal/mol) is good. The shift in the computed reaction
free energy profile due to the mutation is 4.9 kcal/mol.

The PMF profile presented in Figure 2 shows that the
intermediate is stabilized by -5.6 kcal/mol compared to the
L-Ala state. In comparison, in wild-typeAlaR, the intermediate is
destabilized by 4.2 kcal/mol relative to the L-Ala state, yielding a
combined stabilizing effect of 9.8 kcal/mol due to the mutation.
This is a considerable effect, and the formation of a stable
quinonoid is observed in our calculations on the Arg219Glu
mutant, in agreement with experiment (15). Moreover, it seems
that accumulation of the intermediate is reasonable in the D f L

reaction, since the reprotonation barrier of the quinonoid
intermediate by Tyr265-OH is considerable, with a value of
23.0 kcal/mol.This finding is supportedby experimental evidence, in
which an absorption peak at 510 nm, characteristic of a quinonoid
intermediate, was observed in the D f L direction only (15).

The kinetic and thermodynamic properties of the Arg219Glu
mutantmaybe comparedwith the results of themodel reactionof
N-protonated Ala-PLP [Ala-PLP(Hþ)] deprotonation by pheno-
late in aqueous solution, which was obtained previously by free
energy simulations (22). The free energy barrier for deprotona-
tion of Ala-PLP(Hþ) by a phenolate ion was previously found to
be 22.3 kcal/mol, while the reaction free energy was 1.3 kcal/mol
(Figure 3 of ref 22). Thus, on the basis of the barrier of 17.4 kcal/
mol obtained here in the mutant enzyme (Figure 2), we obtain a
catalytic effect of Arg219Glu AlaR of 4.9 kcal/mol. The relative
reaction free energy obtained here for the intermediate is
-5.6 kcal/mol (Figure 2), suggesting an enzyme effect of 6.9
kcal/mol on CR acidity. The effect of the mutant AlaR is con-
trasted with that of wt-AlaR, whose catalytic effect is obta-
ined by comparison with the model reaction of unprotonated
Ala-PLP deprotonation by phenolate in aqueous solution (22).

The free energy barrier in wt-AlaR was found to be 7.9 kcal/mol
lower than in the case of deprotonation of Ala-PLP by a phenolate
ion (19, 22), indicating that the wild-type enzyme has enhanced
catalytic efficiency compared with the mutant enzyme value of
4.9 kcal/mol. The effect of the enzyme environment on the reaction
free energy in wt-AlaR is 6.1 kcal/mol (22), compared with the
value of 6.9 kcal/mol for the mutant enzyme, suggesting similar
effects on CR acidity.

(ii) Electronic Structure Analysis. On the basis of previous
model simulations (22), we may suggest that the enhanced
stability of the mutant intermediate is due to the electron sink
ability of the pyridinium relative to the pyridine ring. Thismay be
due to the negative charge developed in the intermediate state
which is stabilized by the conjugatedπ systempreferentially when
the N1 position is protonated.

To further analyze this latter point, we performed M€ulliken
population analyses of the stationary points along the PMF (all
values are in atomic units). Average partial charges are pre-
sented in Tables S2 and S3 of the Supporting Information. For
the sake of simplicity, we will focus on the reaction progress from
L-Ala-PLP to the quinonoid intermediate for the mutant AlaR
and wt-AlaR, while a similar conclusion may be drawn by
inspecting the reaction in the D f L direction. Moreover, to
analyze charge migration, we make a virtual division of Ala-PLP
along the C4-C40 bond, into a pyridine and an Ala moiety,
excluding phosphate (see Figure S2 of the Supporting Infor-
mation). Inspection of the changes in the combined partial
charges of these two moieties as the reaction progresses from
reactant to intermediate reveals that the negative charge deloca-
lizes mainly toward the Ala moiety. In wt-AlaR, the combined
partial charge of the pyridine moiety changes from -0.90 to
-1.04, while for the Ala moiety, the partial charge changes from
-0.21 to-0.71. For comparison, in Arg219Glu AlaR the partial
charge of the pyridine moiety changes from 0.03 to -0.06 while
for the Ala moiety the partial charge changes from -0.14 to
-0.72. The slightly greater delocalization into the pyridine
moiety in wt-AlaR may be due to Arg219, while the presence
of Glu219 might decrease the extent of such delocalization.
Closer inspection of the charge partitioning in the Ala moiety
between the Schiff base unit and the CR carboxylate unit (see
Figure S2 of the Supporting Information) reveals that for wt-
AlaR the partial charge of the Schiff base unit changes from 0.54
to 0.34 while for the carboxylate unit it changes from -0.75 to
-1.05. For comparison, inmutantAlaR, the partial charge of the
Schiff base unit changes from 0.58 to 0.36, while for the
carboxylate unit, the partial charge changes from -0.72 to
-1.08. Thus, there is seemingly only a modest electron sink effect
of the pyridine moiety in either the wild-type or the mutant
enzyme, although the Ala-PLP(Hþ) cofactor form slightly en-
hances delocalization into the Schiff base moiety.

It is of interest to compare the values given above with values
obtained in the gas phase. In Ala-PLP, the partial charge of the
pyridine moiety changes from -0.68 to -1.04, while for the Ala
moiety, the partial charge changes from -0.32 to-0.96. In Ala-
PLP(Hþ), the partial charge of the pyridine moiety changes from
-0.11 to -0.48, while for the Ala moiety, the partial charge
changes from 0.11 to -0.52. Therefore, there is a considerable
charge delocalization in the pyridinemoiety both inAla-PLP and
in Ala-PLP(Hþ) in the gas phase. In comparison, the extent of
delocalization into the pyridine moiety is reduced considerably in
both the wild-type and mutant enzymes. Indeed, in the enzyme,
charge delocalization is most significant in the carboxylate
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moiety, which is involved in interactions with Arg136 and the
backbone amide of Met312.

(iii) Structural Analysis. The donor-acceptor distance dis-
plays typical behavior whereby the distance is gradually shor-
tened as the reaction approaches the transition state. In the Lf D

half-reaction, the distance between theAla-PLPCR atom and the
Tyr2650 oxygen is 3.11, 2.62, and 3.29 Å for the reactant,
transition, and intermediate states, respectively. In the D f L

half-reaction, the distance between theAla-PLPCR atom and the
Lys39 nitrogen is 3.48, 2.71, and 3.30 Å for the reactant,
transition, and intermediate states, respectively. The PLP pyr-
idine nitrogen interacts with Glu219 via a short H-bond with
average values in the reactant, transition, and intermediate states
ranging from 2.55 to 2.62 Å (Tables 1 and 2). The interaction
between His166 and Tyr2650 remains intact throughout the
simulations, in spite of the lost interaction between His166 and
Arg219 due to the mutation. The interaction betweenHis166 and
Tyr2650 in the Lf D half-reaction is 2.67, 2.69, and 2.98 Å for the
reactant, transition, and intermediate states, respectively. The
weakening of the hydrogen bond is due to the gradual proton-
ation of the Tyr2650 phenoxide moiety. In the opposite D f L

half-reaction, the His166-Tyr2650 hydrogen bond is somewhat
longer, with values of 2.83, 2.88, and 3.18 Å for the reactant,
transition, and intermediate states, respectively. The interaction
between Arg136 and the Ala-PLP carboxylate in the L f D half-
reaction is gradually strengthened, with values of 3.71, 3.30, and
2.86 Å for the reactant, transition, and intermediate states,
respectively. This significant change is due to the multiple roles
played by Arg136, stabilizing the anionic Tyr2650 and the Ala-
PLP carboxylate in the reactant state while in the intermediate
state stabilizing more exclusively the carboxylate moiety. The
interaction between Arg136 and Ala-PLP carboxylate in the
D f L half-reaction is largely invariant, with values ranging from
2.59 to 2.68 Å. In this half-reaction, Tyr2650 remains protonated
throughout and therefore interacts more weakly with Arg136. In
conclusion, the interaction pattern observed in the Arg219-
Glu mutant AlaR during racemization is similar to that in the
wild-type enzyme (22).
Initial Stage of the Transamination Reaction. The en-

hanced stability of the quinonoid intermediate in Arg219Glu
AlaR results in a longer lifetime for this species. The increased
lifetime opens the way for potential side reactions, which would
reduce the activity and specificity for racemization for this
mutant. Specifically, it has been suggested that transamination
of PLP to pyridoxamine 50-phosphate (PMP), initiated by a 1,3-
proton transfer from the Ala’s CR atom to C40 of the cofactor
by the Lys39 amine/ammonium group (Scheme 3), might
occur (55-57). Hence, we decided to investigate the possibility
of a 1,3-proton transfer in the quinonoid intermediate. Specifi-
cally, this entails the protonation of the R-pyridyl carbanion

intermediate. The results shown in Figure 3 show that the barrier
to reprotonation of C40 (position R to the Schiff base) by the
ammonium group of Lys39 is computed to be 18.7 kcal/mol,
whereas the reprotonation barriers to the CR atom by Lys39 and
Tyr2650 are 11.6 and 23.0 kcal/mol, respectively. Hence, our
simulations indicate that the 1,3-proton transfer is feasible in this
mutant system and, therefore, transamination a likely side
reaction in accordance with experiment. We also ascribe this to
the increased stability of the quinonoid intermediate. Further-
more, in the wild-type case (Figure 4), one can see that the
reprotonation barriers for the 1,1-proton transfer by Lys39 and
Tyr2650 are 9.9 and 15.8 kcal/mol, respectively. These values are
significantly lower than the reprotonation barrier value for the
1,3-proton transfer in the same system, which is 21.3 kcal/mol.
Therefore, we also provide a rationale for the specificity of thewt-
AlaR, where transamination is a less likely scenario.We note that
only Lys39 was considered to be involved in the 1,3-proton
transfer, although in principle Tyr2650 could also perform the
same proton shuffle. Nonetheless, Lys39 is more likely to play
this role because of its greater flexibility.

These results are highly significant since they suggest that the
Arg219Glumutant can catalyze other reactions in addition to the
natural racemization of L/D-Ala, in contrast to the case of the
wt-AlaR. This is in accordance with the experimental study by
Yow et al. which showed the appearance of the characteristic
absorbance peak at 300-360 nm of PMP in the Arg219Glu
mutant, providing evidence for the transamination products (see
Scheme 3) (55). Additionally, the work of Fenn et al. indicated
transamination in mutant systems (56, 57). Interestingly, AlaR
may be engineered to provide additional functionalities, namely
Tyr2650Ala, which exhibits aldolase activity (58, 59). Analo-
gously, we may compare the enzyme with D-amino acid trans-
aminase which employs PLP as a cofactor in the conversion of
D-amino acids to their corresponding R-keto acids. In this
enzyme, Glu177 interacts with the pyridine nitrogen. However,
it has been observed that theGlu177Lysmutant enzyme increases
its racemase activity 10-fold and decreases its specific trans-
aminase activity by more than 1000-fold (35). Interestingly, the
crystal structure of this mutant shows that the Lys177 residue
points away from the cofactor nitrogen, possibly due to electro-
static repulsion, or steric congestion due to the bulkier nature of
Lys compared to Glu. This further underscores the role of this
active pocket position in controlling reaction specificity.

From this analysis, we can suggest that modulating the
electronic and solvation properties of the cofactor is crucial for
the wt-AlaR racemization activity. Indeed, in the wild-type form,
the pyridine nitrogen is unprotonated and the PLP moiety in the
intermediate does not function as an electron sink (Figure 4).
This destabilization of the intermediate in the wild-type system
reduces the chances of side reactions, such as transamination.

Scheme 3: Transamination Reaction in the Arg219Glu Mutant of Alanine Racemase
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Importantly, this is a direct result of the active site architecture in
AlaR where the PLP pyridine nitrogen interacts with Arg219 as
opposed to acidic or polar residues as in other PLP-dependent
enzymes. In the Arg219Glu mutant, the stability of the Ala-
PLP(Hþ) cofactor is greatly enhanced, thereby increasing its
lifetime and likelihoodof side reactions.Analysis of the electronic
distribution in the intermediate suggests that this is not primarily
due to charge delocalization into the pyridinemoiety, but into the
Schiff base moiety and carboxylate unit. This is in accordance
with the extensive work of Richard and co-workers (32). This
may suggest a crucial role for Arg136 which interacts directly
with these moieties. Additionally, the protonated cofactor re-
duces the total charge of the substrate-cofactor adduct, which
enhances the intrinsic CR acidity.

CONCLUSION

A key question in AlaR is the role of the PLP cofactor. We
have previously shown that the main source of the catalytic effect
inAlaR is enhanced solvation of theAla-PLPmoiety in the active
site of AlaR (22). This effect was partially ascribed to the
unprotonated nature of the PLP pyridine nitrogen which inter-
acts with Arg219 in the wild-type enzyme. This conclusion
contrasts earlier suggestions which indicated that the PLP
cofactor serves mainly as an electron sink. The unprotonated
PLP cofactor contributes 6 kcal/mol to racemization catalysis in
aqueous solution (compared to Ala), whereas the enzyme
environment contributes an additional 8 kcal/mol. Moreover,
we found that the effect of protonation of the PLP pyridine
nitrogen in aqueous solution has a catalytic effect with a >10
kcal/mol free energy barrier reduction in the absence of AlaR.
This heteroatom protonation has an even stronger effect on CR
acidity in aqueous solution, which is reduced by 21 pKa units
compared to that of Ala, whereas in the unprotonated Ala-PLP,
the pKa is reduced by 13 pKa units compared to that of Ala. In
this work, we find that the enzyme is unable to significantly
enhance the catalytic effect or the CR acidity beyond the effect in
water. In the Arg219Glu mutant, the stability of the Ala-PLP-
(Hþ) cofactor is greatly enhanced compared to that of Ala-PLP
in the wild-type enzyme, thereby increasing its lifetime and the
likelihoodof side reactions.Analysis of the electronic distribution
in the intermediate suggests that this is not primarily due to
charge delocalization into the pyridine moiety, but into the Schiff
basemoiety and carboxylate unit, in accordance with the work of
Richard and co-workers (32). Indeed, the principle effect of the
protonated cofactor is to reduce the total charge of the substrate-
cofactor adduct, which enhances the intrinsic CR acidity.

SUPPORTING INFORMATION AVAILABLE

Tables containing partial atomic charges employed for
KCX129 and M€ulliken partial charge analyses and figures
depicting the system setup and quantummechanical region atom
types. This material is available free of charge via the Internet at
http://pubs.acs.org.
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