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Abstract The enzyme aspartate racemase from Pyro-

coccus horikoshii OT3 catalyzes the interconversion

between L- and D-Asp. In this work, we employed the

hybrid QM/MM approach with the self-consistent charge-

density functional tight binding (SCC-DFTB) model to

study the catalytic mechanism for the conversion of L-Asp

into D-Asp. The molecular dynamics simulation showed

that the substrate L-Asp forms an extensive network of

interactions with the active-site residues of the aspartate

racemase through its side chain carboxylate, ammonium

group, and a-carboxylate. The potential of mean force

calculations confirmed that the racemization reaction

involves two proton transfers (from the a-carbon to Cys194

and from Cys82 to the a-carbon), which occurs in a con-

certed way, although highly asynchronous. The calculated

free energy of activation is 17.5 kcal/mol, which is con-

sistent with the reaction rate measured from experiment.

An electrostatic interaction analysis was performed to

estimate the key role played by individual residues in sta-

bilizing the transition state. The docking study on the

binding of L-Asp and D-Asp to aspartate racemase indicates

that this enzyme employs a ‘‘two-base’’ mechanism not a

‘‘one-base’’ mechanism.

Keywords Aspartate racemase � Molecular dynamics

simulation � QM/MM � Potential of mean force � Docking

1 Introduction

L-amino acids are predominant in living organisms, and the

D-amino acids are also distributed ubiquitously in eubac-

teria as components of peptidoglycan in cell walls [1].

D-amino acids play crucial roles in rigidifying the bacterial

cell walls and in regulation of the specific activities as

mediators or transmitters in mammalian nervous and

endocrine systems. In particular, D-aspartic acid is of

interest because it has been found at substantial levels in

bacteria, archaea, and mammals [2–5].

The enzyme aspartate racemase (AspR, EC 5.1.1.13)

catalyzes the interconversion between L- and D-Asp [6] and

it belongs to an interesting subgroup of the large amino

acid racemase (AAR) family. AARs are reported to employ

a mechanism that involves deprotonation of the a-carbon of

the substrate amino acid followed by reprotonation of the

resulting anionic intermediate from the reverse side and

inversion of the configuration [7]. AARs can be classified

into two groups: the pyridoxal 5’-phosphate (PLP)-depen-

dent and PLP-independent groups [8]. AspR belongs to the

PLP-independent group along with glutamate racemase

(GluR, EC 5.1.1.3) [9], proline racemase (ProR, EC5.1.1.4)

[10], diaminopimelate epimerase (DapE, EC 5.1.1.7) [11],

and 4-hydroxyproline racemase (EC5.1.1.8) [12]. The

racemization catalyzed by the PLP-independent AARs was

thought to take place through a ‘‘two-base’’ mechanism and

use cysteine residues as the conjugated catalytic acid and

base [13–17]. The thiolate group of one cysteine acts as a

catalytic base by deprotonation of the substrate to form an

anionic intermediate, and subsequently the thiol group of

the other cysteine residue acts as a catalytic acid by rep-

rotonation of the intermediate (Scheme 1).

The first crystal structure of AspR from Pyrococcus

horikoshii OT3 (PhAspR) at a resolution of 1.9 Å was
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determined by Liu and his co-workers [18]. This enzyme

has a preferred temperature up to 90 �C, and it does not

exhibit any activity at room temperature [3]. PhAspR

adopts a dimeric form in crystals and in solution, the

monomer consists of two compact a/b domains, which are

highly homologous. Analysis of the dimeric structure of

PhAspR revealed that the putative catalytic acid and base

(Cys82 and Cys194 residues of the active site) are not

located in the dimerization interface but on both sides of a

cleft between the two domains. The two active sites in the

same dimer of AspR are independent. At each of the active

sites of PhAspR, two cysteine residues (Cys82 and Cys194)

face each other. These two catalytic cysteine residues and

the other surrounding residues, such as Asn83, Thr84,

Gly193, and Thr195, are strictly conserved among all

AspRs and other PLP-independent racemases, including

GluRs. These residues are arranged in a pseudo mirror-

symmetry. Particularly, Cys82 and Cys194 are located in

the active site with the pseudo mirror-symmetrical orien-

tations of their thiol groups.

The experimentally observed distance between the two

sulfur atoms of the active cysteine residues (Cys82 and

Cys194) is 9.6 Å [18], which is beyond the distance for

cooperative action of them. So, Yoshida et al. examined the

molecular mechanism of the PhAspR by mutational anal-

yses and molecular dynamics (MD) simulations [19]. The

kinetic parameters of some mutants PhAspR were deter-

mined, and the mutational analyses revealed that Arg48

and Lys164 were essential for catalysis in addition to the

putative catalytic cysteine residues [19]. The MD simula-

tions revealed that the distance between the two active

sulfur atoms of cysteine residues oscillate to periodically

become shorter than the predicted cooperative distance at

high temperature. The Tyr160 and Lys164 residues were

the entrance gate of the substrate L-Asp. In the docking

molecular dynamics simulations, Yoshida et al. focused on

the entrance process of the substrate (L-Asp) into the active

site [19].

Recently, Ohtaki and his co-workers have determined

the crystal structure of an inactive mutant PhAspR

(Cys82 ? Ala82, C82A) complexed with a citric acid

(Cit) at a resolution of 2.0 Å [20]. In this structure, the

L-Asp moiety of Cit is likely to take the substrate position

of the PhAspR-substrate complex. Based on the ‘‘two-

base’’ racemization mechanism [13–17], they also carried

out the modeling studies of the PhAspR/Cit complex

structure, in which Ala82 of the mutant C82A PhAspR was

replaced by Cys82 that indicates the catalytic residue. And

the results showed that the sulfur atom of Cys194 is in a

favorable orientation to deprotonate the a-carbon of

L-aspartate, and the Cys82 is located on the other side of

the active site relative to Cys194 to reprotonate the

a-carbon of L-Asp. But the binding mode of PhAspR-Cit

indicated that Cys194 also plays the role of the base for the

deprotonation from a-carbon of D-Asp and PhAspR adopts

a ‘‘one-base’’ mechanism [20]. So,the binding of PhAspR

with its real substrate and the detailed reaction mechanism

of aspartate racemase need to be further studied.

The catalytic mechanisms of the glutamate racemase

[21–23], proline racemase [24, 25], and diaminopimelate

epimerase [26] have been studied theoretically, and results

showed that there are numerous hydrogen bond donors

surrounding the substrates and they all perform a highly

asynchronous concerted process (Scheme 1). Up to now, to

the best of our knowledge, there is no theoretical report on

the catalytic mechanism of the aspartate racemase. In this

work, we use the hybrid quantum mechanical/molecular

mechanical (QM/MM) [27] method to investigate the

substrate (L-Asp) binding in the active site of the PhAspR

and the mechanism of the L-Asp ? D-Asp reaction cata-

lyzed by PhAspR.

2 Computational methods

The combined QM/MM approach is considered as a useful

tool to understand characteristics of the enzyme systems

[27–30], and it is a simulation approach which combines

accuracy of QM and efficiency of MM. The QM part

Scheme 1 The proposed ‘‘two-base’’ racemization mechanisms of

PLP-independent AARs (a), and the hypothetical ‘‘one-base’’ mech-

anism of PhAspR from Ref 20 (b)
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consists of the atoms which are involved in bond forming

and bond breaking processes, and it should be treated with

an accurate QM method, such as ab initio methods. How-

ever, the numerical costs of the ab initio QM/MM approach

restricted its application to systems involving small QM

regions [31]. In this work, we employed the recently

developed approximate density functional method, namely

the self-consistent charge-density functional tight binding

(SCC-DFTB) method [32] to treat the QM region. The

SCC-DFTB method has been extensively tested [33–36]

and applied successfully to several enzymatic systems [37–41].

The MM region was described by the CHARMM22

all-atom force field [42].

The starting structure for molecular simulation was

based on the recently reported X-ray structure of an inac-

tive mutant PhAspR (Cys82 ? Ala82; C82A) complex

with a citric acid (Cit) at a resolution of 2.0 Å (PDB code

2DX7) [20]. The substrate (L-Asp) was located at the

position of the L-Asp moiety of Cit in the mutant PhAspR-

Cit (C82A/Cit) complex and was modeled in the amino

acid zwitterionic form with the protonated amino group

and the deprotonated carboxylic group. The residue Ala82

was mutated back to Cys82, and the Cys194 residue was

modeled in its deprotonated state and ready to accept a

proton from the substrate. All the coordinates of hydrogen

atoms of the substrate, the protein, and the crystallographic

water molecules were determined using the HBUILD

facility in the program CHARMM [43]. Care was taken in

determining the protonation state of titrable residues at pH

7. As for the histidine residues, the d-N is protonated for

taking possible hydrogen bonding with the environment

into consideration. Then a very short steepest descent

minimization of the substrate and residue Cys82 were

performed to remove bad contacts.

Once the model enzyme-substrate (ES) complex was

constructed, it was solvated by a pre-equilibrated sphere of

TIP3P waters [44] with a 25 Å radius centered at the Ca
atom of substrate. Any water molecule found within a 2.8

Å radius of a heavy protein/substrate atom was deleted,

followed by a 30 ps molecular dynamics applied with all

protein, substrate and X-ray water molecules fixed at their

original positions to relax the added solvent molecules.

Then, to reduce the computational cost, stochastic bound-

ary conditions [45] were applied to the solvated system.

The system is governed by Newtonian dynamics on a

classical potential in the reaction region (r \ 22 Å). The

atoms in the reservoir zone outside the 25 Å were deleted.

In between, the atoms in the buffer zone (22 \ r \ 25 Å)

were simulated with the Langevin dynamics with friction

and random forces stemming from the bulk solvent that

were not explicitly included in the simulation. A group-

based switching scheme was used for nonbonded interac-

tions [46]. The final model of the complex consisted of

7,356 atoms, including substrate L-Asp (15 atoms) and

1,035 water molecules.

In this study, the QM region comprises the substrate L-

Asp and the side chains of the conjugated catalytic acid

Cys82 and base Cys194. The interface between the QM

and MM regions was approximated using link atoms [27],

which were added to Cb atoms of the two protein residues.

The CHARMM van der Waals parameters were used for all

QM atoms. The SCC-DFTB/MM MD simulation was

carried out for 1 ns after 100 ps of equilibration, in which

the temperature was slowly brought to 375 K that was

close to the physiological optimal temperature for PhaspR.

The integration step for all of MD simulations was 1 fs,

and the SHAKE algorithm [47] was applied to restrain the

covalent bonds involving hydrogen atoms.

The racemization is composed of two elementary proton

transfers. To obtain the two-dimensional potential energy

surface (2D-PES), which was used to check whether the

racemization process is concerted or step-wise, the two

coordinates are used in this study to define this 2D-PES.

RC1 is the antisymmetric combination of the distances

involving the Ha deprotonation from the Ca by the Cys194

sulfur.

RC1 ¼ rCa�Ha � rHa�SC194
ð1Þ

RC2 is the antisymmetric combination of distances

involving the protonation of the Ca by the Cys82 Hc.

RC2 ¼ rSC82�HcðC82Þ � rHcðC82Þ�Ca ð2Þ

Fig. 1 shows the results obtained using the combined

SCC-DFTB/MM potential. We can see from Fig. 1 that the

SCC-DFTB/MM optimizations yield a concerted

mechanism where the two proton transfer via a single

transition structure. This result is similar to the case in the

Fig. 1 Bidimensional SCC-DFTB/MM PES of the racemization

reaction. The contour gap is 3.0 kcal/mol
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previous calculations on the glutamate racemase [23],

proline racemase [24, 25], and diaminopimelate epimerase

[26].

Then, we used a one-dimensional (1D) reaction coor-

dinate RC4 that takes into account both processes (depro-

tonation and protonation) at the same time to describe the

1D potential energy profile (1D-PEP).

RC4 ¼ RC1þ RC2 ð3Þ

The 2D-PES and 1D-PEP have been obtained by a series

of geometry optimizations in the presence of harmonic

restraints applied on the reaction coordinates (RC1 and RC2

for the 2D-PES and RC4 for the 1D-PEP, respectively) used

to drive the racemization process. Some snapshots were

taken from the MD trajectories as the initial structures for

reaction path calculations after minimization. The Adopted

Basis Newton–Raphson (ABNR) method [43] was then used

for the geometry optimization, in which the restraining force

constant was set to equal to 2,000.0 kcal/(mol Å2), the

convergence condition for the rms gradient was 0.001 kcal/

(mol �Å), and the step size was 0.1 Å.

Both the 2D-PES presented in Fig. 1 and the 1D-PEP

displayed in Fig. 2a suggest that the racemization catalyzed

by the hAspR takes place in a concerted mechanism. From

the 1D-PEP shown in Fig. 2a, one can see that the energy

changes smoothly during the reaction. Consequently, the

potential of mean force (PMF) can be determined by fol-

lowing the 1D reaction coordinate RC4. In this work, the

PMF for the racemization was computed using umbrella

sampling [48] with the structures along the putative reaction

coordinate RC4 as the initial structures. The harmonic force

constant ranged from 100 to 200 kcal/(mol Å2). A total 27

windows were employed to cover the whole range of the

reaction coordinates. In each window, a 100 ps constrained

MD simulation was carried out, with 50 ps heating and

equilibration to bring the system to 375 K and 50 ps data

collection. The final PMF was obtained using the weighted

histogram analysis method (WHAM) [49].

To estimate the contribution of individual residues to

transition state stabilization, an electrostatic interaction

analysis was performed according to the procedure used by

Rubinstein et al. [25]. For residue I, initially, the QM and

QM/MM energy of the fully charged system was deter-

mined, and then, the QM and QM/MM energy was deter-

mined after the MM charge of residue I zeroed, the energy

difference corresponds to the interaction energy between

this residue and the QM subsystem:

DEðIÞ ¼ ðEQM þ EQM=MMÞ � ðEQMðIÞ þ EQM=MMðIÞÞ
ð4Þ

Where EQM(I) and EQM/MM(I) stand for the QM and QM/

MM energies calculated with the MM charges of residue

I annihilated.

From the umbrella sampling MD simulations, we

selected 400–600 snapshots with the reaction coordinate

(±0.1 Å) value corresponding to stationary points, namely

reactant state (RS) and transition state (TS). At each

structure, the interaction energy has been computed and the

results have been averaged over the whole analysis of

400–600 snapshots. The order in which we selected the

residue to zero out their charges is based on the distance

between the Ca of the residue and the Ca of the substrate

up to 20 Å.

The binding mode of PhAspR-Cit indicated that

Cys194 also plays the role of the base for the deproto-

nation from a-carbon of D-Asp and PhAspR seemed adopt

a ‘‘one-base’’ mechanism [20]. To further characterize the

binding modes of L-Asp and D-Asp, we first obtained the

apo-PhAspR by deleting the substrate and water mole-

cules of the pre-constructed ES complex, and then docked

the L-Asp and D-Asp into the apo-PhAspR using

Fig. 2 One-dimensional potential energy profile along the reaction

coordinate RC4 (a) and along the reaction coordinate RC1 (b) using

the SCC-DFTB/MM method. For comparison, energies obtained from

MP2/6-31?G(d)/MM//B3LYP/6-31G(d)/MM single point calcula-

tions are also shown
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Autodock 4.2 [50], respectively. Initial modes for L-Asp

and D-Asp were generated from PubChem Compound

Database through the unique chemical structure identifier

CID: 5460294 [51] and 5460295 [52], respectively. The

PRODRG server [53] was used to convert structure of

L-Asp and D-Asp to PDB format. Polar hydrogens were

added and Kollman charges [54] were assigned to all

atoms. Of the two identical active sites from the PhAspR

homo-dimer, the active site of chain A was chosen for the

docking site. The grid map with 61 9 61 9 61 points and

a grid-point spacing of 0.375 Å centered at the midpoint

between the sulfur atoms of Cys82 and Cys194 by use of

Autogrid4.2 [50]. Then Autodock4.2 [50] was used for

the docking simulation. We selected the Lamarckian

Genetic Algorithm (LGA), which combines a genetic

algorithm and an adaptative local-search algorithm. For

L-Asp and D-Asp, the docking parameters were as follows:

trial of 100 dockings, population size of 150, translation

step size of 0.2, torsion step of 5�, a maximum of

2.5 9 106 energy evaluations, a maximum of 27,000

generations, an elitism value of 1, a mutation rate of 0.02,

a crossover rate of 0.8, and local search rate of 0.06.

3 Results and discussions

3.1 Validation of SCC-DFTB

The SCC-DFTB method could give good agreement with

B3LYP in describing the geometry and relative energetic

ordering of various conformations of model peptides [55],

and it has been used to investigate proton transfer in some

enzymes, e.g., triose phosphate isomerase [33], carbonic

anhidrase II [56], yeast cytosine deaminase [57], and

cytidine deaminase [39]. Comparison with higher-level

methods indicated that SCC-DFTB gives a reasonable

description of structures and energetics of proton transfer

in these systems. In the triose phosphate isomerase, the

SCC-DFTB energetics agreed with B3LYP/6- 31?G(d,p)

within 2–4 kcal/mol (rms values) [33].

For the particular system in this work, we performed the

minimization at the B3LYP/6-31?G(d)/MM level. The

results are compared with those obtained from the SCC-

DFTB/MM minimization in Fig. 3 with the convergence

criterion that the rms gradient is 0.001 kcal/(mol Å). We

can see that the geometry differences between the SCC-

DFTB/MM and B3LYP/6-31?G(d)/MM results are very

small. This indicates that the SCC-DFTB method is reliable

for describing our system. The B3LYP/MM calculation

was performed using CHARMM interfaced with

GAMESS-US package [58], which was also used to cal-

culate the MP2/6-31?G(d)/MM single point energy and

Mulliken charge (see blow).

3.2 QM/MM molecular dynamics simulation

of the enzyme-substrate complex

During the simulation, the substrate L-Asp forms an

extensive network of interactions with the active-site resi-

dues through its a-carboxylate, ammonium group, and side

chain carboxylate. The network of hydrogen bond is

depicted in Fig. 4. One can see that the conserved Asn83

residue interacts through its side chain Hd22 atom with the

atom O2 of substrate with a distance of 2.22 ± 0.29 Å.

Furthermore, the backbone HN of Asn83 and Thr195 can

interact with O2 of the a-carboxylate of substrate, as

implied by the O2-HN(N83) distance of 1.80 ± 0.14 Å and

the O2–HN(T195) distance of 2.13 ± 0.25 Å, respectively.

The next conserved residue Thr84 interacts with O1 atom

of the substrate through its side chain hydroxyl hydrogen

Hc and its back bone HN, with the O1–Hc(T84) distance of

1.66 ± 0.11 Å and the O1–HN(T84) distance of 1.78 ± 0.12

Å, respectively. In the simulation, we found a crystallo-

graphic water molecular (cw507) in the active site, and it

interacts with the O1 atom of the substrate, as evidenced by

the O1–O(cw507) distance of 2.83 ± 0.26 Å. There are some

residues interacting with the substrate ammonium group.

The distance of N–Oc(T195) was found to be 2.86 ± 0.13 Å.

There is another hydrogen bond between the Oe1 atom

of Glu196 and the NH3
? group with the distance of

Fig. 3 Comparison of the active site between SCC-DFTB/MM and

B3LYP/6-31?G(d)/MM (parentheses) minimization. Unit for dis-

tances is given in angstrom
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N–Oe1(E196) being 2.79 ± 0.16 Å. Furthermore, the residue

Lys164 interacts with the substrate side chain carboxylate,

as evidenced by the Od1–Nf(K164) distance of 2.67 ± 0.10

Å. The indispensable residue Arg48 interacts with the

substrate side chain carboxylate by strong hydrogen bonds,

with the Od2–He(R48) distance of 1.76 ± 0.12 Å and the

Od1–Hg22(R48) distance of 1.69 ± 0.13 Å, respectively.

These residues in the active site orient and bind to the

substrate well, similar to the binding of the glutamate

racemase to D-glutamate [23].

The racemization involves the deprotonation of the

substrate Ha by the Sc(C194) and the reprotonation of the Ca

by the Hc(C82). In the ES complex, the evolutions of the

corresponding distances along the SCC-DFTB/MM MD

are showed in Fig. 5. Our QM/MM MD simulation of the

ES complex showed that the average distance between the

two c-sulfur atoms is 7 Å, which is shorter than that in

the structure of PhAspR (9.6 Å). This distance is almost the

same as in the modeling study by Ohtaki et al. (7.4 Å) [20].

The sulfur atom of Cys194 interacts strongly with the a-

hydrogen of substrate, as evidenced by the Ha–Sc(C194)

distance of 2.08 ± 0.12 Å, the Sc(C194) points to the Ha

well. The average distance between the Hc of Cys82 and Ca

of substrate was found to be 3.52 Å, although this distance

fluctuates mostly from 3.0 Å to 4.0 Å, it is expected to be

easily reduced when the deprotonation of the substrate

begins and the Ca becomes negatively charged.

3.3 Racemization reaction

Since this racemization reaction is composed of two ele-

mentary proton transfers, the first point to be considered is

that the deprotonation and reprotonation steps are con-

certed or step-wise. On the basis of our SCC-DFTB/MM

calculations, the 2D SCC-DFTB/MM PES built as a

function of reaction coordinates RC1 and RC2 is shown in

Fig. 1. The reaction coordinates evolve from negative to

positive values as the deprotonation and reprotonation

processes, respectively. From Fig. 1, we can locate two

lower energy regions at the bottom left corner and at the

top right corner, respectively. These two structures were

further minimized with no restraints to obtain structures

corresponding to the reactant and the product of the

enantioneric inversion reaction. We can locate the reactant

state (RS) corresponding to negative values of RC1 (-0.8

Å) and RC2 (-2.2 Å) and the product state (PS) with the

values of RC1 (1.4 Å) and RC4 (0.9 Å), respectively. The

2D-PES exploration also leads to a corresponding transi-

tion state (TS) in a concerted way, and at the values of RC1

(0.5 Å) and RC2 (-0.6 Å) (see Fig. 1).

Then, we obtained a 1D-PEP using an adiabatic map-

ping approach as a function of RC4. Interestingly, as shown

in Fig. 2a, the 1D-PEP is very smooth and there is only one

maximum, which is further investigated by a MP2/6-

31?G(d)/MM//B3LYP/6-31G(d)/MM single point calcu-

lation. The results are consistent with the no formation of

an intermediate. The difference of energy barrier is very

small, indicating that the SCC-DFTB method is reliable for

describing the system. The computed 1D path reveals a

highly asynchronous concerted process, similar to the

glutamate racemase [23], proline racemase [24, 25], and

diaminopimelate epimerase [26]. The structures of the

QM/MM stationary states are displayed in Fig. 6. In the

TS, both Cys194 and Cys82 are nearly protonated, as

evidenced by the Ha–Sc(C194) distance of 1.40 Å and the

Hc(C82)–Sc(C82) distance of 1.37 Å, somewhat longer than

Fig. 4 Hydrogen bond interactions of the substrate in the active site

of the PhAspR

Fig. 5 Time evolution of the distance between atom CaB and Hc (C82)

(black, top) and the distance between atom Ha and Sc(C194) (red,

bottom) in the ES complex
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the covalent S–H distance of a cysteine (1.33 Å). These

values clearly indicate that at the TS the deprotonation

process has nearly finished when the reprotonation process

has just began. Furthermore, in the TS, the unprotonated

substrate is almost planar with the dihedral angle N–Ca–

Cb–C of -160.70 degree. Such TS structure allows a

delocalization of the partial negative charge over the

extended p orbital system. We find that the negative charge

is mainly localized on the two oxygen atoms of the

a-carboxyl group when the proton on the a-carbon is

transferred to the basic, catalytic residue Cys194. It is

observed that the Mulliken charge on the O1 and O2 atoms

is -0.81 au and -0.74 au (these calculations were per-

formed using B3LYP/6-31?G(d)/MM method, see above)

in RS, respectively. In the TS structure, the Mulliken

charge on these oxygen atoms is -0.94 au and -0.93 au,

respectively. Also, the carboxylic and –NH3 groups

become more negative and less positive, respectively, on

passing from RS to TS.

The 2D-PES from Fig. 1 also shows there might be a

stepwise path passing through the bottom right corner. To

characterize this stepwise mechanism, we obtained the

potential energy profile as a function of RC1 and the result

was shown in Fig. 2b. There is one maximum in this

potential energy profile at the value of RC1 0.8 Å which

indicates that the Ha atom has transferred to the Sc(C194)

atom. The potential energy decreases sharply from the

maximum point. We checked these structures near to the

maximum point and found that the new forming hydrogen

bond between the transferred Ha atom and the O1 atom

results in the decreasing of potential energy. We also

calculated the MP2/6-31?G(d)//MM single point energy at

the optimized structures by B3LYP/6-31?G(d)//MM, and

the results showed that the sharp decline of energy in the

potential energy profile is caused by the forming of the

product not the carbanion intermediate. The above results

indicate that the PhAspR is not likely to undergo a stepwise

mechanism.

3.4 Potential of mean force

The calculated PMF is depicted in Fig. 7a, and it is con-

sistent with our previous reaction path calculations, there

only one transition state can be identified for the racemi-

zation reaction. To further check whether there is a meta-

stable state between the RS and PS, we have carried out the

unrestrained SCC-DFTB/MM molecular dynamics simu-

lations with 50 random snapshots around the transition

state region TS. Among all simulations, there is no other

stable state observed, except for the reactant state RS and

Fig. 6 Snapshots of the QM/

MM stationary states along the

reaction path for the PhAspR-

catalyzed racemization. Black
dashed lines represent the

hydrogen bonds, and for the

sake of clarity, some hydrogen

bonds are not displayed
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product state PS. The free energy barrier is 17.5 kcal/mol

for this reaction. The experimental kcat value for the

L ? D racemization is 1.9 9 104 min-1 [19], corre-

sponding to the free energy barrier of 16.3 kcal/mol

obtained by the transition-stated theory. It is a really low

energy barrier taking into account that a cysteine is

deprotonating a very low acidic proton such as the HaB of

L-Asp. To obtain more quantitative values for reaction

barriers, it might be desirable to carry out further free

energy computations using higher-level method like

ab initio/MM free energy computations.

Fig. 7b shows the average distances of corresponding

breaking and forming bonds along RC4 from the umbrella

sampling. In the beginning, RC4 from -3 to -2 Å, both

the deprotonation and reprotonation do not begin, as the

distances Ca–Ha and Hc(C82)–Sc(C82) do not change. The

increase in free energy correlates with the decrease in

distance between the Hc(C82) and the Ca. After this region,

the deprotonation process begins, as evidenced by the

increased distance Ca–Ha and the decreased distance

Ha–Sc(C194). Before the saddle point region, the distance

between Hc(C82) and Sc(C82) does not change, indicating that

the reprotonation has not begun even the deprotonation

process has nearly finished. In the saddle point, both

Cys194 and Cys82 are nearly protonated. After the saddle

point, the reprotonation begins by the Cys82. This race-

mization is an asynchronous concerted process and the

deprotonation precedes the reprotonation.

3.5 Electrostatic interaction analysis

An electrostatic interaction analysis was performed as

described in the computational details section to analyze

the contribution of individual residue to transition state

stabilization. The analysis of TS versus RS is shown in

Fig. 8.

In the TS, the Asp a-carboxylate is bound in a carbox-

ylate hole stabilized by a hydrogen bonds network, similar

to that suggested for GluR [23] and ProR [25]. The side

chains of Asn83 and Thr84 donate hydrogen bonds to the

a-carboxylate, while the Asn83, Thr84, and Thr195 back-

bone amides donate additional hydrogen bonds. These

hydrogen bonds become shorter when the system moves

from RS to TS (Table 1) and these residues stabilize the TS

by 7.6, 6.0, and 5.1 kcal/mol relative to RS, respectively.

Replacing Thr84 by Ala causes significant loss of activity

[19]. The electrostatic interaction between the side chain

carboxylate of Asp and Arg48 stabilizes the TS relative to

RS by 17.6 kcal/mol, and another important residue

Lys164 contributes 11.6 kcal/mol to TS stabilization. It is

not surprising that these two positive residues involved in

binding Asp have a strong stabilizing effect; they all help to

Fig. 7 Calculated potential of mean force along the reaction

coordinate RC4 (a) and average distance of R(Sc(C82)-Hc(C82)) (black),

R(Hc(C82)-Ca) (red), R(Ca-Ha) (green), R(Ha-Sc(C194)) (blue) as a

function of RC4 obtained from the free energy simulations (b)

Fig. 8 Individual residue contribution to stabilization or destabiliza-

tion of the TS relative to the RS as a function of the Ca–Ca distance

between the L–Asp and PhAspR residues
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neutralize the negative charge of the carboxylate of Asp,

which is increasingly important during the abstraction of a

proton from Asp. The mutation of either Arg48 or Lys164

forms hydrogen bond to the side chain carboxylate of

substrate, resulting in a dramatic decrease in activity [19].

In contrast to the above residues, Glu196 interacts with the

Asp NHB3B
? group and destabilizes the TS for repulsive

electrostatic interaction with the Asp carbanion. Asp31’

(adjacent monomer) destabilizes the TS because of the

electrostatic interaction with Arg48 and Lys164. Asp47 can

interact with Asp31’ (adjacent monomer) through hydro-

gen bond intermediated by a water molecule, and it

destabilizes the TS. It is interesting to note that most of the

residues discussed in the above are conserved in the GluR

[22, 23] and ProR [25]. These residues are very important

for the transition state stabilization.

3.6 Docking study the binding of L-Asp and D-Asp

Two models have been built to represent the PhAspR-Cit

complex. The so-called L-Asp-docked model and D-Asp-

docked model have been built from the coordinates

obtained after docking the L-Asp and D-Asp residue into the

active site of PhAspR by using a docking computational

method, respectively. The configuration with the lowest

binding free energy was selected and depicted in Fig. 9.

Figure 9 and the distances given in the last two columns of

Table 1 indicate that in both the L-Asp-docked model and

D-Asp-docked model, the hydrogen bonds are formed

between residue Asn83, Thr84, Thr195, and the a-carbox-

ylate group of the ligand. The ligand is also bound by its

side chain carboxylate to residue Arg48 and Lys164, and

there is an electrostatic interaction between its ammonium

group and Glu196. The binding model of L-Asp-docked is

very similar to that of our constructed ES complex from

PhAspR-Cit and the sulfur atom of Cys194 is in a favorable

orientation to deprotonate the a-carbon of L-Asp, as shown

in Fig. 9. The binding model of D-Asp-docked model

indicates that the orientation of the a-carbon is directed to

the Cys82 residue. Therefore, PhAspR employs a ‘‘two-

base’’ mechanism not a ‘‘one-base’’ mechanism.

4 Conclusions

In this work, we reported QM/MM studies on the substrate

binding and the mechanism of the racemization of

L-aspartate to D-aspartate by the enzyme aspartate racemase

from Pyrococcus horikoshii OT3. The QM/MM Molecular

Dynamics simulation to study the substrate (L-Asp) binding

in the active site shows that the substrate forms an exten-

sive network of interactions with the active-site residues

through its side chain carboxylate, ammonium group, and

a-carboxylate. The interconversion reaction involves two

proton transfers, one is the deprotonation of the a-hydrogen

by the Sc(C194) and the other is the reprotonation of the

Table 1 Selected geometric parameters for stationary states along the reaction path of the PhAspR-catalyzed racemization of L-Asp calculated

using the SCC-DFTB/MM method and for the docked models

Distances (Å), angle (deg) RS TS PS MD (ES)a
L-Asp-docked D-Asp-docked

O2–Hd22(N83) 2.00 1.80 1.97 2.22 ± 0.29 2.03 1.87

O2–HN(N83) 1.74 1.71 1.82 1.80 ± 0.14 2.04 1.81

O2–HN(T195) 2.00 1.76 1.80 2.13 ± 0.25 1.66 1.68

O1–Hc(T84) 1.60 1.60 1.65 1.66 ± 0.11 1.74 1.89

O1–HN(T84) 1.70 1.69 2.04 1.78 ± 0.12 1.68 2.04

O1–O(cw507) 2.66 2.58 2.61 2.83 ± 0.26 – –

N–Oc(T195) 2.81 2.80 2.78 2.86 ± 0.13 2.81 2.79

N–Oe1(E196) 2.69 2.77 2.79 2.79 ± 0.16 2.60 2.65

Od1–Hg22(R48) 1.58 1.54 1.57 1.69 ± 0.13 1.90 1.65

Od1–Nf(K164) 2.62 2.58 2.57 2.67 ± 0.10 2.71 2.68

Od2–He(R48) 1.71 1.67 1.76 1.76 ± 0.12 2.18 1.95

Sc(C82)–Hc(C82) 1.35 1.37 2.01 – –

Hc(C82)–Ca 3.48 2.03 1.18 3.52 ± 0.51 4.59b 3.42b

Ca–Ha 1.17 1.96 2.84 – 3.25c 4.36c

Ha–Sc(C194) 2.05 1.40 1.37 2.08 ± 0.12 – –

N–Ca–Cb–C 124.63 -160.70 -125.97 122.28 ± 5.74 119.82 -121.04

a The average geometries from our QM/MM MD simulation for ES
b Distances between atom Sc(C82) and atom Ca
c Distances between atom Ca and atom Sc(C194)
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a-carbon by the Hc(C82). The QM/MM potential energy

profile and potential of mean force suggest that the reaction

proceeds via a highly asynchronic concerted mechanism

with a single transition state. In addition, we perform an

electrostatic interaction analysis to estimate the key role

played by individual residues in stabilizing the transition

state and conclude that the enzyme stabilizes the transition

state through local hydrogen bond and short range elec-

trostatic contribution. The docking study indicates that

Cys194 is responsible for the deprotonation of the a-carbon

of L-Asp, and Cys82 is responsible for the deprotonation of

the a-carbon of D-Asp, the enzyme aspartate racemase from

Pyrococcus horikoshii OT3 employs a ‘‘two-base’’ mech-

anism not a ‘‘one-base’’ mechanism. The results together

with the mechanism of the glutamate racemase [21–23],

proline racemase [24, 25], and diaminopimelate epimerase

[26] indicate a common mechanism for the PLP-indepen-

dent enzymes.
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