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Abstract: Molecular Dynamics simulations with a Molecular Mechanics force field and a quite complete
exploration of the QM/MM potential energy surfaces have been performed to study the p-glutamate —
L-glutamate reaction catalyzed by Bacillus subtilis glutamate racemase. The results show that the whole
process involves four successive proton transfers that occur in three different steps. The Michaelis complex
is already prepared to make the first proton transfer (from Cys74 to Asp10) possible. The second step
involves two proton transfers (from the a-carbon to Cys74, and from Cys185 to the a-carbon), which occurs
in a concerted way, although highly asynchronic. Finally, in the third step, the nascent deprotonated Cys185
is protonated by His187. The positively charged ammonium group of the substrate plays a very important
key role in the reaction. It accompanies each proton transfer in a concerted and coupled way, but moving
itself in the opposite direction from Asp10 to His187. Thus, the catalytic action of Bacillus subtilis glutamate
racemase is driven by its own substrate of the reaction, p-glutamate.

1. Introduction

D-Glutamate is an essential building block of the peptidogly-
can layer of bacterial cell walls that protect the bacteria from
osmotic lysis. Glutamate racemase (RacE, Murl, E.C. 5.1.1.3)
is a pyridoxal-phosphate-independent enzyme that catalyzes the
interconversion of L- and D-glutamate, so providing pathogenic
bacteria with a source of D-glutamate. Thus, glutamate racemase
has been considered a target for antibacterial drug design.'™

The commonly accepted mechanism for catalysis by glutamate
racemase involves deprotonation of the glutamate’s o-proton,
followed by substrate reprotonation on the opposite stereochem-
ical face. Mutagenesis studies support the idea that two cysteines
are the catalytic acid/base residues. These two cysteines are able
to exchange their acid/base roles depending on which enantiomer
binds the active site.° ° The two cysteines and some other
residues close to the glutamate substrate are strictly conserved
in all RacE and other cofactor-independent amino acid race-
mases, including aspartate racemase'® and proline racemase.'’
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A very challenging problem behind that reaction is how
glutamate racemase manages to catalyze fast proton exchange
involving the o-carbon—hydrogen bond cleavage of glutamate,
whose pK, in aqueous solution is estimated to be higher than
the value 21 of the fully protonated form of the amino acid
because of the presence of the carboxylate anion.® This is
confirmed by the carbon acidity of the glycine zwitterion (pK,
= 28.9 + 0.5) calculated by Rios et al."* from their carbon
deprotonation kinetic data. The situation is even more intriguing
considering that a deprotonated cysteine should act as a general
base catalyst. The pK, of the cysteine side chain in aqueous
solution is 8.4. So, the sulfur atom of the cysteine should be
predicted to be almost fully protonated at neutral pH, being
unable to receive the a-proton of the glutamate. However, it
has been realized that the electrostatic field inside the enzyme
(and, in particular, some specific interactions among residues)
can highly perturb the original pK,’s in aqueous solution, making
possible unlikely chemical processes.'® A quite known example
of that is the catalysis of the interconversion of L- and D-alanine
by pyridoxal 5'-phosphate and alanine racemase, where Tyr265’
and Lys39 are considered to be the two catalytic residues acting
as an acid/base pair."*~'7 The pK,’s in aqueous solution of the
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Figure 1. Glutamate racemases conserved motifs found in 8§ different organisms. The figure shows the active site formation by three alpha-beta hairpins.
Negatively charged residues colored in red, positively charged residues in blue, polar residues in violet, hidrophobic residues in black and non charged polar
residues in green. The height of each letter indicates the degree of conservation of the residue among all the analyzed sequences.?

phenolic hydroxyl of tyrosine and the conjugate acid of lysine
are both 10.5. So, both residues could be expected to be
protonated at neutral pH. In spite of this, the electric field in
the active site of alanine racemase stabilizes the formation of a
negative charge in the phenolic oxygen atom of Tyr265'
(probably by the His166-mediated interaction with Arg219), so
shifting the pK, to 7.3'° and allowing Tyr265' to work as the
catalytic base in the conversion of L-alanine to D-alanine at ~pH
= 8, where the enzyme is most likely active in nature.'* In turn,
the conjugate acid of Lys39 also has a shifted pK, inside the
active side, such that a significant fraction of Lys39 residues
are unprotonated amines able to act as the catalytic base for
the conversion of D-alanine to L-alanine.'*

The structure of a complex of Bacillus subtilis RacE (BsRacE)
with D-glutamate has been recently solved and refined to 1.75 A
resolution.'® Analysis of this structure shows that the conserved
thiol groups, Cys74 and Cysl185, are close to the side chains of
Aspl0 (3.9 A) and His187 (4.2 A). Furthermore, the a-carbon of
the D-glutamate substrate lies almost exactly on the line joining
the two sulfurs at distances of only 3.5 and 4.4 Ato Cys74 and
Cys185, respectively. Its a-amino is in close proximity to both
cysteines, whereas its side chain carboxyl is close to only Cys74.
In addition, there is a water-mediated contact between the side chain
of the D-glutamate substrate and Glu153, which also simultaneously
forms a hydrogen bond with His187, which, in turn, is adjacent to
Cys185. All these relative positions of the residues in the active
site of BsRacE support the mechanism proposed by Glavas and
Tanner who suggested that both cysteines are neutral thiols most
of the time." The problem then is how the enzyme manages to
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deprotonate the catalytically active cysteines. Although on the basis
of experimental studies for alanine racemase® or proline race-
mase'" other possibilities could be imagined, mutagenesis studies®
in the Lactobacillus fermenti glutamate racemase show that
neighboring residues, Aspl0 in the D — L direction and His186
(His187 in BsRacE) in the L — D direction, assist the catalytic
thiols in acting as bases (the existence of a long life thiolate being
no longer needed).

Analysis of the similarity of the 3D structure of BsRacE with
other proteins revealed that the most significant similarities are to
the Aquifex pyrophilus Murl (28% sequence identity; see Figure
1), the similarities encompassing the majority of the fold and the
spatial organization of both domains of the enzyme. In spite of
this, there are important conformational changes between the two
structures, having been suggested that the available structure of
Aquifex pyrophilus Murl*' represents a noncatalytic form of the
enzyme.'® In particular, in this solved structure of Aquifex pyro-
philus Murl the side chain of His180 (His187 in BsRacE) is more
than 7 A from the thiol of the closest cysteine, Cys178 (Cys185 in
BsRacE), and makes no contact with the substrate.
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In a preceding paper” we have carried out Molecular
Dynamics simulations of the complex Agquifex pyrophilus
Murl—Db-glutamate with neutral Cys70 (Cys74 in BsRacE) and
Cys178 (Cys185 in BsRacE) and an ionized Asp7 (AsplO in
BsRacE). Previously, Glu147" (Glul153 in BsRacE) had proto-
nated the substrate’s a-carboxylate, according to the substrate
activation mechanism proposed by Richard and co-workers**'?
and supported by our calculations.”® The results showed that
Cys70 interacts with the side chain carboxylate oxygen of Asp7,
the interatomic distance for many configurations being ~4 A
or less, while Glul47' interacts with His180 (the average
interaction distance is 5.2 A with a standard deviation of 1.2
A). This fact indicates that, even starting from the available
crystallographic structure of Aquifex pyrophilus RacE (solved
when complexed with a substrate analogue, D-glutamine), once
the system is conveniently activated, the population of the
ensemble of configurations suitable to allow the mechanism
involving two neutral cysteines and assisted by one aspartate
and one histidine residue is possible. The stable existence of
neutral cysteines agrees with the pK, values that we obtained
for the two cysteines in this ensemble: 13 and 13.5 for Cys70
and Cys178, respectively. However, such high pK, values pose
the question already mentioned above: In these conditions, how
can Cys70 (D — L direction) or Cys178 (L — D direction) act
as a catalytic base?

The purpose of this paper is to determine whether the four
proton jumps mechanism involving two neutral thiols is feasible,
focusing on the strategy used by glutamate racemase to make
it possible in spite of the apparent extremely low capacity of
both neutral cysteines for generating deprotonated cysteines at
the reaction’s pH. To this aim, we present here a theoretical
study of the D-glutamate — L-glutamate reaction catalyzed by
BsRacE, including Molecular Dynamics simulations with a
Molecular Mechanics force field and a quite complete Quantum
Mechanics/Molecular Mechanics (QM/MM)?~® exploration of
the corresponding potential energy surfaces (PESs).

The Bacillus subtilis rather than the Aquifex pyrophilus
species has been chosen in the present study because there is
now more structural information of the reactive complex of the
former,'® which is a very relevant information for any theoretical
study. Taking into account the available kinetic data for different
RacE species,” it is reasonable to assume that the general
catalytic mechanism could be common. However, these different
species clearly differ in terms of quaternary structure, which in
turn makes a substantial difference in the active site.>® In Aquifex
pyrophilus, the main chain carboxylate of the substrate in a given
monomer interacts with the residue Glu147' that belongs to the
other monomer. As proposed by Rios et al.'? and supported by
our previous calculations,” Glul47" activates the substrate by
hydrogen transfer to it. However, the quaternary structure of
Bacillus subtilis places the two actives sites of the biologically
active dimer far from each other, and instead of a unique
interaction, the substrate main chain carboxylate interacts with
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hydrogen donor groups of three residues that belong to the same
monomer (as will be explained in the Results section). Thus,
we propose that, in Bacillus subtilis, the proton transfer found
in Aquifex pyrophilus to activate the substrate is substituted by
these interactions, which contribute to stabilizing the carbanionic
intermediate.

We want to emphasize that the glutamate racemase mecha-
nism represents a very challenging problem not only from a
chemical and biochemical point of view but also from the
theoretical and computational side, as the transfer of four protons
has to be taken into account.

2. Methods and Simulation Details

2.1. Initial Setup. Model of the Enzyme Complex. The initial
structure was modeled from the 1.75 A resolution X-ray crystal
structure of the complex glutamate racemase-D-glutamate from the
bacteria Bacillus subtilis with PDB code 1ZUW.*° Although the
crystals of BsRacE were grown in the presence of L-glutamate, the
state of the electron density was consistent with its unambiguous
assignment as D-glutamate.'®° This structure is therefore a good
starting point to carry out a mechanistic study of the enzymatic
reaction. The X-ray structure is composed by three monomers as a
result of a crystallization artifact.'® The enzyme is known to be
biologically active as a dimer.'® Chains A and C have been used
for the setup, and chain B was discarded. The coordinates of the
missing residues of the structure were automatically modeled with
the ModLoop web server, which predicts the loop conformations
by satisfaction of spatial restraints.*'*? The coordinates of the
hydrogen atoms of the protein and the substrate were determined
using the HBUILD facility in the program CHARMM.** The
protonation states of the titrable residues were assigned by the
PROPKA** module of the PDB2PQR software package.> PROP-
KA is a very fast empirical method that is able to predict most
protein pK, values using information based on the position and
chemical nature of the groups close to the pK, sites. Most of the
PROPKA predictions are within 1.0 pH units of the corresponding
experimental values. Then, in spite of its empirical character,
PROPKA can provide a useful estimation of the pK, values. In all
(including 1059 water molecules) the enzyme complex involves
11 749 atoms.

From this point, three diferent setups were performed to study
the dynamical behavior of the enzyme and its reactivity. One setup
was designed with the aim to carry out a classical Molecular
Dynamics simulation (see section 2.2 for details), and the other
two setups were designed in order to use a QM/MM potential to
study the reactivity of the glutamate racemase enzyme.

The first QM/MM model contains 34 atoms in the QM region
including the side chains of Aspl0, Cys74, Cysl85, and the
substrate. The second QM/MM model is an extension of the first
one including also His187 in the QM region with a total of 46
atoms. The QM/MM frontier has been treated with the generalyzed
hybrid orbital (GHO) method.*® The GHO atoms were the
a-carbons of all the quantum residues. The structures were solvated
with a 24 A water sphere using the solvent-sphere.str script that
can be found on the CHARMM forum®’ and choosing a minimal
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overlapping distance of 2.2 A. For each setup the sphere was
centered at the geometric center of the corresponding QM region.

The QM/MM PES was calculated by using the AM1 Hamiltonian
for the QM region for the four proton transfers of the global
mechanism that will be analyzed in detail in sections 3.2—3.4.
However, the AM1-SRP (Specific Reaction Parameters) Hamilto-
nian developed by Major et al.'” for the alanine racemase enzyme
has also been used here to describe the two proton transfers involved
in D-glutamate enantiomeric inversion (see section 3.3). The test
calculations, included in Table S1 of the Supporting Information,
on values of proton affinities for several model compounds show
that the AMI1 method gives acceptable values for the proton
affinities of the conjugated basis of the following molecules in the
gas phase: acetic acid (taken as a model of the aspartic residue,
Asp10), ethanethiol (taken as a model of the cysteine residues Cys74
and Cys185), and protonated 4-methylimidazole (taken as a model
of the protonated histidine residue, His187). So then, the AM1
model can be considered as a valid quantum model for describing
the first step of the whole mechanism corresponding to the proton
transfer from the thiol group of Cys74 to the Aspl0 carboxylate,
and also for describing the third step corresponding to the
reprotonation of Cys185 by His187. However, the AM1 C, proton
affinity for the conjugated basis of alanine (zwitterion), taken as a
model for D-glutamate substrate, is clearly underestimated in
comparison with several DFT (Density Functional Theory) values.'”
In contrast, the AM1-SRP Hamiltonian of Major et al.'” gives a
more accurate value for the C, proton affinity of the substrate model,
and it is therefore a more quantitative approach for describing the
deprotonation and reprotonation processes involving the C, atom
of D-glutamate and the two cysteines (Cys74 and Cys185). On the
other hand, the reparametrized semiempirical method might not be
well-balanced and several convergence problems of the quantum
wave function have been encountered on different regions of the
QM(AMI1-SRP)/MM PES for the D-glutamate racemase enzyme.
The CHARMM?22 force field was used for the MM part.>® Water
molecules were modeled with the TIP3P?° potential.

The QM/MM van der Waals interactions were recalibrated. The
CHARMM?22 van der Waals parameters are expected to work
between MM atoms belonging to this force field, but they may not
describe correctly an MM—QM(AM1) interaction. The new pa-
rameters were used in our previous QM/MM works on glutamate
racemase and were obtained following the procedure described by
Freindorf and Gao.*® We have considered the complexes of water
with models of the cysteine, histidine, and aspartic side chains in
different protonation states, together with a model of the substrate’s
ammonium group (see Supporting Information). Table S2 provides
the total interaction energies of the complexes at the Hartree—Fock
level and also using QM/MM calculations with the van der Waals
parameters obtained from the CHARMM force field, from Freindorf
and Gao and co-workers,*! or after our optimization procedure.
The optimization parameters are shown in Table S3.

The initial structure for the QM/MM surface explorations was
prepared as follows. The solvated complex was minimized using
the Adapted Basis Newton—Raphson (ABNR) algorithm for 40
steps keeping the QM part fixed. Then a leapfrog Langevin
Molecular Dynamics simulation was carried out for 10 ps with the
protein and the substrate atoms fixed and moving just the water
molecules.

The first QM/MM model was used to study the protonation of
the Asp10 residue by Cys74 (see section 3.2). The solvated complex
was gently heated up to 100 K during 100 ps of a Molecular
Dynamics simulation using stochastic boundary conditions as
described in section 2.2. Then, the mobile part of the system was
minimized until a gradient tolerance of 0.01 kcal/(mol A) was
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reached. After performing the PES exploration for the first proton
transfer, we decided to include the His187 residue also in the QM
part. The system was again minimized until a gradient tolerance
of 0.01 keal/(mol A) was reached. With this second QM/MM model
the enantiomeric inversion (see section 3.3) and the reprotonation
of Cys185 by His187 were studied (see section 3.4).

2.2. Molecular Dynamics Simulation. As mentioned above (see
section 2.1), the first setup was created with the aim to carry out a
Molecular Dynamics study. As explained in the same section, the
system was solvated with a 24 A water sphere. The water molecules
were minimized for 40 steps with the ABNR algorithm, and 2.5 ps
of Molecular Dynamics were carried out at 300 K, keeping the
protein and substrate atoms fixed, to allow the water molecules to
relax.

The solvated system was then minimized for 60 steps keeping
fixed all the atoms outside the water sphere. Stochastic boundary
conditions were used to mimic the aqueous environment. The
system was divided into three zones: (1) the reaction zone, from
the origin to 20 A, where all atoms included in this zone are
treated with Newtonian dynamics; (2) the buffer zone, from 20
to 24 A, where all atoms are treated with Langevin dynamics;
and (3) the reservoir zone, where all atoms were fixed. The
protein atoms were assigned to one or another region according
to the reference structure at the beginning, and they retained
their labels during the simulation. Water molecules were allowed
to diffuse between the reaction zone and the buffer zone. The
Langevin dynamics regime imposes a friction coefficient and a
random force on the heavy atoms in the buffer region. The
harmonic force constants were taken as 1.22 kcal/(mol A?) for
the main chain O atoms, 1.30 kcal/(mol A2) for all other main
chain atoms, and 0.73 kcal/(mol A2?) for side chain atoms and
water molecules. The friction constants were 200 ps~! for the
protein atoms and 62 ps~' for the water atoms in the buffer
region. A deformable boundary potential was imposed on water
molecules at the buffer/reservoir interface to represent the effect
of bulk solvent outside this boundary.

The solvated system was gradually heated up to 300 K during
300 ps and then was equilibrated during 800 ps. From the final
structure we ran a simulation for 7 ns, saving structures at every
500 steps with a time step of 1 fs. The equations of motion were
propagated using the leapfrog integrator. In the present study a
cutoff of 13.5 A was used along with a switching function in the
region from 12.0 to 13.5 A to smoothly reduce the interactions to
zero. The nonbonded pair list was updated every 25 steps. All bond
lengths involving hydrogen atoms were constrained by the SHAKE
algorithm.*

2.3. Reaction Coordinates and Optimization Details. Reduced
potential energy profiles of the different proton transfers that
compose the global enzymatic reaction have been generated. Figure
2 shows schematically the atoms of the catalytic residues involved
in each proton transfer.

The first reaction studied corresponds to the proton transfer from
Cys74 to Aspl0. The reaction coordinate used to define this 1D-
profile is the antisymmetric combination of distances involving the
sulfur of the Cys74 residue (Cys74-Sy), the proton bonded to it
(Cys74-Hy), and one of the oxygens of the AsplO carboxylate
(Asp10-001). This reaction coordinate is labeled RCcp; the CD
subscript indicates that the proton is driven from the Cysteine (C)
to the Aspartate (D).

RCp= F'erasy—c1amy — Te1aHy—D100061 ¢y

Once the Cys74 sulfur is deprotonated the enantiomeric inversion
of the glutamate is ready to be explored. In order to study it, two
reaction coordinates are defined. RC,,, describes the deprotonation

(42) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. C. J. Comput. Phys.
1977, 23, 327.
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Figure 2. Schematic representation of the active site and the reaction
mechanism.

of the Ha of the substrate and involves the sulfur of Cys74, the
a-proton, and the a-carbon atoms of the substrate.

RCy,, = Fra—co — Tcasy—ha 2)
The RC,,, reaction coordinate is defined as the antisymmetric

combination of distances involved in the protonation of the o-carbon
by the y-proton of Cys185.

chmt = Taisssy—cissay — T'ci8sHy—ca 3)
Finally, the reprotonation of the Cys185 by His187 is studied
with a 1D-profile with another antisymmetric combination of

distances involving the d-proton and the d-nitrogen of His187 and
the Cys185 sulfur.

RCyc=rys—ns — Tno—cisssy “)

1D and 2D scans have been obtained by a series of geometry

optimizations of the mobile part of the system in the presence of

harmonic restraints applied on the different reaction coordinates

previously defined. The RESD module in CHARMM was used to
define the harmonic restraint terms of the form

1
Viresp = EkRESD(R C— RCREF)2 (5)

where kggsp is the restraining force constant, which was set equal
to 2500.0 kcal/(mol ;\2). The quantity RCgg is the reference value
of the reaction coordinate at each energy minimization calculation.
Each minimization was carried out with a gradient tolerance of
0.01 keal/(mol A) with the ABNR algorithm. In these minimizations
the reaction coordinate was projected out of the gradient. All the
atoms 24 A away from the center of the active site were kept frozen
during the optimizations.

The conjugate peak refinement (CPR) algorithm*® was used to
find a smooth reaction path. Optimized structures from the 2D-
PES were used as input for the CPR algorithm. The mobile part of
the system and the electrostatic cutoff were the same as those in
the RESD minimizations. The CPR path has been displayed along
the coordinate RC4 defined as follows.

RC4=RC,,,,+RC,,, (6)

3. Results and Discusion

3.1. Molecular Dynamics Simulations. As mentioned above,
Molecular Dynamics simulations of the reactant structure of the
enzyme/substrate complex have been carried out for 7 ns. During
this simulation the distances between the atoms that will be
involved in each of the successive proton transfers in the

(43) Fischer, S.; Karplus, M. Chem. Phys. Lett. 1992, 194, 252.

mechanism proposed were monitored, and the interactions that
the catalytic residues and the substrate can form have been
analyzed.

The first step corresponds to the transfer of a proton from
the thiol group of the Cys74 to the AsplO carboxylate. The
evolution of the distance between the Aspl10-Od1 atom and the
Cys74-Sy atom is shown in Figure 3A. At the beginning of the
simulation they are far from each other (~5 A). However, the
distance decreases during the first 1.5 ns until a hydrogen bond
is formed between those two atoms. This distance fluctuates
mostly within the range 3—4.5 A for the next 5 ns. The average
distance along the 7 ns turns out to be 3.91 A, and the occupancy
of this hydrogen bond is 0.24. The occupancy stands for the
fraction of the configurations that hold the hydrogen bond, and
here it is determined as follows: The generated configurations
have been analyzed every 5 ps, and one analyzed configuration
is counted as involving a hydrogen bond if the distance between
the corresponding hydrogen atom and the acceptor heavy atom
is less than 2.4 A, and this situation is maintained at the next
analyzed configuration 5 ps later. These results show that the
sulfur of Cys74 and the oxygen of the carboxylate of Aspl0
can therefore approach each other quite easily, so that the region
of configurations able to produce the first proposed proton
transfer are repeatedly visited. The oscillation of the distance
between Cys74 and Asp10 occurs thanks to the mobility of the
side chain of Cys74 which is thus able to establish this hydrogen
bond with Aspl0 during all of the simulation. Conversely, the
side chain of Asp10 is fixed by strong hydrogen bonds between
the two oxygen atoms (001 and 002) of its carboxylate and
two strictly conserved residues, Serll (occupancy 0.93) and
Thr186 (occupancy 0.91), respectively. AsplO also interacts
through a salt-bridge interaction with the ammonium group of
the substrate which in this hydrophobic pocket (see Figure 1)
produces a stabilization of the system. Then, Aspl0 interacts
with both Cys74 and the substrate already orienting and
preparing them for the next proton transfer as will be seen later.

The second step involves both the deprotonation of the
substrate’s o-carbon by the Cys74-Sy and the reprotonation of
that carbon atom by the Cys185-Sy (see below for a discussion
of the concertedness of both proton transfers). The evolution
of the corresponding distances along the reactant complex
simulation is also displayed in Figure 3B and 3C, respectively.
The distance between the sulfur atom of Cys74 and the o-carbon
of the substrate fluctuates along the 7 ns mostly from 3.3 A to
4.5 A (the average distance is 3.82 A, with an occupancy value
of 0.00). The sulfur atom is always kept at a distance close
enough to begin the abstraction of the substrate’s Ha although
the corresponding hydrogen bond is never formed due to the
fact that the thiol group of Cys74 is still protonated. From
comparison of Figure 3A and 3B, it is worth noting that the
sulfur atom of Cys74 is very seldom closer than 3.4 A to both
the oxygen of the carboxylate of Aspl0 and the a-carbon of
the substrate at once. In contrast, the second cysteine is at a
larger distance from the substrate. The average distance between
the Sy atom of Cys185 and the substrate’s Cat is ~5.66 A (as
expected, the occupancy is 0.00) and fluctuates mostly from
4.6 t0 6.6 A. However, this distance is expected to be easily
reduced when the deprotonation of the substrate begins and the
Ca becomes negatively charged. The side chain of Cys185 can
easily reorient as the sulfur atom does not interact significantly
with any residue during all the simulations.

The last step consists of the reprotonation of Cys185 by
His187. The change of the distance between the Sy atom of
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Figure 3. (A) Evolution of the distance between atoms Asp10-Od1 and Cys74-Sy. (B) Evolution of the distance between atoms Cys74-Sy and p-Glu-Ca.
(C) Evolution of the distance between atoms Cys185-Sy and D-Glu-Ca. (D) Evolution of the distance between atoms Cys185-Sy and His187-No.

Cys185 and the No atom of His187 is displayed in Figure 3D.
This distance fluctuates mostly within the range 4.6—6.6 A, with
an average value of 5.70 A (of course, the occupancy is 0.00).
This distance would be reduced once Cysl185 is negatively
charged. The acid/base behavior of His187 strongly depends
on its interaction with another strictly conserved residue, Glu153.
The corresponding distance between the Ne atom of His187
and the Og2 of Glul53 fluctuates a lot along the simulation
(with an average value of 5.40 A), but forming a hydrogen bond
for a long period of more than 1.5 ns (occupancy of 0.24 along
the 7 ns of the simulation).

An analysis of the substrate’s interactions along the simulation
reveals that D-glutamate is able to form hydrogen bonds with
many residues of the enzyme through its side chain carboxylate,
its ammonium group, and specially through its a-carboxylate.
The average distances between the heavy atoms involved in
the hydrogen bonds, along with the corresponding occupancies,
are given in Table 1. There are three residues that solvate the
a-carboxylate of the substrate forming hydrogen bonds with it
by their side chains and/or their backbone HN proton. The
strictly conserved Asn75 residue interacts through its side chain
HJ2, atom with the substrate’s Ot2 with an occupancy of 0.84.
Besides, its backbone HN proton is able to interact with both
oxygen atoms of the substrate’s carboxylate with occupancies
of 0.61 (O71) and 0.77 (O72), respectively. The next residue in
the sequence of amino acids, Thr76, is also a strictly conserved
residue and interacts with the substrate’s Ot2 through its side
chain hydroxyl with an occupancy of 0.54. The third residue
interacting with this substrate’s carboxylate is Thr186. This
residue is also strictly conserved and is found between the
catalytic residues Cys185 and His187. Thr186 hydrogen bonds
to the substrate’s O72 with its backbone HN proton, with an
occupancy of 0.83. Its Oy also forms a hydrogen bond with
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Table 1. Most Important Hydrogen Bond Interactions of the
Substrate along the MD Simulation®

Atom, Atom, occupancy average distance (A)
D10

NHi 00, 0.86 2.82+£0.35
S11

Og, Hy 0.51 386 £ 1.35
N75

O1, Ho,, 0.84 3.01 +£0.30

Oty HN 0.61 3.03+0.23

Or, HN 0.77 3.16 £0.33
T76

Or, Hy 0.54 3.154+0.53
T186

NHi Oy 0.93 2.83 £0.14

Or, HN 0.83 3.08 £ 0.31

“ Atom, is the atom corresponding to the substrate, and Atom, is the
atom corresponding to the enzymatic residue. For NH7, no distinction is
made between the hydrogen atoms to calculate the occupancy values.

the substrate’s NH7 group, the occupancy being 0.93 (in the
case of interactions between the NHY group and the enzymatic
residues, a hydrogen bond is considered to exist when any of
the NHJ hydrogens fulfills the criterion defined above for the
occupancy). Another very important hydrogen bond, which has
already been mentioned above, exists between the substrate’s
NH{ group and the Od1 atom of the side chain carboxylate of
Aspl0. It has to be remembered that, before the set of proton
transfers occur, Asp10 is still deprotonated, so that its Od1 atom
holds a net negative charge. In this sense, the hydrogen bond
(with an occupancy of 0.86) with the NHi of D-glutamate
efficiently contributes to the stabilization of the ionized Asp10.
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Figure 4. ( A) Energy profile of the protonation of Asp10-O6 1 by Cys74-
Sy. (B) Evolution of the most relevant atomic distances along the RCcp
coordinate. Black: Hz2 and Cys74-Sy. Green: Hr2 and Aspl10-Od1. Red:
Cys74-Hy and Aspl10-O0 1. Blue Cys74-Hy and Cys74-Sy.

All these conserved residues in the active site have two major
roles. On one hand, they orient and bind the substrate in the
active site. The D-glutamate ligand anchors the polar active site
residues maximizing its interactions with them. On the other
hand, these residues strongly solvate the substrate’s o-carboxy-
late group and delocalize the negative charge that supports the
substrate once the carbanionic species is generated.

The most important result that arises from the Molecular
Dynamics simulation is that the enzyme/D-glutamate Michaelis
complex is ready to undergo the first proton transfer that will
initiate the conversion of D-glutamate to L-glutamate. Moreover,
the arrangement and the capacity of motion of the different
residues around the substrate in the active site seem to be
adequate to allow the successive reorganizations required to
make possible the subsequent proton transfers that will complete
the mechanism.

3.2. First Proton Transfer: From Cys74 to Aspl0. The
potential energy profile corresponding to the proton transfer from
the Sy atom of Cys74 to the Od1 atom of the carboxylate of
Aspl0 as a function of the reaction coordinate RCcp is displayed
in Figure 4A on the QM(AM1)/MM PES. To reduce hysteresis
effects, the coordinate RC¢p was explored forward, backward,
and forward again. This figure shows the final second forward
exploration. The negative values of the reaction coordinate
correspond to the reactant region, when the shifting proton (Hy)
is still closer to the donor sulfur atom than to the acceptor
oxygen atom, thus involving a neutral Cys74 residue and a
negative Aspl0. On the other hand, the evolution of the most
relevant distances along the reaction coordinate is shown in

Figure 4B: the distances between the transferring proton and
the donor and acceptor atoms, and the distances between the
proton Hz2 of the D-glutamate ammonium group and both the
Aspl10-006 1 and the Cys74-Sy. At the beginning of the proton
transfer the energy profile is nearly flat. From RCcp = —2.5 A
to RCcp = —1 A, the energy just increases 1.8 kcal/mol. In
this region the side chain of Cys74 (recall the mobility exhibited
by this side chain during the Molecular Dynamics simulations)
easily approaches Aspl0, producing a very important shortening
of the Hy—0d41 distance and a slight diminution of the Ht2—Sy
distance, although the breakage of the Hy—Sy bond has not
begun yet.

As the Cys74 side chain becomes closer and closer to Asp10,
the compression of the Hy against the OO1, initiating the
formation of the new bond, causes an abrupt rise of the potential
energy curve, whose maximum is reached just when the
Hy—001 and Hy—Sy distances become equal at RCcp = 0 A
(however, taking into account the different lengths of the
equilibrium internuclear distances corresponding to the S—H
and O—H bonds, at this point the Hy—Sy bond is still more
formed than the Hy—Od1 one). The corresponding potential
energy barrier turns out to be 15.8 kcal/mol. From that point,
as the formation of the new bond and the cleavage of the old
bond advance, already in the positive region of RCcp, the
potential energy decreases. At RCcp = 0.55 A, when the
Hy—0061 bond is already almost entirely formed, the potential
energy is still roughly 5 kcal/mol above the reactants. From
this point, an additional stabilization of ~10 kcal/mol occurs,
in such a way that the proton transfer from Cys74 to the Asp10
turns out to be energetically favored by 5.0 kcal/mol in terms
of potential energy. This stabilization can be mainly attributed
to the change in the interactions between the D-glutamate
ammonium group and these two residues that accompanies the
proton transfer. At the reactants, the positive ammonium’s
substrate group interacts with the negatively charged Aspl0.
Once the Aspl0 gets the proton from Cys74, this salt-bridge
interaction is lost and the ammonium group approaches the
nascent deprotonated Cys74 residue to form another salt-bridge
interaction. This new interaction with the cysteine is stronger
than that with the aspartate as the negative net charge is now
more localized on the sulfur atom of the cysteine, whereas before
it was delocalized between the two carboxylate oxygens of
Asp10. Furthermore, before the proton transfer, Asp10 hydrogen
bonds to several residues surrounding it and a water molecule,
which also contribute to delocalize the initial negative net
charge. In contrast, after the proton transfer, the negative charge
is only localized on the sulfur atom of the anionic Cys74. As
seen in Figure 4B, the flip of the ammonium group during the
proton transfer occurs suddenly at RCqp = 0.5—0.6 A, SO
provoking a drastic decrease of the potential energy. Thus the
electrostatic interactions of the substrate’s ammonium group
modulate the relative thermodynamic stability of the reactants
and products of this first proton transfer. In the absence of this
contribution, the shifting proton would easily revert to Cys74,
which would be then unable to capture the o-proton of the
substrate.

To confirm the influence of the substrate in the acidity of the
residues involved in this proton transfer, pK, calculations using
PROPKA including and excluding the substrate were performed
before proton transfer occurs. The pK, of Cys74 when the
substrate is included decreases from 9.75 to 6.23 (a notorius
change taking into account that the substrate’s ammonium group
is not now close to Cys74, but to Asp10, and that Cys74 is still
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Figure 5. Bidimensional QM(AMI1)/MM PES of the enantiomeric inversion.

neutral). This difference in pK, is mainly due to the long-range
electrostatic interaction with the positive net charge on the
substrate’s ammonium group. A similar trend is observed with
the Aspl0 residue. Its pK, decreases from 5.53 to 2.52 when
the substrate is included. Therefore, Asp10 is too acidic to get
the proton from Cys74 while it is interacting with the ammonium
group of D-glutamate. However, when this interaction is lost
due to distance fluctuations and the ammonium group ap-
proaches Cys74-Sy atom, Aspl0 and Cys74 become less and
more acidic, respectively, and the proton transfer may take place.
As a matter of fact, it can be said that the jump of the ammonium
group and the proton transfer happen in a concerted and coupled
way.

It is interesting to note that Asp10 undergoes the most strong
desolvation effect in the enzyme according to the PROPKA
calculations (the desolvation effect is determined by assessing
how many protein atoms are within a given distance of the
ionizable residue). pK, calculations from selected snapshots of
the Molecular Dynamics simulations (see section 2.2) present
a positive ApK, ranging from 4 to 6 units due just to this effect.
The precise location of this residue in the hydrophobic pocket
of the enzyme enables the deprotonated Aspl0 to act as a base
and be able to deprotonate Cys74. Moreover the acid/base
behavior of this residue can be modified by its interactions with
the substrate.

3.3. Enantiomeric Inversion. Once the Cys74 residue is
deprotonated, it is ready to abstract the Ho. atom from the
D-glutamate. Now the first point to be considered is whether
the reprotonation of the a-carbon atom of the carbanionic
intermediate by Cys185 occurs within the same step or not.

The bidimensional QM(AM1)/MM PES built as a function
of RCy,p, and RC,,, is displayed in Figure 5. The reaction
coordinates evolve from negative to positive values as the
deprotonation and reprotonation processes, respectively, advance
(see eqs 2 and 3). As expected, a pathway consisting of a first
protonation and then the deprotonation would imply a huge
energy cost and can be dismissed. Instead, the opposite order
is much less expensive, although in this case a wide range of
quasi-degenerate reaction pathways exist as a consequence of
the flatness of the PES in this region. Then, the first and last
structures (that is, going from reactants to products) of the grid
used to built the PES were further minimized with no restraints
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to obtain structures corresponding to the reactant and the product
of the enantiomeric inversion. These two structures were used
to obtain the conjugate peak refinement (CPR) path shown in
Figure 6A (green line) as a function of the coordinate RC4,
which takes into account both processes (deprotonation and
reprotonation) at once. The resulting one-dimensional potential
energy profile presents a first maximum (RC4 = —4.5 A), an
intermediate minimum (RC4 = —3.8 A), and a second
maximum (RC4 = 0 A) with a potential energy barrier of ~18
kcal/mol, which is a really low energy barrier taking into account
that a cysteine is deprotonating a very low acidic proton such
as the Ha of D-glutamate.

As mentioned in section 2.1, the two proton transfers involved
in the enantiomeric inversion process have also been studied
using the QM(AM1-SRP)/MM potential. However, the corre-
sponding bidimensional PES could not be calculated due to
convergence problems of the AM1-SRP wave function at several
geometries of the grid defined by RC,,, and RC,,,, values. For
this reason, only a CPR path (shown as a red line in Figure
6A) could be obtained on the QM(AM1-SRP)/MM PES for the
enantiomeric inversion step. The first and last structures used
to calculate this second CPR path were obtained by minimizing
without restraints on the QM(AM1-SRP)/MM PES. The initial
guesses for that optimization have been the reactant and product
optimized geometries of the QM(AM1)/MM CPR. It can be
observed that the QM(AMI-SRP)/MM CPR has only one
maximum located at around RC4 = 0 A, like the second
maximum on the QM(AMI1)/MM CPR, but with an energy
barrier of 23.7 kcal/mol, nearly 6 kcal/mol higher than with
the AM1 model. However, as mentioned in section 2.1, the AM1
Hamiltonian has severe problems in reproducing the Ca-proton
affinity for the conjugated basis of alanine (zwitterion) (taken
as a model for D-glutamate substrate). In fact, the AM1 value
for that Ca proton affinity is ~23 kcal/mol lower than the values
calculated at higher levels of electronic structure theory.'” For
this reason, we believe that the AM1-SRP model is a better
semiempirical parametrization for this region of the PES, and
from now on, only the results of the QM(AMI-SRP)/MM
approach will be given in this section.

The structure of the QM(AM1-SRP)/MM CPR maximum is
depicted in Figure 7. The existence of only one maximum along
the reaction path clearly indicates that the two proton transfers
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Figure 6. (A) Potential energy along the CPR path versus the RC4 coordinate: QM(AM1)/MM in green, QM(AM1-SRP)/MM in red. As explained in the
text, the first and last structures of the QM(AMI1)/MM path have been obtained by minimizing two structures of the grid used to build the PES shown in
Figure 5. The CPR method has been used to connect both extremes (marked by two green dots). These structures were further minimized with the QM(AM1-
SRP)/MM potential (marked also by two dots), and the red CPR path was located. (B) Projection of the QM(AM1-SRP)/MM CPR path on RC,,,,, and RCy,
coordinates. (C) Most relevant atomic distances involved in the enantiomeric conversion along the QM(AM1-SRP)/MM path. Red: Between atoms Cys74-
Sy and D-Glu-N. Green: Cys185-Sy and D-Glu-N. Blue: p-Glu-Ho and pD-Glu-Ca. Purple: Cys185-Hy and p-Glu-Ca.

Figure 7. CPR saddle point geometry on the QM(AM1-SRP)/MM potential
during the enantiomeric inversion.

take place in a concerted way on the PES. However, the
deprotonation and reprotonation of the substrate by Cys74 and
Cys185, respectively, take place in a highly asynchronic way.
The distances of Cys74-Sy with respect to the leaving (depro-
tonation) proton and of Cys185-Sy with respect to the incoming
(reprotonation) proton are both 1.38 A, somewhat longer than
the covalent S—H distance of a cysteine (1.33 A). These values
clearly indicate that at the region of the saddle point the
deprotonation process has nearly finished when the reprotonation
process has just initiated. In agreement, it can be observed that

the distances between the o-carbon and the leaving and
incoming protons (2.43 and 2.46 A, respectively) are very long.
The similarity between both Sy-H and both Co-H distances
reflects the symmetrical disposition of the two cysteines with
respect to the o-carbon of D-glutamate at the region of the saddle
point.

The asynchronic character of this double proton transfer can
also be asserted from the results shown in Figure 6B, in which
the CPR path has been decomposed in both RCy,, and RC,.
The structure of the CPR maximum is located at RCq,, = 1.0
A and RCproe = —1.0 A. The positive value of RC,, indicates
again that the deprotonation process is quite advanced, whereas
the negative sign of RC,,,, means that the reprotonation process
is just beginning. On the other hand, the evolution of the most
relevant distances along the reaction coordinate RC4 is shown
in Figure 6C: the distances between the o-carbon and the leaving
(deprotonation) and incoming (reprotonation) protons, and the
distances between the nitrogen of the D-glutamate ammonium
group and both Cys74-Sy and Cys185-Sy atoms. In Figure 6C,
it can also be verified that the region where the two C—H
distance curves cross each other corresponds nearly to RC4 =
0 A and that this crossing distance is long enough to say, as
already inferred from Figure 7, that deprotonation has almost
been completed before the reprotonation begins. Before that
region, for RC4 values from —7 to —3 A approximately, the
increase of potential energy along the CPR path (see Figure
6A) correlates with a decrease in distance between the incoming
proton and the o-carbon, as shown in Figure 6C. In any case,
Cys185 is still very far from the substrate in that region, and as
the distance between the o-carbon and the leaving proton does
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Figure 8. Hydrogen bond interactions of the substrate in the active site of the enzyme.

not change, it is also obvious that the deprotonation process
has not begun yet. It is at around RC4 = —2.75 A that the
deprotonation process really begins because the H(leaving)—Ca
distance begins to increase (see Figure 6C). The final uphill
increase (just before the saddle point region) of potential energy
is noticeable in Figure 6A and correlates with the deprotonation
process. After the saddle point region, when the substrate is
being reprotonated by Cys185 (at RC,,,; = 0 A), RCyp is already
at 2 A. At this point RC4 is 2.0 A, and Figure 6C shows that
whereas the formation of the new Co—Ho bond is quite
advanced, the original Ho—Ca is fully broken. So, the analysis
of the results shown in Figures 6 and 7 permits us to conclude
that deprotonation precedes reprotonation. So then, the enan-
tiomeric inversion occurs in a concerted manner, although highly
asynchronic. Interestingly, the theoretical result obtained recently
by Stenta et al.** for the enantiomeric inversion between L- and
D-proline catalyzed by the related enzyme proline racemase
indicates a highly asynchronic concerted process, which con-
firms the hypothesis that Albery and Knowles wrote from the
results of their work on this enzyme.*> Altogether, these results
support the idea of a common mechanism for the PLP
independent enzymes.®

BsRacE does not use any cofactor such as PLP to acidify
the Ho.. This cofactor attaches the ligand by acting as an electron

(44) Stenta, M.; Calvaresi, M.; Alto, D.; Garavelli, M.; Bottoni, A J. Phys.
Chem. B 2008, 112, 1057.
(45) Albery, W. J.; Knowles, J. R. Biochemistry 1986, 25, 2572.
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sink. To produce a similar effect, the glutamate racemase
enzyme is able to create a strong hydrogen bond network (see
Figure 8) solvating the substrate a-carboxylate, which aids
delocalizing the negative charge developed once the Ha has
been abstracted (remember that o-carbon deprotonation precedes
reprotonation). This nascent negative net charge is also stabilized
by the neighboring positive charge of the ammonium group of
the substrate. Quite interestingly, in Figure 6C it can be seen
that the increase of the distance between the D-glutamate
ammonium group and the Cys74-Sy atom parallels the evolution
of the Ha—Coa distance corresponding to the deprotonation
process, while, in turn, the decrease of the distance between
the D-glutamate ammonium group and the Cys185-Sy atom
parallels the evolution of the new C—H distance corresponding
to the reprotonation process. That is, the ammonium group of
the substrate moves during the deprotonation/reprotonation
processes as the negative net charge migrates from Cys74 to
Cys185, accompanying and facilitating both proton transfers.
The crossing of the two distances of the D-glutamate ammonium
group to the Cys74-Sy and the Cys185-Sy atoms appears very
close to the crossing between the two C—H distances.

The pK, values of the cysteines are also perturbated by the
desolvation effect caused by this buried active site. The Cys74
residue is the fifth most desolvated residue of the protein with
a ApK, of up to +3.4 units (according to the PROPKA results).
Thus, the acidity of Cys74 is decreased to deprotonate the Ca.
The acid/base behavior of Cys185 depends in a very important
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Figure 9. Energy profile of the protonation of Cys185 by His187.

way on its interaction with His187. This residue stabilizes the
thiolate by charge—charge interaction and by hydrogen bonding
to it with both the imidazole side chain and the NH backbone.
These interactions acidify Cys185 facilitating its proton donor
role.

3.4. Reprotonation by His187. During the enantiomeric
inversion the nascent negative net charge that appears in Cys185
attracts His187 (which is protonated) up to a distance of 2.90
A between the Sy atom of Cys185 and the N atom of His187.
From this distance the reprotonation of Cys185 by His187 can
easily take place as shown in Figure 9, where the corresponding
potential energy profile on the QM(AM1)/MM PES as a function
of the reaction coordinate RCyc is shown. The potential energy
barrier height of the reaction is only ~4 kcal/mol, and the
product is stabilized by 16 kcal/mol. Thus, this reprotonation
is thermodinamically favored, as Cys185 is a less acidic residue
than His187. The kinetics and thermodynamics of this step are
favored by the migration along the proton transfer of the
ammonium group of the substrate from Cys185 to His187. The
distance between one of the protons Ht of the D-glutamate
ammonium group and the nitrogen from the histidine that
donates the proton to Cys185 decreases from 4.1 to 2.7 A,
greatly stabilizing the product corresponding to this step.

The acid/base behavior of Cys185, as explained before, highly
depends on its interaction with His187. pK, calculations from
selected snapshots along the Molecular Dynamics simulations
clearly show this dependence. When the His187—Cys185
interaction is lost (Cys185-Sy—His187-N0 distance of 5.87 A),
the pK, value of Cys185 is 12.11. In contrast, a structure with
the His187 at a distance of 3.59 A decreases the Cys185 pK,
up to 5.44 units. According to the PROPKA calculations, Tyr188
could as well perturb the pK, of Cys185 (A pK, of 1.37 units),
but we think that the major role of this residue is more structural
than catalytic, as this is not a conserved residue and the sequence
alignment shows that it can be substituted by a phenylalanine,
another residue with an aromatic ring. Likewise, the next residue
is a strictly conserved Prol89 that marks a change in the
secondary structure of the enzyme, ending the loop where this
part of the active site belongs. Thus, it also seems to play a
structural role. His187 also undergoes a strong desolvation
effect. As it is a residue supporting a positive net charge, this
fact provokes an acidifying effect (ApK, of —2.54). Thus, the
enzyme pocket enhances the proton donor role of this residue.
Apart from this, as mentioned above, the pK, of His187 depends
on the salt-bridge interaction that it forms with an strictly
conserved residue, Glu153. This glutamate only interacts with
His187, and its function is to keep His187 situated close to
Cysl85.

4. Conclusions

In this paper we have carried out Molecular Dynamics
simulations with a Molecular Mechanics force field and then a
quite complete exploration of the QM/MM potential energy
surfaces to study the D-glutamate to L-glutamate reaction
catalyzed by BsRacE. This reaction actually occurs efficiently
in spite of the fact that it requires the deprotonation of the
o-carbon of the substrate, whose pK, in aqueous solution is
greater than 20, and the existence of deprotonated cysteines in
the active site which are able to act as catalytic bases.

It is impossible to explore all the mechanisms one could
imagine for a chemical reaction, especially for an enzyme
reaction. However, using chemical intuition and all the existent
previous information, one can select the most reasonable
possibilities and explore them. In this case, the Molecular
Dynamics simulations we have presented here show that the
arrangement and the capacity of motion of the different residues
around the substrate in the active site suggest no other than the
mechanism we have calculated in sections 3.2—3.4. In addition
this mechanism agrees with the mechanism proposed by Glavas
and Tanner®®'® who have suggested that the two cysteines in
the active site are neutral thiols most of the time and that an
aspartate and a histidine assist the catalytic thiols in acting as
bases. Our results have shown that this mechanism is plausible,
and we provide here a detailed molecular view of it. The whole
process involves four successive proton transfers that occur in
three different steps. In the enzyme/D-glutamate Michaelis
complex both cysteines (Cys74 and Cys185) are not deproto-
nated, but neutral, as it corresponds to the normal pK, of a
cysteine. All the residues undergo important fluctuations of their
position with time, but the interactions and distances evolve in
such a way that the Michaelis complex is already prepared to
make the first proton transfer (from Cys74 to Asp10) possible.
This way, a deprotonated Cys74, which has to act as a catalytic
base, is generated. In addition, the arrangement and the mobility
of the different residues around the substrate are adequate to
assist the subsequent three proton transfers.

Once Cys74 is deprotonated the enantiomeric inversion of
the o-carbon of the substrate happens. This second step involves
two proton transfers (from the o-carbon to Cys74, and from
Cys185 to the a-carbon), which occur in a concerted manner,
although highly asynchronic: the deprotonation of the a-carbon
clearly precedes the reprotonation. Finally, in the third step, the
nascent deprotonated Cys185 is protonated by His187. In other
words, Cys185 does not remain as a stable deprotonated species
either.

The global process consists of the interconversion of D-
glutamate to L-glutamate and the transfer of a proton from
His187 to Aspl10, the two cysteines in the active site beginning
and finishing as neutral species. The whole reaction turns out
to be an exoergic process, as a consequence of three successive
exoergic steps. An important point has to be clarified here.
Starting form the free Enzyme (E) in solution and the free
D-glutamate (Sp) in solution, the actual, complete racemization
reaction takes place in a number of successive steps:

O 2 , 3 , @
E+S,— (ESp) — (ESp) — (ES)) —

G, ©)
(ES,)—E +S,—E+S,

Step (1) is the association reaction of free enzyme and
D-glutamate to form the first Michaelis complex. Step (2) is
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Figure 10. Complete migration of the ammonium group. (A) Interacting with Aspl0 at the begining of the global reaction. (B) Interacting with Cys74 at
the begining of the enantiomeric inversion. (C) Interacting with Cys185 after the enantiomeric inversion. (D) Interacting with His187 at the end of the global

reaction.

the first proton transfer: from Cys74 to AsplO (described in
Figure 4A). Step (3) is the enantiomeric inversion itself
(described in Figures 5 and 6), leading to a complex where the
substrate is already L-glutamate (S;). Step 4 is the reprotonation
of Cys185 by His187 (described in Figure 9). Step 5 should be
the release of L-glutamate. In this step the free enzyme obtained
(E") is quite different from the initial E. E' is the result of the
evolution of the enzyme (while forming the complex with the
substrate) along the reaction, trying to favor the transformation
from D-glutamate to L-glutamate. As a consequence, the
differences between E and E' are important and involve changes
in the protonation states of several residues and conformational
changes. Finally, step (6) regenerates the initial free enzyme
(E). Since Sp and S, substrates are enantiomers, the process in
all (that is, including all the 6 steps) has to be thermoneutral.
However, in the present paper we have just studied steps 2—4,
and our results are that (2) + (3) + (4) (note that (ESp) and
(ES;) are not enantiomers at all) leads to an exoergic process
(that is, in terms of potential energy). This result is compatible
with the fact that the experimental results show that the k.,
(related to steps 2—4) corresponding to both isomeric directions
are clearly different (ke p & kear, 1) in many of the glutamate
racemases,”” including the one from Bacillus subtilis.*®

One of the most important reasons for which steps 2—4 are
exergonic is the key role of the positively charged ammonium
group of the substrate along the reaction, which introduces very
important electrostatic interactions. This ammonium group
initially interacts through a salt-bridge interaction with the
ionized AsplO, efficiently contributing to its stabilization.
Afterward, this ammonium group accompanies each proton
transfer in a concerted and coupled way, but moving itself in
the opposite direction. So, the nascent negative net charge that
is created on the corresponding proton donor atom (except in

(46) Ashiuchi, M.; Tani, K.; Soda, K.; Misono, H. J. Biochem. 1998, 123,
1156.
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the third step, where the proton donor becomes neutral) is
stabilized by the interaction with the ammonium group, the
corresponding proton transfer being strongly facilitated. This
way, this ammonium group makes a complete migration from
Aspl0 to His187 (see several snapshots of this movement in
Figure 10). In some sense, it can be said that the catalytic action
of BsRacE glutamate racemase is driven by its own substrate
in the reaction, D-glutamate. This could be a new and interesting
example of the extreme complementarity and synergy between
the enzyme and the corresponding substrate, which likely occurs
in many other enzyme reactions.

At this point one could wonder why a proton of the positively
charged ammonium group of D-glutamate is not transferred to
Aspl10 before the first proton transfer from Cys74 to Asp10 or
to Cys74 before the enantiomeric inversion. Any of these two
proton transfers from the NH group would stop the reaction
mechanism of the enzyme. However it has to be realized that
the NH7 group of glutamic acid is not as acidic as it would
seem at first glance. In aqueous solution its pK, is 9.5, whereas
the values of the aspartic acid and cysteine side chains are 2.0
and 8.4, respectively. On the other hand, inside RacE the NH7
group forms additional hydrogen bonds with Thr186 and Ser11
both when it is close to the carboxylate group of Aspl0 or to
the sulfur atom of Cys74. Any proton transfer from the NHi
group would eliminate the positive charge of the group, so
weakening the other two hydrogen bonds. For all those reasons,
proton transfer from the NH{ group to either Asp10 or Cys74
is not favorable.

Thus, we have arrived at a consistent proposal (very well
supported by the work of others and our prior one) about a
mechanism for this target biochemical process, discussing the
role of the most relevant residues. However it is clear that an
extensive sampling of the configurational space is required for
meaningful determination of the energetics and rate of enzymatic
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reactions.”” So, once the potential energy surface has been
characterized, the next step is the introduction of the temperature
effect and the free energy calculations, which are now being
carried out in our laboratory.
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