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Computer simulations on a QM/MM potential energy surface have been carried out to gain insights into the
catalytic mechanism of glutamate racemase (Murl). Understanding such a mechanism is a challenging task
from the chemical point of view because it involves the deprotonation of a low acidic proton by a relatively
weak base to give a carbanionic intermediate. First, we have examined the dependency of the kinetics and
thermodynamics of the racemization process catalyzed by Murl on the ionization state of the substrate
(glutamate) main chain. Second, we have employed an energy decomposition procedure to study the medium
effect on the enzymesubstrate electrostatic and polarization interactions along the reaction. Importantly, the
present theoretical results quantitatively support the mechanistic proposal by RiosJetaah. [Chem. Soc.

200Q 122 9373-9385] for the PLP-independent amino acid racemases.

1. Introduction Glul47

The natural amino acids present in proteins are of tfm |
and show a high degree of stereochemical integrity. The ¢
o-carbon (@), the estereogenic center, cannot easily invert its (|3
configuration because of the low acidity of theproton (Hx). /
Some enzymes though, are able to change the stereochemistry \ 9
of the amino acids by first breaking the stable-€Ha bond INH /\* Y o
and then obtaining the corresponding enantiomer obtfoem 1 -3 O=¢

D-Amino acids can be found in vertebrates including humans. dy—c
But they are best well-known as an essential components of €¥s70 Ho ‘\/ H—s—C
peptidoglycan, the rigidyfing component of the bacterial cell NH T“2 c=
wall that protects the organism from osmotic lysis-Amino
acids do not need to be synthesized and are obtained from the | \
more abundant-amino acids thanks to the racemase enzymes c=o
function. Glutamate racemase (Murl) is one of these enzymes. |
It provides bacteria with a source pfglutamate by catalyzing e
the interconversion of the glutamate enantiomer&lutamate D-Glutamate
is one of the components of peptidoglycan, and for this reason Figure 1. Schematic representation of the enzymatiproton abstrac-
the inhibition of Murl is an attractive target for the design of tion/reprotonation mechanism in the active center of Murl.

antibacterial agents. ° o

The glutamate racemase mechanism involves the deprotona- Il o o Il s o
tion of the substrate at theoQposition by an anionic cysteine ~ HN—CH—C—0 HN—CH—C—0 HaN——CH—C——O0H
residue, forming a carbanionic intermediate, followed by a CHy e b
reprotonation in the opposite stereochemical sense by another | | 2
cysteiné=8 (see Figure 1). Though most of the amino acid CH, CHy CHy
racemases use the cofactor pyridoxal phosphate (PLP), Murl . | |
does not use any cofactor nor metal ion to achieve the difficult T_O T=° ¢=0
abstraction of the B and it is then classified as a PLP- o o o
independent amino acid racemase, together with the enzymes © © ©
aspartate racemasand proline racemasé:12 Understanding ANIONIC ZWITTERIONIC CATIONIC

the reaction mechanism of Murl is a challenging task from the Figure 2. Schematic representation of the three possible ionization

chemical point of view because it involves the deprotonation States of glutamate main chain.

of a low acidic proton by a relatively weak base. proton is highly dependent upon the ionization state of the main
One of the main functions of the enzyme should be to acidify chain of the amino acid. As shown in Figure 2, there are three

as much as posible theotof the substrate. The acidity of this  possible ionization states for the amino acids main chain, which
" Part of the special issue “Donald G. Truhlar Festschrift” we have nlamed.as anionic, zwitterionic, or cationic, on the basis
* Departament de Qmica. of the main chain charge. In any proposal about the racemase
8 Institut de Biotecnologia i de Biomedicina. catalytic mechanism we should consider the differential con-
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Cys178H 7. Cys178H Cys178H substrate and (2) to enhance the intermediate intramolecular
Eg;l;;‘;szEgl;s::)ZH:Zw“;ctivation E‘é‘y“s{,‘::_"““"“i‘ stabilization by providing a less shielded environment in
comparison to water. In this work, we will quantitatively
deprotonation examine both proposals in the case of Murl enzyme by carrying
Cys178~ protonation Cys178H out computer simulations on a model of the enzyraebstrate
Eg;:}l;;{{ Sprodicts <— '"17‘:)7}{' * Entermediate complex that has been obtained from a previous study of the
ys

binding of the ligand in the enzyme active sifelhe results of
Figure 3. Schematic representation of the catalytic mechanism that study indicate that there exist at least three different modes
proposed by Rios et &t for the PLP-independent amino acid racemases. of binding of the substrate with a zwitterionic main chain in
the active site of Murl. From the three main modes of binding,
we have been able to estimate the most suitable for reaction.
In this paper we will first examine the reactivity of the
substrate with a zwitterionic or a cationic main chain, by taking
as starting structures (a) the previously obtained model of the
substrate-enzyme comple® and (b) a second structure that
has been built from the first one by transferring the proton of
the enzymatic residue Glu147, which was modeled as protonated
in our previous study, to the substrate main chain carboxylate
group (see Figure 1). It is worthy to note that the hydrogen
bond interaction between Glu147, which has been proposed to
play an important role in binding and/or catalysisand the
substrate is maintained along our previous molecular dynamics
simulation!® From these two starting structures, we have
simulated the racemization reaction on a hybrid potential energy
: surface. As a third possibility, we did preliminary simulations
Figure 4. Comparison of the main chain charges in the zwitterion ona thim! mOd_eI to e?(amine the reactivity of the substrate with
(left) and in the intermediate (right). an anionic main chain, but we were not able to reproduce the
racemization process. These initial unsuccessful results, together
centration and reactivity of the three species in the enzyme activewith the experimental background provided by the works of
site. At the pH optimum of\. pyrophilusMurl(pH 8.5) the Richard4-16.1920and Tannef; 82123 discouraged us to further
most abundant ionization state is the zwitterionic main chain. Study this model. In contrast, the results of Itz and Bruicé?
Moreover, deprotonation from theo(f either the zwitterionic  gyggest that this might be a reactive state of the substrate.
or the cationic main chain species to yield an ylide will be  second, we will address the proposal of the preferred binding
favored compared to the formation of the carbanion from of the intermediate ylide by the enzyme in comparison to water
deprotonation of the anionic main chaln spededf these '['WO by means of an energy decomposition procedure that was
favored processes, the deprotonation from the cationic main griginally developed for the study of small organic compounds
chain is further activated by the loweKpof the Ho proton in in solutior?> and has been used recently to study electrostatic

this state; however, to achieve this ionization state, a low pH interactions between a substrate or an inhibitor in an enzyme
environment is needed, which is not suitable for the reaction 4qtive sijte26:27

because the catalytic basis (cysteines) will be protonated.
Nevertheless, Rios et ﬁv.lehavg proposed a general mechanism 5 Methods and Simulation Details
for the PLP-independent amino acid racemase enzymes that
proceeds through the cationic main chain ionization state (see 2.1. Initial Setup. 2.1.1. Models of the Enzym&igand
Figure 3). According to this mechanism, the enzyme binds the Complex.n a previous work® we performed several classical
more abundant substrate species with a zwitterionic main chain.molecular dynamics simulations to test different modes of
Then the enzyme activates the bound zwitterion toward the binding of the substrate-glutamate in its zwitterionic ionization
formation of the ylide intermediate by a proton transfer (from state in the enzymatic active site. We showed there that the
our simulations the proton would come from the residue Glu147) model that we called-Glu-modeled would be a good starting
to the main chain carboxylate, and then the deprotonation/ point to begin a reactivity study.
protonation mechanism by the catalytic thiolate/thiol cysteines  From the previous 1.2 ns classical molecular dynamics
would lead to the enantiomeric conversion. Moreover, they argue simulation of thep-Glu-modeled model, we calculated in this
that in comparison to water, the enzyme binds the ylide paper the average position of the heavy atoms of the ligand
intermediate, generated after the.Heprotonation, more tightly ~ and the protein. The system was reprotonated using the HBUILD
than the substrate amino acid zwitterion, because the morefacility in the program CHARMNME® Then, it was minimized
desolvated active site of the enzyme enhances the intramoleculausing the ABNR algorithi#¥ for 20 steps to relieve bad contacts.
interaction between the more closely spaced opposite chargesThe final protein structure was solvated with a previously
in the former species. In Figure 4 the location of the opposite equilibrated box of water molecules, centered at the geometric
charges in the two species can be compared. This proposal isenter of the proteinsubstrate complex. The initial dimensions
supported by the crystallographic analysis of Murl which shows of the box were 100.24& 69.55x 62.78 2. Water molecules
that the substrate analogue glutamine is bound at a deep pockethat were within 2.2 A of any non-hydrogen atom of the protein
sequestered from the solvérit. or ligand were removed. The resulting system had a net charge
Thus, Rios et al® propose two main roles of the PLP- of +14, which was neutralized by replacing those waters
independent racemases: (1) to activate the bound zwitterionstanding in high potential energy zones and 20 A away from
toward enolization via the proton transfer from an enzymatic the active site by chlorides. Subsequently, the anions and waters
residue to the carboxylate group of the main chain of the (the solvent) were minimized for 100 steps, followed by a
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restrained minimization of all the system, where a harmonic  2.1.3. Reaction Coordinates and Optimization DetaRe-
force of 10 kcal/(mol &) was applied to the backbone atoms duced potential energy surfaces for the racemization of both
of the protein. the zwitterionic main chain and the cationic main chain
To equilibrate the solvated protein system, we first carried 9lutamate have been generated to study the dependence of the
out mo'ecular dynam|cs S|mu|at|ons us|ng the a"_atom energetICS Of the enantiomeric interconversion on the lonization
CHARMM22 force field?® to represent the protein and the State of the glutamate substrate.
substrate, and using the three-point-charge T¥P8odel for As the chemical reaction is composed of two elementary
water. The system was heated gradually without restraints from Proton transfers, the process can be described by a two-
0 to 300 K in 30 ps; then it was equilibrated for 70 ps using dimensional (2D) potential energy surface. The two coordinates
classical molecular dynamics in the isothersrigbbaric en- used in this study to define the 2D-PESs are the antisymmetric
semble (NPT) at 1 atm. These calculations were carried out combination of the distances involving theaxHleprotonation
using periodic boundary conditions with the CRYSTAL module from the Gx by the Cys70 sulfur,
of CHARMM version c29, which allows us to reduce the RC1= B 1
computational burden by only generating the images of those = Fco—Ha ™ MHa-c70s @)
atoms in a given cutoff. In the present study a cutoff of 11.5 A . . o . . .
was used for the nonbonded interactions along with a switch and the _antlsymmetrlc combination of distances involving the
function in the region from 10.5 to 11.5 A to smoothly reduce Protonation of the @ by the Cys178 SH.
the interaction energy to zero. The nonbonded pair list and the RC2= _ 2
image list were built on the basis of group separations, and were = leiresy ~ Ty —ca ©)
updated every 30 and 120 steps, respectively. The relative

dielectric constant was set to 1. The equations of motion were e have also used a one-dimensional (1D) reaction coordi-
propagated using the Leap-Frog integrator with a time step of nate that takes into account both processes (deprotonation and

1 fs and with the extended system constant pressure angProtonation) at the same time to calculate 1D potentials energy

temperature algorithm implemented in CHARMM. All bond ~ Profiles.
lengths involving hydrogen atoms were constrained by the
SHAKE algorithm3?

The last configuration after the equilibration of the system  The 2p-PESs and 1D-potentials have been obtained by a
at 300 K has been used as the starting configuration of the series of geometry optimizations of the mobile part of the system
Michaelis complex to initiate the exploration of the PES. To (see below) in the presence of harmonic restraints applied on
reduce_ the compgtaﬂonal cost, the water box was replaced bythe reaction coordinates (RC1 and RC2 or RC4, for the 2D-
a preV|0US|y equ"lbrated water Sphere of 24 A radius centered PESs and 1D_pr0fi|eS, respective|y) used to drive the racem-

at the Gt The system was then minimized with a gradient jzation process. The RESD module in CHARMM was used to
tolerance of 0.001 kcal/(mol A) without any cutoff for the define harmonic restraint terms of the form

nonbonded interactions. From the resulting configuration we

built the PES for the racemization of the substmiglutamate 1 2
with a zwitterionic main chain. Vresp = QkRESD(RC — RCrep) 4)

RC4= RC1+ RC2 ©)

The initial configuration to calculate the PES for the _ o )
racemization of the substrateglutamate with a cationic main ~ Wherekgesp is the restraining force constant, which was set
chain was the result of transferring the proton of the Glu147 equal to 2500.0 kcal/((mol A. The quantity RGer is the

residue to the main chain carboxylate of the glutamate ligand refe_rer\ce_value of th_e reaction cpordinate RC at each energy
in the previous minimized structure. minimization calculation. A step size of 0.1 A was used during

the 2D and 1D scans. For each of the points defined by fR€C1

; P s : ; RC2ep) or RC4&ker @ minimization was carried out with a
of the substrate with a zwitterionic or a cationic main chain, a : X
OM/MM method®3 is needed to describe the bonds that gradient tolerance of 0.001 kcal/(mol A) and with the ABNR

should break and the bonds that should be formed for the algorithm. In these restrained minimizations the reaction

stereochemical change to take place. In the present study thecoordinate was projected out of the gradient. All the atoms 24

QM region has a total of 58 atoms, including the glutamate A away from the @ of the substrate glutamate were kept frozen

ligand, the two catalytic cysteine side chains, and other residue?nuor\'/negotcteo?Fl)ggizdfatl':oonrst;hg]ﬁg'r]st’)gnz d8: d?;?gzc\f[\ils:g aa”(;‘gg ?ftoof
moieties that are expected to significantly influence the reac- : ’

fion: Asp7, Glul47, and His180. The AM1 semiempirical 13 Awas used with a switching function from 12 to 13 A. The
method® was employed as the QM potential, nonbonded list was updated every 100 steps.

) In addition, the conjugate peak refinement (CPR) algorithm
The MM part of the system and the classical QM/MM a5 ysed to find a smooth reaction path and to localize
electrostatic interactions are described by the CHARMM22 force jniermediates and saddle points along that path. Selected

field._ The QM/MM frontier has been tre_ated with the generalized gt ctures of the 1D-potentials and 2D-PESs were used as input
hybrid orbital (GHO) method?® The five GHO atoms were  for the CPR algorithm. The mobile part of the system, the
Cys70, Cys178, Asp7, and His180carbons, and the Glul47  cytoffs, and the optimization criterion used in the CPR calcula-
f-carbon. tions were the same as in the RESD minimizations.

The QM/MM van der Waals interactions were recalibrated.  2.2. Electrostatic Interaction Energy between the Sub-
The CHARMM22 van der Waals parameters are expected to strate p-Glutamate and the Environment. 2.2.1. Energy
work between MM atoms belonging to this force field, but they Decomposition Methodin the present work, we have calculated
may not describe correctly a MM-QM(AM1) interaction. The the total electrostatic interaction energy between the ligand and
new parameters were obtained following the procedure describedtwo different media: the enzymevater and the aqueous
by Freindorf and Gad and applied recently by Ferrer et3l. solution, for two states of the ligand along the enzymatic

2.1.2. Potential Energy Functio.o examine the reactivity
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mechanism proposed by Rios et@Following the methodology ~ Energy (kcal/mol)
developed by Gao and Xfwe have treated the ligand quantum

mechanically by the semiempirical AM1 mett#®cand the 60 80

surrounding media (protein amino acids or/and solvent) has been 40 gg

represented classically with the CHARMNM22r the TIP3 a0 50

model, respectively. The electrostatic interaction energy between 6 gg

the ligand (QM) and the environment (MM) is 123
0

AEq = [W[HQy + Hopyn | ¥ 0 DR, WO0= 06

Eom+ E —Eoy (5 0.5
QM QM/MM EQM ( ) RC2 (f\} . :
whereW and WO refer to the wave functions of the ligand in -15 ; ®
the protein environment and in the gas phase, respectiiély. 2315 RC1 (A)

can be decompo_sed into a p(_armane_nt interaction enévgy ( Figure 5. Potential energy surface at the AM1/MM level for the
erm), co.rrespondlng to the interaction energy between an \,comization of the-glutamate substrate with a zwitterionic main chain.
unpolarized substrate molecule with the environment and a rc1 and RC2 are the coordinates associated to the deprotonation and
polarization energy AE,o) as a result of the change in the reprotonation processes (see eq 1 and eq 2).
molecular wave function in the enzyme or aqueous solution.
Thus, the total electrostatic interaction energy between the The zwitterion reactant complex in the enzyme was modeled
substrate and the environment is written as from the already equilibrated structure at 300 K using periodic
o boundary conditions in the NPT ensemble (see section 2.1.1).
AEy = ABperm + ABpg ®) Then, the ligand was defined as the QM(AML1) part of the
. . . ._system and the rest of the enzyme and solvent as the MM part.
In eq 6, the permanent interaction energy is computed using Th i inimized for 80 steps to adant it o th
the wave function of the substrate in the gas phase through the € system was minimized for ¢t steps to adapt it 1o the new
QM/MM electrostatic interaction Hamiltonian: p_otentlgl. Ne_xt, we carried out QM/MM mol_ecular_ dynamics
simulations in the NVT ensemble. The dimensions of the
AEpom= BlIJo“:|QMIMM|II,oD @) orthogonal water box were fixed at 100:269.6 x 62.8 A3,
which were the average edge lengths of the last 70 ps. The
The polarization energy can be further decomposed into a SyStem was heated until 358 K in 10 ps. Then it was equilibrated
polarization stabilization term (the increase in interaction energy for 125 ps of MD simulations. The average, of the ligand
of the substrate due to its new charge distribution in condensedwas taken from the last 25 ps. The intermediate ylide in the
phase) and a substrate electronic distortion term (energeticenzyme was modeled starting from the equilibrated structure

penalty for reorganizing the electron distribution): of the reactant complex at 300 K too. Thexhproton was
removed, the main chain carboxylate and the Cys70 were
AEpq = AEgp 1+ AEgg 8 protonated and the Glu147 was deprotonated. The intermediate

was defined as the QM subsystem and the rest as the MM patrt.
We have computed\Ee and its components for the four  Then, the whole system was minimized for 80 steps. We
systems: zwitterion reactant complex in water, intermediate gg|yated the system with the same orthogonal water box used
ylide in water, zwitterion reactant complex in the enzyme, and ¢ the zwitterion reactant complex. QM/MM molecular dynam-
intermediate ylide in the enzyme. ics simulations in the NVT ensemble. The system was heated

zwzit.tze.rzi(.)nsg:gtai?(lo?n%ﬁgzuitgtxggr Dﬁ;ag?vartl%dgllutgﬁlate until 358 K in 10 ps of MD simulations in the NVT ensemble.
: ; ' Then it was equilibrated for 125 ps, and the averagg, of
with a cubic box of 37.4027x 37.4027 x 37.4027 R of the ligand was taken from the last 25 ps.

previously equilibrated waters. Those waters with their oxygen
atoms closer than 2.2 A to the ligand were deleted. The solvent ) ]
was then minimized for 80 steps with the ABNR algorithm. 3. Results and Discussion
Classical molecular dynamics simulations were carried out with
periodic boundary conditions using the CRYSTAL module of
CHARMM. The system was heated until 358 K in 30 ps, and
then it was equilibrated for 100 ps using a time step of 2 fs
with the Leap-Frog integrator in the NPT ensemble. Next, the . )
ligand was described with the AM1 potential and the water the bottom right corner of the_ figure we can locate a reactant
molecules with the TIP3P model. The system was minimized 20n€ corresponding to negative values of RE1.6 A)_ and

for 100 steps with the ABNR method to adapt the ligand to the RC2 (-2.0 A). The optimized structures of this region cor-
new potential. The average length of the box edge in the last respond tq the reactant configuration with _the thlqlate group of
10 ps of the previous classical MD simulation was 37.6 A, and Cys70 pointing the i of p-glutamate with an interaction

it was used in the next QM/MM dynamics simulations in the distance of~4 A. The 2D PES exploration also leads to an
NVT ensemble at 358 K for 125 ps. We collected the average intermediate zone along a stepwise mechanism (RC1 1.5 A and
AEq of the ligand from the last 25 ps. To model the intermediate RC2 1.8 A), where we found that the optimized structures
ylide in water, the k proton was transferred from theoQo resemble the carbanionic planar intermediate formed after the
the main chain carboxylate. The same cubic box of 37.6 A edge deprotonation of the substrate by Cys70. However, the progress
was used to solvate the intermediate ylide. MD simulations in of that pathway to the structures found at positive values of
the NVT ensemble were carried out at 358 K for 125 ps, RC1 and RC2 (top left corner of Figure 5) does not lead to the
collecting the averag@AEg of the ligand from the last 25 ps.  racemization product but tends to revert to the reactant.

3.1. Energy Profiles.3.1.1 Reactiity of the b-Glutamate
Substrate with a Zwitterionic Main Chain Groufigure 5
shows the 2D-PES obtained when exploring the racemization
of the substrate-glutamate with a zwitterionic main chain. At
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. Figure 7. Conjugate peak refinement path for the zwitterionic main
RC4 (A) chain glutamate.
Figure 6. RESDs paths of the zwitterionic main chain carboxylate as
a function of the RC4 coordinate (see eq 3); pathl foe@lu toL-Glu
(red); path2 from.-Glu to b-Glu (green); path3 fronp-Glu to L-Glu

TABLE 2: Relevant Geometrical Changes and Relative
Energy during the Enantiomeric Conversion @-Glu =

(blue) L-Glu) Corresponding to the CPR Path for the Zwitterionic

: Main Chain Glutamate?

TABLE 1: Relevant Geometrical Changes and Relative zwitterionic

Energy (p-Glu in Paths 1 and 3 andL-Glu in Path2) during -

the Enantiomeric Conversion Corresponding to the RESD CPR _ Tta—c70s Ica—Ha MHy—ca feirss vy dihed(N.@,CA,0) energy

Pathst reactants 4.31  1.14 3.57 1.35 127.81 0.00

, TS1 149 188 337 133 137.45 40.73

MHo-C708 fca-ta Mry-ca fezes vy dGd(N.GLCA.O) energy —yner 136 290 326 1.32 164.59 33.17

Path1:p-Glu= L-Glu TS2 137 424 183 156 142.16 49.90
reactants 4.29 1.14 3.59 1.35 126.91 0.00 products 1.35 381 114 3.28 12444 —5.60
TS1 164 146 231 1.48 138.40 1.73 ) ) . . : .
Inter 135 392 294 1.36 173.21 ~6.19 aDistances are in A, dihedral angles in degrees, and energies are in
TS2 134 480 229 143 154.62 002 keal/mol.
products 1.35 3.82 1.14 3.26 12436 —42.97 . . . .

Path?: b-Glu = L-Glu carried out AM1 single point energy calculations on only the
reactants 1.35 3.82 1.14  3.27 124.44 0.00 QM subsystem, removing all the MM atoms and saturating the
TS1 145 234 149 161 141.54 3571 GHO atoms with protons at the structures of the RESD paths,
Inter 1.38 333 568 1.33 178.09 28.02  which has led to more converged profiles. Then, the conjugated
T;f)%ucts 14-4142 21-4114 63-85% 113324 1142%5532 _14%%69 peak refinement algorithi#f, implemented in the TRAVEL
P : : : : : : module of CHARMM has been used to obtain a unique path
coctants 431 1 1Zath333 g;f'“jgg'“ 107 83 00 through the potential energy surface without imposing any
Ts1 160 149 235  1.46 139.60 3g77 Predeterminate reaction coordinate. The resulting energy profile
Inter 136 360 317 1.33 175.87 3147 isshownin Figure 7 in front of the RC4 coordinate. Th_e RESD
TS2 134 481 230 143 155.59 4557 path3 was used as the input for the CPR algorithm as it presents
products 1.35 381 114 328 124.49  -7.12 a smoother energy profile. The CPR was guided through four

2Distances are in A, dihedral angles in degrees, and energies in kcal/Structures corresponding to the first, the 50th, the 75th and the
mol. last of the RESD path3. With less structures the path did not

converge.

From this negative result we have concluded that the This method gives a good estimation of the saddle points
minimization procedure used to define a reduced 2D-PES is and intermediates (stationary points) of an enzymatic reattion.
not adequate to follow the Murl reaction mechanism with a Table 2 summarizes the geometrical features and energetics of
zwitterion substrate bound in the active center of the enzyme. these approximate stationary points. As shown in Figure 7, the

In contrast, the restrained minimizations at different points racemization of the substrateglutamate with a zwitterionic
of the more flexible reaction coordinate RC4 (see eq 3) succeedmain chain proceeds via a stepwise mechanism that goes first
to localize a minimum energy path for the racemization of the through the saddle point (40 kcal/mol) of the abstraction of the
zwitterionic b-glutamate in the active site of Murl. In fact, we  Ha of the substrate by the catalytic base Cys70, to arrive at a
have calculated three different paths by driving the reaction planar intermediate that is reprotonated by Cys178 in a chemical
coordinate from reactants to products and repeating back andstep with a 50 kcal/mol barrier height with respect to reactants.
forward the 1D-PES exploration. As shown in Figure 6, the Thus, the two-step mechanism has a global barrier of 50 kcal/
obtained potential energy profiles, which we have named RESD mol, which is clearly too high to even be compared to the kinetic
pathl, RESD path2, and RESD path3, do not converge. This isdata for the Murl reactioAOn the other hand, it has to be noted
a well-known problem due to the use of a too simple reaction that the main chain carboxylate group of the ylide coming from
coordinate to study the reaction mechanism of a complex the zwitterionic reactant has a very high basicity, in such a way
system. Table 1 gives the most relevant bond distances and thehat its protonation should occur prior to the reprotonation by
relative energies of the maxima and minima located along the the Cys178. Anyway, the reaction coordinate that has been used
three RESD paths. We think that the energetic differences does not lead us to explore this possibility.
between the potential energy profiles is mainly due to confor-  3.1.2. Reaciiity of thep-Glutamate Substrate with a Cationic
mational changes of the degrees of freedom that are not directlyMain Chain Group.Figure 8A corresponds to the 2-D PES
involved in the reaction. To confirm this hypothesis, we have obtained by using the RC1 and RC2 reaction coordinates to
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Energy (kcal/mol) TABLE 3: Relevant Geometrical Changes and Relative
Energies during the Enantiomeric Conversion 6-Glu =

A) 90 L-Glu) along the CPR Path for the Cationic Main Chain
120 Glutamate?
60 100 .
30 80 cationic
0 % CPR  rHo- c70s ca—Ha THy-ca Tci7es- vy dihed(N,Gx,CB,0) energy
20 reactants  2.77 117 3.27 1.37 126.62 0.00
0 TS1 151 177 313 1.36 143.70 21.50
1 == Inter 135 238 252 137 175.93 21.60
0-50 TS2 134 283 184 151 139.89 22.80
RC2 (f\) 05 products  1.38 278 1.19 2.29 126.32 2.20
= aDistances are in A, dihedral angles in degrees, and energies are in
-15
D ; kcal/mol.
RC1 (A
B ) 25 T T T T T T
20 ]
3
E
= 15 1
2
)
o 10 1
2
& Figure 9. Comparison of the zwitterionic (thick lines) and cationic
5 i glutamate intermediates (licorice).
0 points localized by the CPR algorithm are summarized in Table
3 3. The comparison between Tables 2 and 3 indicates that the
RC4 (A) ionization state of the main chain of the substrate determines

Figure 8. (A) Potential energy surface at the AM1/MM level for the mainly the energetics bUt. alslo to a less extent the geometric
racemization of the-glutamate substrate with a cationic main chain. changes along the racemization process. In fact, in contrast to
RC1 and RC2 are the coordinates associated with the deprotonationthe CPR profile found for the reactant with zwitterionic main
and reprotonation processes (see eq 1 and eq 2) and CPR path ighain, we cannot distinguish in terms of energy between the
superimposed on the PES. (B) CPR path in front of the RC4 coordinate stryctures called TS1 and Inter in Table 3. That is, the CPR
(see eq 3). results suggest that the reaction proceeds through a unique
maxima when the reactant has a cationic main chain. However,
in this paper, we have not characterized any stationary point,

Ch?‘t't” c_:arl.:)oxyh.c gtroup.tlrtl COP;[LaSt t% t?e trestlﬁlt fsérédeor the and thus, we cannot predict if there is one, or two saddle points
ZWIIeTionic lonization state ot he substrate, e PTOCE" 4 the very flat intermediate region in Figure 8. Figure 9

dure applied to scan these two coordinates leads to the formation

of L-glutamate through a stepwise pathway with a 23 kcal/mol compares the geometrical features of the active site at the two
barrier height. As described for Figure 5, on the 2D-PES different intermediates (structures named Inter in Tables 2 and

. . : — 3) obtained with the CPR algorithm for the racemization of
obtained we can locate three different regions, the reactant region . . o .- .

. . - D-glutamate with the two different (zwitterionic or cationic) main
at negative values of the reaction coordinates (RC1 and RC2

~~2 ), the imermediate region at values of RCL and Rez {EF PRI AR, T8 B R b T e bstate and
close to+1.5 and—1.5 A, respectively, and a product region

at the top left corner (RC1 and RG2L.5 A). Importantly, the the active site residues are common for the two intermediates,

racemization process has been accelerated by almost 30 kcal‘/%md th_'s ;uggest that f[he_ lowering of the barne_r height for
mol by the protonation of the carboxylic main chain group of racemization of the cationic substrate comes mainly from the

the substrate. Despite the low QM level used in the present acidification of the Ht upon protonation of the carboxylic main

study, which prevents us from giving definitive conclusions, Chain group of the substrate.

this result quantitatively supports the proposal by Rios ¢ al. 3.2. Binding of the Intermediate Ylide. 3.2.1. Differential

that one of the catalytic roles of the PLP-independent racemasedBinding of the Intermediate Ylide by the Enzyme in Comparison
is to activate the amino acid substrate toward enolization via a t0 Water.The two reaction pathways obtained in the previous
prior proton transfer from the enzyme to the carboxylic main Section, which correspond to the racemization of a zwitterionic
chain of the ligand. In addition, the CPR algorithm has been or cationico-glutamate, proceed to an ylide intermediate. From
used to search a smooth minimum energy path on the QM/ the chemical point of view, the two localized intermediates only
MM PES, starting from two structures on the 2D-PES, which differ in the ionization state of the main chain group. Once we
belong to the reactant, and product region (the first and the lasthave theoretically assessed the mechanistic proposal of Rios et
structure generated on the PES). In this case, the CPR path easilgl.*® which indicates that the most reactive species is the cationic
converged with only these two structures. The CPR path is substrate, we examine here the effect of the medium on the
shown superimposed on the QM/MM PES in Figure 8A, and relative stabilization of the resulting ylide intermediate with
as a function of the RC4 coordinate in Figure 8B. The respect to the zwitterionic reactant complex, which is the most
geometrical features and energetics of the approximate stationaryabundant ionization state at neutral pH.

drive the racemization of the substrate with a protonated main
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A(AE.)E2 -200 . .
Cys178H (AEe)R=r Cys178H 20| |
E‘“I‘WH :Zwitterion 1u147™: 1y termediate enz
Cys70~ Cys70H 220} l AAEL)"
E’ -230 1
§ -240 1
— — ~ I 6g—enz
A(AEL)F™™ A(AE,);T™ < -250 A(AEq)p
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0 0 < I
o o o o | o
H;N—CH—C—0 HyN— C——C—OH -280 |
| d | -290 - .
Ch A(AEa)R.; CH, Zwitterion (R) Intermediate ylide
CH oH Figure 11. Average results oA(AE,)Y " and A(AE,)X ™ from
? 2 the Zwitterion and the Intermediate ylide QM/MM dynamics (see eq
c—o0 c—0 9).
(I, | TABLE 4: Comparison of the Electrostatic Interaction
<] 8 Energies (kcal/mol) and Their Components for the
ZWITTERION(aQ) INTERMEDIATE (aq) Zwitterionic Reactant Complex and the Intermediate Ylide
Figure 10. Schematic representation of the thermodynamic cycle for Both in Water and in the Enzyme

calculating the difference in the electrostatic energy cost of transferring water AEe  AEpem AEpo AEstay  AEgist
the reactant from water to the active site of Murl relative to the Zwitterion reactant —270 —249 —21 (8%) —40 20

intermediate ylide (see eq 9) intermediate ylide —229 —211 —17(7%) —34 17

The most standard procedure to theoretically examine the AABR, 41 38 4 (10%) 6 -3
differential binding of the zwitterionic reactant complex and enzyme AEs AEpem  AEpy  AEsw AEg
the intermediate ylide in the active site of Murlis to use afree ——~ =~ —— = 6%) —27 13
energy S|mulat|on techn[que on a molecular mechanlcs PES. intermediate ylide —214 —205 —9(4%) —19 9
With t_hese tf_echnlques it is possible to quant|Fat|ver determl_ne A(AE)™ 9 4 5 (55%) 8 —4
the differential free energy cost of transferring these species
from water to the enzyme environment by simulating the enzyme environment. That is, the 41 kcal/mol of differential
enolization reaction in both media. Alternatively, in this work, stabilization that favors the reactant in water is diminished to 9
we have estimated the relative stabilization (in terms of kcal/mol in the enzyme. This result supports the findings of
electrostatic interaction energies ligand-environment) of the ylide Williams et al*! These authors have estimated a ca. 100 kcal/
intermediate in comparison to the zwitterionic reactant complex mol difference in theo-NMes™ substituent effect on oxygen
in each media, as schemed in Figure 10. The result of the deprotonation of glycine in the gas phase and water. They
calculation gives the difference in the electrostatic energy cost propose that only a small part of the ca. 100 kcal/mol differential
of transferring the reactant from water to the active site of Murl stabilization of the intermediate ylide in the gas phase compared

in comparison to the intermediate. with water needs to be recovered during enzyme-catalyzed
formation of a zwitterionic enolate (ylide) at a nonpolar active

A(AEQDR ™ — A(AE)! ™= A(AE)R. — A(AERY site for this to make a significant contribution to rate acceleration
(9) for the enzymatic reaction. For example, they partially or entirely

correlate this effect to the ca. 19 kcal/mol stabilization of the

Importantly, the method used is based on the QM/MM approach transition state for deprotonation of proline by another PLP-
and includes the effect of the electronic polarization of the ligand independent racemase, proline racemase. In the case of Murl
by the protein-aqueous environment. The computational resultsenzyme, the analysis of the second column of Table 4 indicates
obtained recently from the application of this method to the that the differential stabilization between the reactant and the
study of ligand-protein interactions show that explicit treatment intermediate is mainly due to the permanent interaction energy
of the polarization effect on the ligand is importdht’ term (see eq 7 in the 2.2.1 section), for which the difference

Figure 11 indicates that in comparison to the reactant, the between the values corresponding to the two species is reduced
ylide intermediate is more stabilized by the enzymatic environ- from 38 to 5 kcal/mol. In contrast, the polarization term (third
ment than by the aqueous solution, which qualitatively indicates column of Table 4) has a nonnegligible but much smaller effect
which one is more tightly bound by the enzyme. In terms of on the differential binding between the two species, and
electrostatic energy, the cost of transferring the ylide intermedi- interestingly, it goes in the contrary direction. That is, looking
ate from water to the enzyme is 32 kcal/mol less than at the values between parenthesis in Table 4 we can see that
transferring the reactant zwitterion. However, we cannot give a the aqueous solution polarizes more than the enzyme both the
guantitative result for the binding (free energy cost of transfer- reactant and the intermediate (8%-7% of polarization in water
ring the ligand from water into the active site) because the versus 6%-4% in the enzyme), but the intermediate ylide is
thermal and entropic effects are missing in our calculation.  relatively less polarized (4%) than the reactant zwittterion (6%)

The analysis of the different energy terms shown in Table 4 in the enzyme, whereas in water they have nearly the same
can help us to understand the reasons for the preferred bindingdegree of polarization (87% for the zwitterion and the
of the ylide intermediate versus the reactant. intermediate respectively). As a consequence, the polarization

As shown in the first column of Table 4, the zwitterionic term, slightly destabilizes the intermediate respect to the reactant
reactant is the most stabilized species in both media; however,in going from water to the enzyme. From the above results,
the difference in the total electrostatic interaction energy betweenand having in mind that the main contribution comes from the
the reactant and the intermediate ylide is highly reduced in the electrostatic permanent interaction term and that this term only
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TABLE 5: Contributions of Individual Amino Acid 100 F —

Residues to the Stabilization/Destabilization of the

Intermediate Ylide Relative to the Zwitterionic Reactant 80

Complex (kcal/mol)

stabilizing residues AEg destabilizing residues  AEg 5 60
Asn71 ~114.092 Leu141 56.094 5 W
Cys70 =77.177 Asp7 17.209 g
Ser8 —22.817 Thr114 9.423 w
Alal146 —6.014 Ala69 6.626 < 27
Gly9 —3.094 Alall6 4.078
Glul147 —2.264 Glul48 3.999 or THE
Phe6 —-2.173 Ser74 3.884 —l
Vall0 —2.129 Thr72 3.330 -20 . , . 1
Leul3 —1.798 Leul45 2.436 Asn71 Cys70 Ser8 Ala146
'(I;Tyrif _iggg }I'/?rl(igS 123% Figure 12. Amino acid residues that contribute more in the stabilization
valg7 —1.206 Ser120 1.471 of the intermediate ylide r_elative to _the zwitteriorjic reactar_lt cc_JmpIex
Thri4 —0.586 Leul76 1.034 (see Table 5). Electrostatic interaction energy with the zwitterion and
val37 —0.447 Gly113 0.883 the intermediate (positive and negative values, respectively).
Leul50 —0.396 Ala73 0.567
11e93 —0.350 Ala75 0.538 of the role of each residue in stabilizing or destabilizing the
Vall5 —0.341 Tyr76 0.515 intermediate ylide.
Cys139 —0.256 Val92 0.428 In Table 5 we show which residues contribute to stabilize or
Tyr30 —0.194 Glyol 0.359 destabilize the intermediate ylide respect to the zwitterionic
Gly149 —-0.170 L
Leul6 —0073 reactant complex. The table shows that the contribution of the
lle47 —0.042 stabilizing residues is much more important than the contribution
Lys137 —0.023 of the destabilizing ones. In Figure 12 the contribution of the

most stabilizing residues have been separated into the interaction

comprehends intermolecular QM/MM interactions (see eq 7), with the zwitterionic reactant complex (positive values) and the
we suggest that the preferred binding of the ylide intermediate interaction with the intermediate ylide (negative values). The
is not an intramolecular effect. As proposed by Williams etlal., active site residues Asn71 and Cys70 are by far the most
the larger distance separation and the more external position ofstabilizing residues. As can be seen from the figure, its
the opposite charges in the reactant than in the intermediatecontribution is mainly due to a destabilizing effect with the
favors the former in a high polarization media, but this effect zwitterionic reactant complex. The analysis of structures
is reduced in the less polar Murl active site, where the small obtained along the MD simulations indicate that the main chain
separation between charges in the ylide intermediate is enoughHN proton of the residue Asn71 interacts repulsively with both
to compensate the loss of intermolecular interactions with the the Ho proton and the Ng group of the ligand. In the
environment when these charges are more buried. This effectintermediate, the interaction with theaHproton disappears
can be thought of as a desolvation effect, which has beencompletely because this atom is already attached to Cys70
proposed to have a role in enzyme catalysis. Although in the residue, and the interaction with NHs also weakened as the
present work we have not calculated energy differences betweerchange in the hybridization of thecCenlarges the distances
the reactant complex and the transition state of the enolization between these two groups. Cys70 interacts also negatively with
reaction, this is an endothermic process and it is reasonable tathe Ho of the zwitterionic reactant complex. In fact, this
suggest that the desolvation effect also might contribute to destabilizing interaction is the main source of the high energy
catalyze it. Similar effects have been found in other enzyi#®s.  barrier for the deprotonation reaction to take place from the

3.2.2. Contributions of Indidual Amino Acids to the  zwitterionic reactant complex. Other residues such as Ala146
Electrostatic Interaction Energies Ligand-@#ronment. An and Ser8 also contribute, but to a minor extent. Unlike Asn71
amino acid decomposition analysis has been carried out toand Cys70, the contribution of these residues is due to a more
investigate the differential stabilization of the reactant and the stabilizing contribution on the intermediate ylide than a
intermediate by the enzymatic residues. The average contribu-destabilization effect on the zwitterionic reactant complex. On
tions of each residue were determined from a set of 50 the contrary, residue lle141 destabilizes the intermediate ylide
coordinates saved at an interval of 0.5 ps from 25 ps MD in comparison to the zwitterionic reactant complex by 56 kcal/
simulations following the initial equilibration. Contributions  mol. This destabilizing effect is difficult to interpret because
were computed by sequentially annihilating the classical point this residue is far£10 A) from the ligand, and it is clearly
charges of amino acid residues, starting from the ones closesicompensated by the 114 and 77 kcal/mol stabilizing effect of
to the substrate. At each deletion step, the difference in quantumresidues Asn71 and Cys70, respectively.
mechanical electrostatic energy before and after the charge Thus, apart from the desolvation effect described in the
annihilation is defined as the interaction energy of this residue, previous section, the active site of Murl also provides a series

I, with the QM systent? of individual intermolecular interactions amino acid-substrate
that contribute to stabilize the intermediate in comparison to
AE, = [Equ(l) — Equ(l = 1] + [Equmm (1) — the reactant.

E I —1)] (10
QM/MM( 1 (10) 4. Concluding Remarks

Although the specified contributions from individual residues  The present study highlights important factors in the catalytic

to the overall proteinsubstrate interaction depend on the order mechanism of Murl. Our computational results, in agreement

of annihilation, the results do provide a reasonable estimate of with previous experimental studi¢s!6.1920suggest at least two

the magnitude of the interaction energy and a good indication possible roles for Murl as a catalyst: (1) to activate the bound
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substrate by donating a proton to its carboxylate main chain in
e X Lluch, J. M.J. Chem. Theory Compu2005 1, 737.

a step prior to the racemization process and (2) to optimize th
differential stabilization of the intermediate relative to the

J. Phys. Chem. A, Vol. 110, No. 2, 200625
(18) Puig, E.; Garcia-Viloca, M.; Gonlez-Lafont, A.; Lgpez, |.; Daura,

(19) Richard, J. P.; Amyes, T. [Curr. Opin. Chem. Biol2001, 5, 626.
(20) Richard, J. P.; Williams, G.; O’'Donoghue, A. C.; Amyes, TJL.

reactant via an intermolecular effect that comes, partly, from a Am. Chem. Sod997, 119, S 2002 124, 2957.

desolvation effect on the reactant in going from water to the
enzyme environment and, partly, from a stabilization effect on
the intermediate by the enzymatic residues. Thus, the catalytic
effect of glutamate racemase is achieved without resorting to
covalent bond formation between the enzyme or cofactor and

the transition staté®
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