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2-Oxopropanal(metilglioxal, MG) reage quimicamente com a glutationa reduzida (y-
glutamilcisteinilglicina, GSH) formando um hemimercaptal (HGSH)que age como substrato
da enzima Glioxalase I (EC 4.4.1.5, Glo I). Um estudo mecanico molecular e semiempirico
(AMI e MNDO-PM3) sdo apresentados sobre a estrutura do HGSH livre e também cercado
por vérias moléculas de 4gua a fim de melhor esclarecer sua conformagdo em solugfo.
Coino resultado deste estudo foram determinados os prerequisitos conformacionais para a
reagdo no centro ativo e ¢ apresentado uma hip6tese sobre o mecanismo de reagfio do en-
zima.

2-Oxopropanal(methylglyoxal, MG)reacts chemically with reduced glutathione (y-
glutamilcysteinilglycine, GSH) to form a hemimercaptal (HGSH) which acts as the substrate
of the Glyoxalase I (EC 4.4.1.5, Glo I) enzyme. A molecular mechanics and semiempirical
(AM1 and MNDP-PM3) study is presented here on the structure of HGSH both free and
surrounded by several water molecules to get some insight on its conformation in solution.
As a result of this model study, the conformational requirements for the reaction at the ac-
tive center are determined and a hypothesis on the reaction mechanism of the enzyme is
presented.
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Introduction

Several authors have singled out MG as a potential can-
cerostatic!. MG is effective as a growth control agent in
several biological systems?. However, its direct use as a can-
cerarresting factor has failed, as well as the use of other 2-
ketoaldehydes related to MG>. This is due to the existence of
the glyoxalase system that rapidly catalyzes the conversion

of 2-oxoaldehydes to the comesponding inactive 2-
hydroxyacids®.

Glo I acts on the hemimercaptal formed by chemical reac-
tion between MG and GSH®. This enzyme is an isomerase
which transforms the substrate into  S-2-hydroxy-
acylglutathione®. A second enzyme, Glo I, recovers GSH and
forms D-lactate by hydrolysis of this thiolester. This reaction
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Figure 1. Structure of n-formylcysteinamide used as model
compoun.

mechanism (see Scheme I) is the accepted one since proposed
by Racker forty years ago’.

Whilst the hydrolysis cause by Glo II is well understood, the
mechanism of Glo I has been controversial. Former work on
the reaction of Glo I suggest the key step to be a hydride trans-
fer® More recent experimental work however, indicates that a
mechanism involving a proton transfer and a enediol inter-
mediate is more likely®. The presence of a Zn*? cation coor-
dinated to one or two water molecules at the active center is
also known®. Chemical modification studies of mammalian
Glo I suggested there are one tyrosyl, one tryptophanyl, one
lysyl and possibly a glutamy! or aspartyl residues in the active
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site. Yeast Glo I instead seems to have cysteinyl, arginy! and
tyrosyl residues in the active center.

We have initiated a theoretical study of the mechanism of
action of Glo I. We report here a molecular mechanics study
on the structure of the hemimercaptal HGSH and a model sys-
tem, both isolated and surrounded by water molecules as a way
of simulating the conditions in solution. Semiempirical cal-
culations of some of the structures considered in this paper
were done using the AM1 and MNDO-PM3 approximations.
A semiempirical study of the reaction path will be published
elsewhere.

Methodology

Molecular Mechanics calculations were done using
Allinger’s MMP2 method'® within the PH program''. The
simulated annealing method of Kirkpatrick ef al.!? was used
for positioning each of the water molecules in sequential steps.
Full optimization of the intermolecular coordinates (docking)
was done after each simulated annealing run. Since HGSH
presents three different, strongly solvated areas, éach one was
studied separately using more water molecules than the neces-
sary for the first solvation shell. The final solvated structure
was obtained choosing the HO molecules belonging to the
first solvation shell in each of the individual studies and resub-
mitting the whole structure to full optimization. Besides GSH,
also a model system, n-formylcysteinamide (CAG, Fig. 1), was
studied, as well as the hemimercaptals of MG with GSH and
CAG (HGSH and HCAG respectively).

Semiempirical calculations were done with the AMPAC '?
program using the AMI1'* and PM3'® approximate hamil-
tonians. Geometry optimizations were done in the standard
way using the Broyden-Fletcher-Goldfarb-Shanno algo-
rithm'®,

Results

Two minima are obtained for GSH. One of them is folded
due to intramolecular interactions. We consider the contribu-
tion of this structure to general behavior of GSH in solution as

(B)

Figure 2. MM optimized unfolded structure of glutathione (A) and crystallographic structure (B).
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Figure 3. AM! (A) and PM3 (B) optimized unfolded structure of glutathione.

negligible because solvation would open the structure by
hydrogen bonding to solvent molecules. The second structure
is an unfolded one (Fig. 2). It is a secondary minimwn for iso-
lated GSH by 14.5 kcal/mol at the MM level. As quoted in a
previous paper!’, this conformer is generally coincident with
the crystallographically determined structure of GSH'®. The
main differences are found in some of the torsion angles of the
zwitterionic group, the glycine terminal acid group and the
amide group. This last one is very sensible to the environ-
mentl, as was later proved by formation of the hemimercaptal
and by solvation. We do not consider theses differences sig-
nificant, since they are probably due to the difference between
the isolated GSH and the molecule immersed in the crystal
field. However, better force fields designed specifically for
peptides are able to predict a theoretical structure very similar

to the experimental one'®. Further discussion on these points

can be found in the above mentioned paper'’.
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Figure 4. AM1 (4) and PM3 (B) global minima of
glutathione (correspond to the MM folded global mini-
mum,).

To obtain a more quantitative assessinent of the encrgy dif-
ference between the conformers, semiempirical geometry op-
timization of both structures was done. The folded structure
given by those methods (Fig. 4) is generally coincident with
the folded MMX one and is the global minimum both for
AMI1 and PM3. The unfolded structures however, do not
reproduce satisfactorily the crystallographic data due to in-
tramolecular interactions between the zwitterionic group and
sulfide on one side and the glycine group and the thiolic
hydrogen on the other (Fig. 3). The difference tn heats of
formation between both conformers was evaluated as 9.2
kcal/mol at the AM1 level and 5.6 kcal/mol at the MNDO-
PM3 one. The three methods indicate thus the necessity of
solvation for stabilizing the completely unfolded conforma-
tion of glutathione.

Three different MM2 minima were found for HCAG
(Fig.5). Two of them are considered as most likely to be
present in solution (conf. I and II, Fig.5). The most significant
difference between these last two conformers is the dihedral
angle of the -COCHj3 group of MG. Enthalpies at each level of
calculation are reported in Table 1.

The most important feature of the HCAG structure is an in-
terfragiment hydrogen bond between and -OH in the MG
residue and a carbony! group in one of the amide bonds of the
CAG residue. This H-bond is maintained, as expected, in the
HGSH structures, shown in Fig. 6. There is, however, an im-

Table 1. Stability of the three main conformers of HCAG
according to the methods used in this paper. Enthalpies in
keal/mol.

Method Conf. 1 Conf. I Conf. II1
MMX -202.0 -198.7 -208.7
AM1 -163.3 -161.0 -164.3
PM3 -1534 -151.7 -154.4




114 Cubas & Ventura J.Braz.Chem.Soc.

an (I1n

Figure 5. MM optimized structures of three different conformers of the hemimercaptal of n-formylcysteinamide and
methylglyoxal. The corresponding energies for these structures are reported in Table I (from left to right, confl, Il and Il
respectively). The MG fragment is highlighted in the first structure. The interfragment H-bond is shown in the second and
third structure. The interfragment H-bond is shown in the second and third structures. An extra stabilizaing H-bond is also
shown in the folded structure.
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Figure 6. The three conformers of the hemimercaptal of GSH and MG, corresponding to the three conformers of HCAG in
Fig. 5. The MG and GSH fragments are marked in siructures I and II, while the charges on the molecule are indicated in
structure 1.

portance difference between the HCAG and HGSH structures
with respect to this hydrogen bond. In fact, it is more labile in

HCAG than in HGSH, a water molecule can disrupt this H-
bond in the first structure (see Fig. 7), but it is unable to do so
in HGSH (see later on). This larger stability of the H-bond in
HGSH with respect to HCAG is attributed to the effect of the

Table 2. MAMX stability of the three main conformers of the
memimercaptals. HGSH solv refers to the solvated con-

Jormers as shown in Fig. 12. Enthalpies in kcal/mol.

zwitterionic terminal group in the former. Correspondingly, Conf. I Conf. I Conf. III
the energy difference between the conformers is reduced, as
show in Table 2. HCAG 3.3 0.0 -10.

A second important point conceming the above-mentioned HGS .13 0.0 237
hydrogen bond is that it contributes to fix the Hc atom in the HGSH 70 0.0 .

opposite face of the molecule with respect to the oxygens
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Figure 7. Optimized structure of HCAG with one water
molecule, demonstrating how there is the possibility of dis-
ruption of the intramolecular H-bond in HCAG by a solvent
molecule.

Figure 8. Structure of the solvation shell around the
deprotonated glycine residue in HGSH.

which will participate in the reaction. Since the abstraction of
this proton is the initial step in the proposed mechanism, it is
encouraging to find that the minimum structure has it posi-
tioned in a convenient way for this abstraction.

In physiological conditions the glycine residue of GSH is
deprotonated®, This is the first solvation site of GSH and, con-
sequently, also HGSH. The second site is the zwitterionic end
while the third is the MG residue. Three experiments were
conducted for studying the solvation of HGSH. In the first
place, the glycine residue was deprotonated (physiological

Conformational Study 115

Figure 9. Structure of the solvation shell around the zwit-
terionic end of HGSH.

conditions) and the water molecules clustering around it were
investigated (see Fig. 8). Secondly, the glycine residue was left
protonated and the water molecules clustering around the zwit-
terionic end were considered (Fig. 9). Finally, we considered a
structure of HGSH where both ends were left out but the -
NH4" group was kept (Fig.10). This structure allowed us to
study separately the solvation of the MG residue, but keeping
the influence of the zwitterionic end on the interfragment
hydrogen bond so that it does not break when the complexa-

.tion with water occurs. The whole HGSH, but with both acid

groups protonated, was also employed for this purpose, giving
the same results. This demonstrates thus that the simplification

Figure 10. Structure of the solvation shell around the MG
JSragment of HGSH.
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Figure 11. Optimized structure of both more likely conformers of HGSH in solution showing the most important waters of

solvation.

of the model structure is valid. In all these figures only one of
the conformers of the HGHS structure is shown.

On can notice that several positions of the water molecules
in each of the experiments are repeated in the other ones. Also,
not all the H,O molecules participate in the first solvation
shell. These molecules were discarded in the final structure
studied. The final optimized solvated structures for the two
unfolded conformers of HGSH are show in Fig. I1. In these
structure one sees first that the interfragment H-bond is not
broken in any case by a solvent water molecule. Second,
the structure of the solvent cage affects the conformation of
HGSH. Moreover, this cage transmits the influence of the
change in conformation of the MG fragment to the peptide
backbone (which has a different conformation in both con-
formers, contrary to the case when water was absent).
Third, at least in one of the conformers the most important
complexed water at the MG fragment links both oxygens.

Using all the above facts a hypothesis was elaborated as to
the structure of the active site. From the optimum structures
obtained for the isolated HCAG and HGSH we postulate that
the interfragment hydrogen bond is essential for defining two
faces on the MG residue: one where both reactive oxygens are
located and the other from which the proton is to be abstracted.
Furthermore, the fact that water effectively stabilizes the un-
folded minimum lends support to the idea that both ionic ends
of the GSH residue in HGSH not only act as anchors of
HGSH to Glo I, but they are also important in defining the
local geometry of the MG residue. These two anchoring points
plus the interaction of the face containing the oxygen of the
MG residue (OO face) with the active site of the enzyme pro-
vide the stabilization for the initial complex enzyme-substrate.

Iml
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Figure 12. Model complex between the active center built
using experimental data and one of the conformers of
HCAG as determined in this paper.
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Furthermore, from the data obtained in the solvation studies it
is clear that one molecule of water may be located over the OO
face with both hydrogens interacting with the oxygens of the
MG residue. Since from some experimental work it was con-
cluded that there must be a water molecule in between the sub-
strate and the Zn'? cation, we here postulate that water
molecule to be the one coordinated to the Zn'Z ion in the en-
zyme-substrate complex. A graphic representation of the com-
plex between a simulated active center (built using EXAFS
data) and the optimized structure of HGSH is shown in Fig.

2.

A semiempirical study of the reaction path for the obten-

tion of the enediol intermediate will be published elsewhere?.

Supplementary material

Coordinates and energies for the optimized structures are
available form the authors.
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