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Abstract The proposed rate-limiting step of the reaction
catalyzed by glyoxalase I is the proton abstraction from the
C1 carbon atom of the substrate by a glutamate residue, resulting
in a high-energy enolate intermediate. This proton transfer
reaction was modelled using molecular dynamics and free energy
perturbation simulations, with the empirical valence bond method
describing the potential energy surface of the system. The
calculated rate constant for the reaction is approximately 300-
1500 s—! with Zn?*, Mg?* or Ca?* bound to the active site,
which agrees well with observed kinetics of the enzyme.
Furthermore, the results imply that the origin of the catalytic
rate enhancement is mainly associated with enolate stabilization
by the metal ion.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Glyoxalase I (GIxI) catalyzes the formation of S-p-lactoyl-
glutathione from the non-enzymatically formed hemithioace-
tal of methylglyoxal and reduced glutathione. This is the first
of two enzymatic steps in the glyoxalase system in which toxic
methylglyoxal is converted to p-lactic acid (Fig. 1). Though
methylglyoxal appears to be the most physiologically relevant
substrate, the system can catalyze analogous reactions with
other 2-oxoaldehydes [1]. GIxI is a zinc metalloenzyme with
an absolute requirement of metal ions for activity. Recently,
the crystal structure of the dimeric human GIxI was solved [2],
which shows a zinc ion present in each of the two identical
active sites. The ion is coordinated by four protein residues
(GIn-33, Glu-99, His-126 and Glu-172), whose arrangement
can be considered as octahedral with the protein residues tak-
ing up four of the six coordination positions. To date, the
structure of the wild-type enzyme has been solved in the
presence of three different glutathione derivatives. The
most interesting of these, from a mechanistic point of view,
is the complex with S-(N-hydroxy-N-p-iodophenylcarbamoyl)
glutathione (HIPC-GSH) [3]. This is a tight binding compet-
itive inhibitor that mimics the stereoelectronic features of an
enediol, the expected reaction intermediate. In this structure,
the two oxygen atoms of the hydroxycarbamoyl function co-
ordinate the zinc ion at the fifth and sixth coordination posi-
tions, implying that the reaction will also proceed via a metal
coordinated cis-enediol. To arrive at the intermediate requires
the abstraction of a proton from the substrate by a base on
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the protein. Based on structural analysis and site-directed mu-
tagenesis studies, it seems that the most likely candidate for
the base is Glu-172 [4]. Although this residue is a zinc ligand
in two of the complexes, in the structure of the enzyme in
complex with HIPC-GSH, the residue is displaced from the
zinc coordination sphere.

The reaction mechanism via a cis-enediol intermediate re-
sembles in some respects those of other enzyme-catalyzed
enolization reactions, such as triose phosphate isomerase
(TIM) [5], citrate synthase [6], mandelate racemase [7] and
rubisco [8]. It is therefore of considerable interest to under-
stand what general features an enzyme active site must possess
in order to catalyze enolization reactions of this type and how
these are dictated by the intrinsic energetics associated with
such a chemistry [9]. The GIxI reaction is believed to be rate-
limited by the initial proton abstraction described above from
the C1 carbon atom, since a primary deuterium isotope effect
of about three is observed when comparing phenylglyoxal
with o-deuteriophenylglyoxal substrates [1]. The reaction has
also been shown to be rather insensitive to the metal ion
species bound in the active site [1,10,11]. All of Zn>", Mn?*,
Mg?t, Co**, Ni?* and Ca?* show a significant catalytic ac-
tivity, although Zn>* is thought to be the catalytic ion in vivo
since it has the highest binding affinity. This insensitivity to
the metal contrasts with the optimization for specific metals
observed in many other enzyme reactions [12].

In this letter, we report computer simulation studies of the
first step of the GIxI reaction with the S-enantiomer of the
substrate, utilizing a combination of the molecular dynamics
(MD), empirical valence bond (EVB) and free energy pertur-
bation (FEP) techniques [13,14]. Our main objective here is to
analyze the energetics of what is probably the rate-limiting
step on a detailed atomic level, in order to explain the basis
of the catalytic rate enhancement. We also particularly ad-
dress the issue of metal ion substitutions by carrying out cal-
culations with Zn**, Mgt and Ca?*.

2. Materials and methods

The reaction potential energy surface is represented by the EVB
model which has been described in detail elsewhere [13,14]. This meth-
od describes a chemical reaction in terms of a number of resonance
structures or valence bond (VB) states that represent different bonding
arrangements and charge distributions of the reacting fragments. The
energy of a given VB state i, corresponding to the diagonal element
H;; of the EVB hamiltonian is given by
Hii =g = V(l) J + V(l) + V(l)

bon angle torsion

+ Vixi())n—bond + Vr? + Vgli) + a(i)
)

The first term denotes the sum of Morse potentials for bonds and
the second-fourth terms represent contributions from bond-angle
bending, dihedral angle torsion and non-bonded van der Waals and
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Fig. 1. Reactions of the glyoxalase system.

electrostatic interactions between the reacting groups. The fifth term is
the interaction between the reacting fragments and the surroundings
(enzyme and water) and the sixth term denotes the potential energy of
the surrounding protein/solvent system. The last term of Eq. 1 is the
intrinsic gas-phase energy of VB state i with all fragments at infinite
separation [13,14].

The EVB method is combined with MD simulations whereby the
free energy profile (potential of the mean force) along the reaction
path can be mapped out using the FEP technique. For every config-
uration (coordinate set) of the system, the actual ground state energy
is obtained by mixing the VB states through the off-diagonal hamil-
tonian elements and solving the corresponding secular equation. The
free energy on this ground state surface is then obtained using a
combined FEP and umbrella sampling approach [13,14]. The VB
structures used in the present calculations are shown in Fig. 2, where
partial atomic charges (obtained from semi-empirical AM1 calcula-
tions using the AMSOL program [15]) of the reacting fragments are
also indicated. Equilibrium bond-lengths and dissociation energies for
the reacting groups were taken from standard Morse potentials and
AM1 calculations. The GROMOSS7 force field was otherwise used in
the calculations [16] together with the ion parameters of [17,18].

A key feature of the EVB method is that it allows calibration of the
potential surface against relevant uncatalyzed reactions in solution.
Here, the reaction free energy for the proton abstraction in water
was calculated from the pK, difference between the reacting groups,
i.e. the substrate and glutamic acid (pK, 4.1). Using linear free energy
relationships, the effective free energy barrier for this reaction step in
aqueous solution could be predicted in the same way as in [19]. The
pK. of the substrate was obtained using the experimental value (19.2)
for the pK, of acetone [20] as the starting point. The effect of the
hydroxyl group substituent was earlier found to bring this pK, down
to 16.2 after correction for the number of equivalent protons [19]. The
additional effect of the RS substituent was predicted using Benson’s
additivity rules [21] and the pK, for the glutathione hemiacetal was
thus estimated at 13.5. (The Benson scheme correctly predicts the
effect of an RO substituent when compared to the experimental
data in [22] as well as the pK, of ethyl thioacetate relative to acetone,
which is directly related to the thioester substrate of citrate synthase
[23]. Although AM1-SM2 calculations also agree with the results for
RO substituents, they give unrealistically large effects for sulfur sub-
stituents).

The estimated uncatalyzed activation free energy (which effectively
includes zero-point energy and tunneling effects) is thus obtained as
AG:,, =22.1 keal/mol, with a corresponding standard reaction free
energy of AGY, =12.8 kcal/mol. The EVB calibration involves deter-
mining gas-phase free energy differences Ac;; and off-diagonal matrix
elements Hj; between pairs of VB states so that the resulting potential
surface reproduces experimental reaction and activation free energies
of the relevant reference reaction in solution. This calibration proce-
dure thus involves simulations of the uncatalyzed reaction steps with
the reacting fragments in water and fitting the above parameters so
that calculated and observed free energies coincide. After calibration
of the potential surface, these parameters are used without change to
study the corresponding reaction in the solvated enzyme environment.

The simulations used the crystal structure of the enzyme in complex
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with HIPC-GSH [3] as the starting point, since this ligand is a good
model for the enediol(-ate) intermediate. The reaction center was sur-
rounded by an 18 A sphere of water in the solution simulations and
by a sphere of the same size, containing both protein and water, in the
enzyme simulations. The protein atoms outside this sphere were re-
strained to their X-ray coordinates and interacted only via bonds
across the boundary. A non-bonded cut-off of 10 A was used together
with multipole expansion for long range electrostatics [24]. The water
surface was subjected to radial and polarization restraints as described
elsewhere [25,26]. All calculations were carried out using the program
Q [26]. Net charges were assigned to Arg-37, Glu-99, Arg-122, Lys-
150 and Glu-172, since these residues are close to the reaction center,
while ionizable groups near the sphere boundary were kept neutral to
avoid unphysical dielectric effects [26]. 13 Internal crystal waters were
retained in the starting structure because the solvation algorithm
might miss the small cavities in which these water molecules are sit-
uated.

Initially, the protein-ligand complex was solvated and then heated
from 1 to 300 K with all solute atoms restrained to their initial co-
ordinates. At 300 K, the restraints were turned off and the system was
equilibrated for 50 ps prior to data collection. The perturbations were
carried out using 51 FEP steps, each comprising 5 ps of sampling of
which the first 2 ps were discarded for equilibration. An MD time-step
of 1 fs was used in all calculations.

In the Zn?* simulation, two restraints were applied during the
perturbation. The Ne of His-126 was held at a 2.1 A distance from
the zinc ion center with a force constant of 100 kcal/(mol A2) (simu-
lating the partly covalent character of the d-orbital-nitrogen interac-
tion) and the side-chain carbonyl oxygen of Gln-33 was restrained to
the ion center at 2.1 A, with a weaker 10 kcal/(mol A?) force constant
to ensure a reasonable coordination structure. In the Mg?* and Ca**
simulations, no restraints were used.

3. Results

The result of calibrating the uncatalyzed proton abstrac-
tion, by a glutamate residue in solution, against experimental
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Fig. 2. EVB states and partial charges used in the calculations.
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Fig. 3. Calculated free energy profiles for the proton abstraction by
glutamate in solution and in GIxI with Zn?>*, Mg>* and Ca’*
bound to the active site. The reaction coordinate Ag;, denotes the
energy difference between the VB states ®; and @, [13,14].

data is shown as the top free energy curve in Fig. 3. Already,
the solution energetics of the process suggest that it is not
enough for the enzyme to just reduce the activation of this
reaction step barrier without stabilization of the enolate inter-
mediate, since the reaction free energy deriving from the pK,
difference between glutamic acid and the substrate C1 carbon
is quite high. That is, if subsequent proton transfers would be
initiated from a state (the enolate species) that is about 13-14
kcal/mol above the ES complex, an overall turnover rate of
~ 1500 s~! [27] would be impossible to attain.

The corresponding free energy profiles for the enzyme re-
action with different catalytic metal ions are also shown in
Fig. 3. It is immediately evident from these free energy curves
that the enzyme exerts a large stabilization of both the tran-
sition state (TS) and the enolate species resulting from proton
abstraction. While the TS is found to be stabilized by about
9 kcal/mol with Mg+ or Zn?* and 8 kcal/mol with Ca?*, the
free energy of the enolate is reduced by 12 and 13.6 kcal/mol
with Mg?t or Zn>", respectively, and by about 10 kcal/mol
with Ca>" bound to the active site. It is interesting to note
that the three ions give very similar activation free energies,
corresponding to a rate constant for this enzymatic step of
approximately 300-1500 s~!, which is in good agreement with
the observed rate of GIxI [27] (as noted above, deuterium
isotope effect experiments suggest that this is indeed the
rate-limiting step of the enzyme [1]).

The observed stabilization of the charged high-energy eno-
late intermediate is found to be the main source of catalysis
for the proton abstraction step. That is, by reducing AG® for
this reaction step, the associated activation barrier is lowered
as a consequence of the correlation (linear free energy rela-
tionship) between AG" and AG*. For instance, in the Mg>*-
loaded enzyme, the lowering of AG® accounts for 7 kcal/mol
of the barrier reduction while the remaining 2 kcal/mol orig-
inate from reduction of the reorganization free energy. This
result is obtained as described in [19] by carrying out a ‘hypo-
thetical’ recalibration of the uncatalyzed reaction free energy
so that it coincides with the calculated value in the enzyme. If
the resulting hypothetical (uncatalyzed) barrier then also co-
incides with the calculated activation energy in the enzyme,
then, the lowering of AG® explains the entire catalytic effect.
However, in this case (see also [19]), a residual barrier reduc-
tion of AAG* =2 kcal/mol remains, which is not due to the
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lowering of AG®. This latter type of catalytic rate enhance-
ment can be interpreted as a pure TS ‘stabilization” which
originates from reduction of the reorganization energy. The
idea that enzymes may be able to reduce reorganization en-
ergies has been discussed by several workers [9,28-30]. That
this effect is real has also been demonstrated by microscopic
calculations [19,31,32]. In the context of enzymes catalyzing
proton abstractions from carbon acids, Gerlt and Gassman [9]
and Cleland and Kreevoy [33] have suggested that so-called
low-barrier hydrogen bonds (LBHBs) may contribute signifi-
cantly to the catalytic effect, although the notion that LBHBs
would provide as much as 20 kcal/mol stabilization has often
been criticized (see, e.g. [34]). In GIxI, the observed stabiliza-
tion of the enolate intermediate is mainly achieved by the
metal rather than by a hydrogen bond.

With a reliable computational model that includes all rele-
vant components of the catalytic system (enzyme, substrate,
water, cofactors) and that can quantitatively predict the rate
constant observed experimentally, it becomes possible to dis-
sect the source of catalysis in detail. That is, all interaction
energies of interest can be monitored and averaged over the
simulation trajectories to provide an essentially complete pic-
ture of the role of different interactions for catalysis. This is
the main strength of computer simulation for studying enzyme
reactions, since experimental methods are usually not able to
distinguish important contributions to catalysis from each
other. A case in point here is, e.g., the role of the metal ion
in the differential stabilization of reactants and products in
our proton abstraction step.

An energetic analysis of the uncatalyzed reaction step in
water and in GIxI, in fact, clearly reveals that the metal
(Mg, Ca>" and Zn?*) is the key factor in stabilization of
the enolate intermediate. In the uncatalyzed solution reaction,
there is an unfavorable desolvation effect associated with
charge delocalization as the negative charge migrates from
the carboxylate moiety to the enolate ion. This effect is im-
mediately apparent from the average electrostatic interaction
energy between the reacting groups and their surroundings for
the two states in Fig. 2. This interaction becomes about 30
kcal/mol more positive for the &, state than for ®; in solu-
tion. In the enzyme, on the other hand, the corresponding
‘desolvation’ energy difference (including interactions with
both the enzyme, water and metal) is reduced to less than
10 kcal/mol. It can be noted here that linear response approx-
imation [35] would then predict a reaction free energy reduc-
tion contribution of 1/2(30—10)=10 kcal/mol from ‘electro-
static solvation’. This agrees with our overall observed value
(Fig. 3) and shows that electrostatic stabilization of the eno-
late is indeed the main source of catalysis (there is no signifi-
cant contribution from the van der Waals energies). Further-
more, one finds that the metal ion, which is the main
contributor to the interaction energy with the reacting groups,
has electrostatic interactions of very similar magnitude with
the reactant and product states. The reason for this appears to
be the specific coordination structure around the metal ion. In
the reactant state, the MD structure (not shown) has the
negatively charged Glu-172 providing a monodentate ligand
to the metal with one of its oxygens, while the enolate ion in
the @, state can ligate the metal with both of its oxygens thus
yielding a strong interaction with the negatively charged in-
termediate (Fig. 4). The active site structure, and particularly
the metal coordination sphere, thus appears ideally suited to
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Fig. 4. MD average structure of the enolate species (®,) in the ac-
tive site with Mg>* as a cofactor.

balance or level out the energetics of proton abstraction from
the substrate hemiacetal.

4. Discussion

It is of considerable interest to try to understand the general
features required by an enzyme active site that catalyze enol-
ization reactions of the present type. The main obstacle, and
reason for the low uncatalyzed turnover numbers, is that the
carbon atoms from which proton abstraction must occur are
very non-acidic (i.e. high pK;s). In the present case of GIxI,
TIM [19,36] and citrate synthase [37] computational studies
have identified electrostatic stabilization of the high-energy
enolates as the key factor in catalysis. However, this stabiliza-
tion can apparently be achieved by different structural or
evolutionary solutions. While we have identified the active
site metal in GIxI as the main source of enolate stabilization,
the same effect is attained in TIM through interactions with
Lys-12, His-95 and a water molecule. That is, TIM instead
employs one net positive charge and two dipolar groups to
stabilize the high-energy intermediate. More puzzling is the
case of citrate synthase where only two dipolar groups (His-
274 and a water molecule) seem to do the job [6,37], despite
the fact that its thioester type substrate has even a slightly
higher pK, than acetone [23]. How this can be achieved re-
mains to be explained. In the enolase superfamily (e.g. gluca-
rate dehydratase and mandelate racemase), divalent metal
ions are again employed to promote enolate stabilization.
This is also the case in rubisco where the first reaction step
involves enolization of the substrate. There, enolization ap-
pears to proceed in a similar manner to GIxI, the substrate
is ligated to the catalytic Mg?* ion and general base catalysis
is presumably effected by the carbamylated Lys-201 (which is
also a metal ligand) [8]. Further computer simulation studies
of some of these other mentioned enzymes could hopefully
provide us with a consistent energetic picture of enolization
catalysis.

Another issue of interest in the general context of metal-
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assisted enzyme catalysis is the sensitivity or optimization for
specific metal ion species [12]. In many metalloenzymes, the
main role of the ion is to generate a reactive anionic nucleo-
phile (e.g. RO™) for a subsequent or concerted attack on the
substrate and the metal is then also often involved in stabili-
zation of developing a negative charge on the substrate ac-
companying the nucleophilic attack [12]. In these cases, optm-
ization of the enzyme for a specific metal can result as a
consequence of the following effect. The more electrophilic
the metal is, the lower the pK, of the ligated nucleophile
becomes. But, if it becomes too low, the nucleophile anion
will be ‘trapped’ as a metal ligand and not be labile enough
for an attack on the substrate [12]. In GIxI, the situation is
different. Here, the important consideration is not the pK, of
Glu-172 but the pK, difference between Glu-172 and the sub-
strate. Because of the proximity to the metal ion, the pK,s of
both these zinc ligands are lowered relative to their values in
solution and the pK, difference is reduced as well (Fig. 3).

The charge of Glu-172 is more delocalized than, e.g., an
RO™ ion which presumably makes its interaction with the
ion relatively weaker. This, in combination with the efficient
positioning of the two substrate oxygens as metal ligands,
results in an almost perfect energy balance for proton abstrac-
tion to occur. It does, then, not seem so surprising that this
balance can be retained with a number of different cations,
provided that they do not distort the ligand coordination
pattern drastically.

Although we have only considered what has been reported
as the rate-limiting step here, there are several issues regarding
the catalytic mechanism of GlxI that remain to be resolved. In
particular, it is not yet clear whether Glu-172 effects all nec-
essary proton transfers during the reaction or whether Glu-99
(located at the opposite side of the metal) is also involved.
Mutation of Glu-172 to Gln completely abolishes enzyme
activity [4], indicating that its function as a general base (at
least for S-substrates) cannot be effected by any other residue.
Moreover, mutation of Glu-99 to Gln also has a significant
effect on catalysis, reducing the rate by a factor of 1000 [4] for
a racemic substrate. This could either be interpreted such that
it actually participates in some of the proton transfers or that
Glu-99 is essential for maintaining the coordination sphere of
the metal ion. An interesting observation is that reaction with
the pure R-form of the substrate can equally well be catalyzed
by GIxI which specifically always yields the S-product [38].
This may suggest that Glu-99 can replace the action of Glu-
172 for the initial proton abstraction from R-substrates, since
the labile C1 proton in the R-enantiomer is rather pointing
towards Glu-99 and not Glu-172.

In summary, we have reported here MD/FEP/EVB simula-
tions of the proposed rate-limiting step in GIxI. The computa-
tional model used is able to provide a detailed picture of the
initial catalytic step. Both the activation free energy barrier
obtained and its insensitivity to three different divalent metal
ions agree with experimental kinetic data. The source of the
catalytic rate enhancement has also been analyzed in some
detail and has been found to derive mainly from the metal’s
ability to balance the energetics of the otherwise highly un-
favorable proton abstraction from a very non-acidic carbon
atom. Thus, the major contribution to the catalytic effect cor-
responds to a stabilization of the enolate intermediate
although there is also a significant reduction of the reorgan-
ization energy of this reaction step, compared to the uncata-



94

lyzed process in aqueous solution. These features appear to be
quite general as far as enzyme-catalyzed enolization reactions
are concerned [19], although several other enzymes have
found different structural solutions to the problem of enolate
stabilization.
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