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ABSTRACT. The structures of human glyoxalase | in complexes V@ttiN-hydroxy-N-p-iodophenylcar-
bamoyl)glutathione (HIPC-GSH) an8-p-nitrobenzyloxycarbonylglutathione (NBC-GSH) have been
determined at 2.0 and 1.72 A resolution, respectively. HIPC-GSH is a transition state analogue mimicking
the enediolate intermediate that forms along the reaction pathway of glyoxalase I. In the structure, the
hydroxycarbamoy! function is directly coordinated to the active site zinc ion. In contrast, the equivalent
group in the NBC-GSH complex is approximatél A from the metal in a conformation that may resemble

the product complex witls-p-lactoylglutathione. In this complex, two water molecules occupy the liganding
positions at the zinc ion occupied by the hydroxycarbamoyl function in the enediolate analogue complex.
Coordination of the transition state analogue to the metal enables a loop to close down over the active
site, relative to its position in the product-like structure, allowing the glycine residue of the glutathione
moiety to hydrogen bond with the protein. The structure of the complex with the enediolate analogue
supports an “inner sphere mechanism” in which the G&téthylglyoxal thiohemiacetal substrate is
converted to product via és-enediolate intermediate. The zinc ion is envisioned to play an electrophilic
role in catalysis by directly coordinating this intermediate. In addition, the carboxyl of Glu 172 is proposed
to be displaced from the inner coordination sphere of the metal ion during substrate binding, thus allowing
this group to facilitate proton transfer between the adjacent carbon atoms of the substrate. This proposal
is supported by the observation that in the complex with the enediolate analogue the carboxyl group of
Glu 172 is 3.3 A from the metal and is in an ideal position for reprotonation of the transition state
intermediate. In contrast, Glu 172 is directly coordinated to the zinc ion in the complexes with
Sbenzylglutathione and with NBC-GSH.

Glyoxalase | (EC 4.4.1.5) catalyzes the first of two by glyoxalase Il tm-lactic acid and glutathione. The reaction
enzymatic steps in the conversion of 2-oxoaldehydes to theis thought to proceed via an enediolate intermediate with a
corresponding 2-hydroxycarboxylic acids by way of the base on the protein catalyzing the proton transfer between
glyoxalase system, which uses glutathione as a cofattor ( C1 and C2 (see Figure 15(7). The enzyme has an absolute
3). Physiologically, the reaction seems most relevant in the requirement for metal ions. The zinc ion in the human
detoxication of methylglyoxal, which is continuously gener- enzyme can be replaced by other bivalent metal ions to yield
ated as a side product of glycolysid).( The substrate of  partially active enzyme§ 9). The metal ion has been
glyoxalase | is not methylglyoxal itself, but rather the proposed to indirectly facilitate catalysis via a metal-bound
thiohemiacetal formed when it reacts with glutathione. water molecule that stabilizes the enediolate intermediate and
Glyoxalase | catalyzes the isomerization of this thiohemi- flanking transition states( 6).
acetal toS-p-lactoylglutathione, which is later hydrolyzed Recently, we determined the structure of human glyoxalase

I, @ homodimer with a molecular mass of 43 kDa, in a
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A j Table 1: Data Collection and Refinement Statistics
HOL O~ NCB-GSH  HIPC-GSH
C; CH,
| space group P4 P2,
s cell dimensions a=b=673A, a=527A,
o c=167.7A b=545A,
c=78.9A,
HaN NH CO,- p=98.2
) NH N resolution (A} 28-1.72 29-2.0
(1.75-1.72) (2.11-2.0)
-0,C o) no. of measured reflections 311697 49286
no. of unique reflections 78648 28148
B NO, completeness (%) 99.9 (100) 93.6 (93.5)
1ol 16.4 (4.1) 8.9 (3.2)
Rinerge (%) 4.8 (29.1) 8.3(19.4)
0 resolution range (A) 271.72 29.3-2.0
\[/ Reactor (%) 17.4 18.0
Riree (%) 21.4 20.0
s no. of protein atoms 5697 2800
Q no. of non-protein atoms 1058 256
N " o rmsd from ideal valués
s " - bonds (A) 0.010 0.007
angles (deg) 0.023 0.023
o o planes (A) 0.024 0.023
2 rmsdB values, bonded atoms A 1.9 1.0
no. of residues in disallowed 0.15 0.0
C c|>H regions of Ramachandran plot (%o)
N averageB value (protein) (&) 18,19, 18,19 26,26

averageB value (inhibitor) (&) 33,29,32,30 21,21

2 A low-resolution sweep was carried out to compensate for detector
overloads?® Values in parentheses are for the highest-resolution shells.
¢ As defined by Engh and Hube#9). ¢ Using a stringent boundary as
defined by Kleywegt and JoneSQ). ¢ Values are for molecules-AD
of the asymmetric unit, respectively.

MATERIALS AND METHODS

S-p-Nitrobenzyloxycarbonylglutathione Compleike pro-
tein was expressed and purified, and native crystals were
grown as described previousl¢Q, 15). A crystal was then
soaked for a period of 4 days in an equivalent mother liquor
about the nature of the active site deduced from inhibitor containing 10 mM NBC-GSH before being transferred briefly
binding and spectroscopic studies. From the structure,to a similar solution containing 5% ethylene glycol. The
however, it was not obvious which residue could act as the crystal was then flash-frozen under a nitrogen gas stream at
catalytic base in the proton-transfer reaction, since the only90 K. The NBC-GSH was a gift from G. Principato
reasonable candidates were zinc ligands. However, site-(Universita’ di Ancona, Ancona, Italy). Data were collected
directed mutagenesis, in conjunction with the X-ray crystal on beamline X11 at DESY (Hamburg, Germany) on a MAR
structure, indicated that Glu 172, one of the zinc ligands, is Research image plate detector and integrated and merged
critical for catalysis and is possibly the catalytic bas#)( using the HKL suite of programsl6). Further processing

Glyoxalase | has been suggested as a possible target fowas carried out using programs from the CCP4 package (
novel antitumor and antiprotozoal drugs, where inhibition Data collection statistics are presented in Table 1.
of the enzyme would cause the buildup of cytotoxic  As the starting model for refinement, the structure of the
methylglyoxal (2). In this regard, a number of inhibitors  protein that had been determined in a complex with B-GSH
have been designed. The tightest binding areS{i&-aryl- (10) was used after removal of the B-GSH and all water
N-hydroxycarbamoyl)glutathione derivatives which are thought molecules. The reflections set aside for use in the calculation
to mimic the enediolate intermediate that forms along the of Ryee (18) were equivalent to those used during the
reaction pathway of the enzymdd). A less effective refinement of the B-GSH complex. Rigid-body refinement
inhibitor of the enzyme i&p-nitrobenzyloxycarbonylgluta-  in X-PLOR (19, 20) resulted in lowering the initiaReactor
thione (NBC-GSH), a compound that is structurally similar and Rgee vValues of 45.1 and 47.1%, respectively {130
to the product of the glyoxalase | reactiohv. A), to 32.7 and 32.8%, respectively. Further refinement in

We report here the X-ray crystal structures of human X-PLOR was carried out using the slow cool proced@® (
glyoxalase | in complexes witts(N-hydroxyN-p-iodo- using all data between 7.5 and 1.75 A and maintaining strict
phenylcarbamoyl)glutathione (HIPC-GSH) and with NBC- noncrystallographic symmetry (NCS) constraints between the
GSH (Figure 1). This comparison provides important new four molecules of the asymmetric unit. No geometrical
insights into the modes of binding of these compounds to restraints were applied to the zinc coordination. Rebuilding
the enzyme, and supports a reaction mechanism in whichof the model and inclusion of water molecules were carried
the active site zinc ion plays an electrophilic role in catalysis out in O 22), using &, — F. maps averaged with RAVE
by directly coordinating an enediolate reaction intermediate. (23). The glutathione moiety of the NBC-GSH was included

-0,C

Ficure 1: Schematic diagrams of (A) the thiohemiacetal substrate
formed between glutathione and methylglyoxal, @p-nitroben-
zyloxycarbonylglutathione, and (& (N-hydroxyN-p-iodophenyl-
carbamoyl)glutathione.
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at this time. Since the two dimers are situated in similar As a consequence of the pseudosymmetry (see Materials and
crystallographic environments (the symmetry operation to Methods), the two dimers are more similar to one another
move one dimer onto the other involves a 2-fold rotation than the monomers of each dimer. For residued®D, the
around the [110] axis and translationsfand/, alonga rms deviation in the corresponding,(ositions after
andb, respectively), further refinement cycles were carried superposition is 0.2 A for one dimer compared to the other
out with NCS constraints or restraints only between the two and 0.4 A for each monomer compared to the other monomer
dimers and not between the monomers of each dimer. Thisof the same dimer. Slight differences in the main chain of
was first done in X-PLOR with strict NCS constraints the molecules occur at the N-terminus where residu€s 2
between the two dimers and then in REFMAZA) using can only be seen in one molecule of each dimer, in the loops,
all data between 28 and 1.72 A with these constraints and at the C-terminus. The three terminal residues are not
replaced by restraints. During the final cycle, no NCS well defined in any of the molecules. Overall, the structure

restraints were applied between molecules. The final coor-is very similar to that of the B-GSH complet@) with the
dinates and the structure factors have been deposited in thems deviation in the ¢ positions calculated between this

Protein Data Bank and assigned entry code 1QIP.
S-(N-Hydroxy-N-p-iodophenylcarbamoyl)glutathiombe
expression, purification, and crystallization protocols were
based on those described previoudl, (15). However, the
protein was eluted from th&-hexylglutathione affinity
column with HIPC-GSH rather than wihexylglutathione,
and 2.5 mM HIPC-GSH was added to the protein solution
prior to crystallization. The HIPC-GSH was prepared by a
method analogous to those described previoukBy. Hex-
ane-1,6-diol (3%) was also added to the protein mixture.

structure and each molecule of the superposed NBC-GSH
complex being~0.3 A. The largest differences between the
structures occur at the C-terminus which, although not well-
ordered in either complex, does appear to be affected by the
inhibitor.

Inhibitor Binding.In each of the four molecules, the NBC-
GSH is clearly defined in the associated electron density
(Figure 2A). Superpositioning of the four molecules of the
asymmetric unit, based on a least-squares fit of the corre-
sponding G atoms, shows that the position of the NBC-

Though the HIPC-GSH complex crystals were grown under GSH with respect to the protein differs only slightly among
conditions similar to those of the native crystals and had a the four molecules. The rms deviation of all NBC-GSH

similar appearance, indexing of the diffraction images
showed that they belonged to space gr&2p rather than
P4;. Data were recorded at 1 on an Raxis-Il imaging

atoms lies between 0.4 and 0.8 A, depending on which
molecules are compared. The crystal environment presum-
ably influences this variation, since the carboxylate group

plate detector mounted on a rotating anode generator andof the glycine moiety of the glutathione is involved in crystal

integrated using MOSFLM25). Scaling and further process-

contacts in three out of four molecules. Despite these slight

ing was carried out using programs from the CCP4 suite differences, the interactions between the glutathione moiety

7).

The program AMoRe Z6) was used to determine the
orientation and position of the protein chain of one dimer of
the NBC-GSH complex in the unit cell. Following optimiza-
tion of the position in AMoRe, the model had &gctor Of
33.7% and a correlation coefficient of 72.2 @®.5 A).
Initial refinement was carried out in CN&%) using the slow
cool procedure and torsional angle refinemeg) (vith NCS

of the inhibitor and the protein dimer to which it is bound
are very similar both to each other and to the equivalent
moiety in the B-GSH complex. The similarity between the
glutathione moiety in the NBC-GSH and B-GSH complexes
is particularly apparent when maps averaged over the four
molecules of the asymmetric unit are compared. In addition
to the conservation of the interactions between the respective
inhibitors and the side chains of Arg 37, Asn 103, and Arg

constraints imposed. All data between 28 and 2.0 A were 122, the water-mediated hydrogen bond from the amido

used during refinement with a correction for the bulk solvent,

nitrogen of the cysteine moiety of the NBC-GSH to Thr 101

and 5% of the reflections were set aside for use in the O,; is also present in both structures (Figure 3). Another

calculation ofRqee. Rebuilding, including the insertion of
the HIPC-GSH, was carried out in Q2), using F, — F.

maps averaged with RAVE2B). Further refinement was
carried out in REFMAC 24) with tight NCS restraints, and

conserved water molecule is situated between the carbonyl
oxygen of the cysteine moiety and the carboxylate oxygen
of the y-glutamyl moiety.

In none of the four molecules of the asymmetric unit is

the structure was rebuilt into unaveraged maps. Waterthe S-substituent of the glutathione as well defined in the

molecules were located with ARRS). Again no restraints

electron density as the glutathione moiety itself, perhaps

were put on the geometry of the metal coordination, and the reflecting incomplete substitution of the NBC-GSH in
van der Waals radius of the zinc ion was set to 0.1 A. The addition to some flexibility (Figure 2A). Nevertheless, it can
final coordinates and the structure factors have been deposclearly be seen that the carbonyl group of the thioester

ited in the Protein Data Bank and assigned entry code 1QIN.

RESULTS

Complex with S-p-Nitrobenzoxycarbonylglutathione

Overall Structure.The refined structure has @actor Of
17.4% (27-1.72 R), a correspondin®cec of 21.4%, and

linkage is not within the inner coordination sphere of the
zinc ion but instead is situated approximgtél A from the
zinc ion with an intervening water molecule. The nitroben-
zyloxycarbonyl group points down into the hydrophobic
pocket and interacts with the side chains of Glu 58, Cys 60,
lle 88, and Leu 92. Although the electron density is
suggestive of some flexibility of this group, the benzene ring

reasonable stereochemistry (Table 1). This model containsalways lies in the same plane. Cys 60 forms a mixed disulfide

two protein dimers, four zinc ions, four molecules of NBC-
GSH, four molecules of 2-mercaptoethanol covalently linked

with 2-mercaptoethanol, which was included in the crystal-
lization mixture. Relative to the B-GSH complex, there are

to each protein monomer at Cys 60, and 906 water molecules.no significant changes in the conformations of the side chains



Reaction Mechanism of Glyoxalase | Biochemistry, Vol. 38, No. 41, 19993483

Ficure 2: Binding of the glutathione derivatives in the vicinity of the active site zinc of human glyoxalase I. (A) Stereoview of the

NBC-GSH ligand and its associated electron density. The map has been calculated using phases derived from the structure prior to the

inclusion of the NBC-GSH and then subjected to 10 cycles of averaging over the four molecules of the asymmetric unit (conteured at 1

One of the molecules from the final structure has been superimposed. It can be seen that a water molecule is bound between the carbonyl
oxygen of the glutathione and the zinc ion. (B) Stereoview of the HIPC-GSH ligand and its associated electron density. The map has been
calculated using phases derived from the structure prior to the inclusion of the HIPC-GSH and then subjected to 10 cycles of averaging

over the two molecules of the asymmetric unit (contouredrat @ne of the molecules from the final structure has been superimposed. The
HIPC clearly coordinates the zinc ion.

in the hydrophobic pocket other than for Met 183, the ligand (L0). In the NBC-GSH complex, there is a second
terminal residue. If this residue were to be modeled water molecule on the opposite side of the zinc ion from
unchanged in the B-GSH complex, it would clash with the His 126 that is~2.6—2.9 A from the metalBactor ~ 20—28
benzene ring of the NBC-GSH. The small variations that A2 as compared to 1525 A2 for the first water molecule).
are seen may be due to the higher resolution of the NBC- In addition to interacting with the zinc ion, this water
GSH data and the difference in the refinement protocols. molecule is within hydrogen bonding distance of Gin 33N

Zinc CoordinationThe zinc ion and its respective ligands Clu 172 Qq, and the other zinc-bound water molecule (see
are very similar among the four molecules of the asymmetric Figure 4). Although this water molecule is a little far for
unit. A positional deviation 0f~0.1-0.2 A was observed ~ coordination, the zinc ion has an approximately octahedral
after superposition of the respective molecules, on the basisarangement of ligands with an average angle 6ft@&tween
of a least-squares fit of the corresponding &oms of any two atoms coordinating the zinc ion.
residues 8180. The distance from each of the coordinating  The second difference between the two complexes is the
atoms to the zinc ion is given in Table 2. There are two orientation of the carboxyl functions of the glutamate
major differences between the geometry of coordination of residues. Relative to the B-GSH complex, Glu 99 and Glu
the zinc ion in this complex and that seen in the complex 172 are rotated 8%and 60, respectively, around their,&
with B-GSH (Figure 4A). In the B-GSH structure, the zinc Cs bonds (see Figure 4A). The other residues are in very
ion has a square pyramidal coordination and is bound by similar positions. In two of the four zinc sites of the
the Q; atoms of GIn 33, Glu 99, and Glu 172, the,Mtom asymmetric unit, single conformations of Glu 99 and Glu
of His 126, and a water molecule, with His 126 as the axial 172 are observed. In the other two, the electron density is



13484 Biochemistry, Vol. 38, No. 41, 1999 Cameron et al.

Ficure 3: Stereoviews showing the active sites in the B-GSH (A), NBC-GSH (B), and HIPC-GSH (C) complexes. All three complexes
are shown in the same view after superpositioning the respec{iatoths. The inhibitors are shown with red-orange carbon atoms. Selected
protein residues are shown with orange carbon atoms. These include the zinc ligands and the residues involved in direct or solvent-
mediated hydrogen bonds with the inhibitors. The zinc is colored cyan, and water molecules are colored red. Hydrogen bonding interactions
are represented by gray lines, and zinc coordination is represented by black lines.

more rounded. It is in fact possible to model a second the B-GSH structure. The difference in the orientation of
position of Glu 99 into the electron density with the same the carboxylates means that the zinc ion lies within 0.2 A of
conformation as observed in the B-GSH complex. On the the planes of the functional groups of each of these two
other hand, the conformation seen in the NBC-GSH complex residues. This is much closer than those seen in the B-GSH
is not consistent with the electron density associated with complex [0.5 A from Glu 99 and 1.0 A from Glu 172@)].
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A w2 Gin33 w2 Gin 33

Glu 172

Glu 99

HIPC-GSH Glu 99 HIPC-GSH

Glu 99

Glu 172

Ficure 4: Stereoviews of the zinc coordination. (A) Comparison of $deenzylglutathione complex (thin lines and with the NBC-
GSH complex (thick lines an@®). (B) Comparison of the NBC-GSH complex (thick lines a@pwith the HIPC-GSH complex (thin lines
and x).

Table 2: Zinc Ligand Distances (A) in the Glyoxalase | Crystal a small but significant conformational change involving the
Structures loop, including residues 152159 (Figure 5). The loop is
NCB-GSH HIPC-GSH situated between the two outermgbstrands 7 and38)

of the barrel that forms the active site and helps to shield
the substrate from the surrounding solvent. Relative to the
%“_G'” 33Q. 202119 21 20 20 21 gher structures, the Latom of Lys 156, which is situated
n—Glu 99 Q; 20 20 20 20 21 19 19 ; .
Zn—His 126 N, 20 20 21 21 21 21 21 at the tip of the loop, has moved3 A toward the active
Zn—Glu 172 Q; 20 20 20 20 20 33 33 site. This conformational change was observed to occur in

distance B-GSH A B C D A B

%“—wat %;8H 2.1 22-63 225';1 2292 225';1 22-11 22(-)1 both molecules of the dimer when the NBC-GSH model was
n—Wat _ 0 28 oY & : : subject to a cycle of refinement against the HIPC-GSH
aThe four molecules of the asymmetric unit are denoteeDAfor complex data using simulated annealing and without non-

the NCB-GSH structure and A and B for the HIPC-GSH structure.

crystallographic symmetry restraints. Again the positions of
the C-terminal residues deviate from those seen in the other
Complex with S-(N-Hydroxy-N-p-iodophenylcarbamoyl)-  structures. The electron density associated with these residues
glutathione is much better defined than that seen in the other complexes.

Overall Structure.The refined structure has @acior Of Inhibitor Binding. In both molecules of the dimer, the
18% (30-2.0 A) and a correspondinByee of 21%. The HIPC-GSH is extremely well-defined in the electron density
model contains one dimer of glyoxalase | (with residues from (Figure 2B). This compound has a much lower averige
8 to 183 of each monomer), two zinc ions, two molecules Value relative to the protein than was observed for the
of HIPC-GSH, and a total of 192 water molecules. Due to inhibitors in either the B-GSH or the NBC-GSH complex
the noncrystallographic restraints applied during refinement, (se€ Table 1). The-glutamyl moiety makes contacts with
the rms deviation in the positions of the corresponding C the protein very similar to those seen in the other structures,
atoms of all residues between positions 8 and 180 afterand even here, the two water-mediated interactions men-
superposition of the two molecules is very low (0.04 A). tioned above are present (Figure 3). On the other hand, an
Overall, the structure is similar to those of the B-GSH and approximately 15 change in the torsion angle around the
NBC-GSH complexes (rms deviation in the positions of the bond between the amide nitrogen angafm of the cysteine
corresponding € atoms after superposition being0.4— residue of the glutathione moiety, together with other smaller
0.5 A for all residues between positions 8 and 180). Most changes, causes a shift in the relative positions of the glycine
of the differences between this and the other structures ariseand the S-substituent (Figures 3 and 5). This change, in
from variations in the crystal environment. There is, however, conjunction with the movement of the loop betwgghand
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Al56 C-term-A

A156 C-term-A

B63

N-term-A N-term-A

C-term-B

Ficure 5: Stereodiagram showing the superposition of the NBC-GSH complex (thin lines) with the HIPC-GSH complex (thick lines)
looking down the 2-fold axis of the dimer. The two inhibitors are represented by balls and sticks.glitamate and glycine moieties of

the glutathione derivatives are indicated. The figure clearly shows the closure of the loop in the HIPC-GSH complex with respect to the
NBC-GSH structure (residue 156 at the tip of the loop is highlighted) and the concomitant movement of the glycine moieity of the HIPC-
GSH toward the loop.

/38 toward the active site, brings the carboxylate oxygens of adopt conformations similar to those observed in the other
the glycine moiety to within hydrogen bonding distance of structures.

the main chain nitrogens of Met 156 and Lys 157 (Figure

3). In the other structures, the distance between the corre-PISCUSSION

sponding atoms is approximately 7 A. Inhibitor Binding and Conformational Change@ver the

For the S-substituent, the conformational change of the past three decades, many S-substituted glutathione derivatives
glutathione moiety serves to bring the hydroxycarbamoyl have been tested as inhibitors of glyoxalase I. The earliest
group toward the zinc ion so that the two oxygen atoms are studies demonstrated that binding is a function of the
within coordination distance of the metal ion. The hydrophobicity of the S-substituent, presumably reflecting
iodophenyl group is completely shielded from the solvent the presence of a hydrophobic binding pocket in the active
with the iodine atom situated in a similar position with site 30—32). The strongest inhibitor of human erythrocyte
respect to the center of the benzene ring of bound NBC- glyoxalase | wasSp-bromobenzylglutathionek{ = 0.08
GSH (Figure 5). Relative to the other structures, there are a«M) (8). More recently S-(N-hydroxy-N-methylcarbamoyl)-
number of side chains that have moved, but these are eithe@lutathione has been proposed as a transition state analogue

on the flexible loop (Met 157 and Leu 160) that packs onto mimicking the enediolate intermediate that forms along the
the inhibitor or on the C-terminal helix. reaction pathway of the enzyme. In support of this assertion,

. N the K; value with yeast glyoxalase | is 30-fold lower than
Zinc Coordination.The Q; atoms of GIn 33 and Glu 99 ) : )
and the N, atom of His 126 coordinate the zinc ion (see that of S-o-lactoylglutathione and 7-fold lower than tikg,

Figure 4A). However, the distance between the zinc ion and of the glutathione-methylglyoxal thiohemiacetal substrate
' [ . S 33). The enediol analogue is a moderately strong competitive
the Q; atom of Glu 172 in this complex is 3.3 A, which is (339 g y 9 b

inhibitor of the human enzymé&(= 1.7 uM) (33). TheS(N-
too far for direct coordination. This increased separation of yme( uM) (33 (

A X ) aryl-N-hydroxycarbamoyl)glutathione derivatives were sub-
1.2 A, relative to the other structures, is caused partly by a gequently discovered to be much stronger inhibitors, with

small conformational change of the side chain of Glu 172 ., yajyes that decrease with increasing hydrophobicity of
and partly by the movement of the two glutamic acid residues e ary| substituent. The strongest inhibitor that was tested
away from each other with the zinc ion following Glu 99. ;55 thep-bromopheny! derivativek; = 0.014 uM) (13).

The two oxygen atoms of the hydroxycarbamoyl group take  jygrescence quenching experiments indicate that binding
the place of the water molecules seen in the NBC-GSH of glutathione Sp-bromobenzylglutathiones), and theS-(N-
structure, giving the metal a square pyramidal coordination. aryl-N-hydroxycarbamoyl)glutathione derivatives causes
The mean angle between any two of the atoms coordinatedy small conformational change in the enzyme. In contrast,
to the zinc ion via the metal is 97The ligand-zinc distances binding of the producS-b-lactoylglutathione produces no
are given in Table 2. The amido group of GIn 33, the change in the intrinsic fluorescence of the protéin34).
hydroxycarbamoyl group of the HIPC-GSH, and thee N The fluorescence quenching experiments, together with

atom of His 126 lie in a plane with the zinc ior0.5 A proteolytic susceptibility studies, led Creighton and co-
below this plane. The rms deviation of the atoms making workers to propose the presence of a flexible loop near the
up the plane from the plane is 0.05 A. The zinc e8.2 A active site that closes over the bound enediolate analogue.

out of the plane of the functional group of the axial ligand, They further proposed that the loop is stabilized in an open
Glu 99, which adopts a conformation in which its carboxylate conformation in the presence of bouga-lactoylglutathione

group is rotated by~16° with respect to that seen in the (34). Paramagnetic nuclear relaxation studies, using the
NBC-GSH complex (see Figure 4B). GIn 33 and His 126 Mn?*-substituted enzyme, indicated that the carbonyl and
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hydroxyl oxygens of boun&-p-lactoylglutathione are in the  a significant (80-fold) decrease in binding affinity, while
second coordination sphere of the metal, precluding directthere is little change in affinity when the C-OH group of
coordination interactionss( 7). Sb-lactoylglutathione is substituted with C-H3). Second,

The recently determined crystal structure of the human ethylation of the glycyl residue of the glutathione moiety
enzyme in complex with B-GSH confirmed some of the decreases the binding affinity of the enediolate analogue, but
predictions of the inhibitor binding studie$@). The active has little affect on the binding affinity o&-b-lactoylgluta-
site includes a large hydrophobic pocket containing the thione (L3). Ethylation of the glycyl residue of the glutathione
benzyl function of the bound ligand. In addition, a water also affects the binding ofp-bromobenzylglutathione,
molecule was observed between the sulfur atom of the ligandsuggesting that this compound hydrogen bonds to the closed
and the metal ion. From a single structure, no information loop (36). This suggestion is reinforced by the results of the
about conformational changes could be gained. However, fluorescence experiments, which indicate that the loop closes
the specific residues that were proposed to form the flexible when S-p-bromobenzylglutathione binds to the enzyme.
loop, on the basis of sequence comparisons with the Both NBC-GSH and HIPC-GSH have larger S-substituents
“catalytic loop” of triosephosphate isomerase, belong to the than Sbenzylglutathione. Nevertheless, these bulky groups
[-sheet forming the core of the protein. are easily accommodated in the hydrophobic pocket of the

A comparison of the crystal structures of the binary protein with minimal movement of the side chains lining
complexes of the enzyme and the transition state analoguehe pocket. Apart from the differences caused by the position
S(N-hydroxy-N-p-iodophenylcarbamoyl)glutathione and prod- of the flexible loop, only the C-terminal helix seems to vary
uct analogues-p-nitrobenzyloxycarbonylglutathione shows among the three complexes. This helix appears to be fairly
that there is an intimate relationship between the nature of mobile.
the S-substituent and the conformation of the bound ligand. Zinc CoordinationPrevious EXAFS studies with human
Both ligands have bulky S-substituents, and like- glyoxalase | 87) and EPR experiments with the €e and
lactoylglutathione, both are thioesters of glutathione. They Cu?*-substituted enzyme88, 39) indicated distorted octa-
differ from the product at the C2 atom (Figure 1). In HIPC- hedral coordination geometry for the metal ion. Interestingly,
GSH, an N-OH group replaces the C-OH group. In NBC- zinc ions in proteins generally have tetrahedral coordination
GSH, an ether oxygen replaces the C-OH of the product. geometries40). NMR studies of glyoxalase | indicate that
The nature of this group has a dramatic influence on the two of the zinc ligands are rapidly exchanging water
mode of binding of the ligand. In the case of the HIPC- molecules §). One of these is either immobilized or
GSH-enzyme complex, the hydroxycarbamoyl group of the displaced from the metal ion whe®p-bromobenzylgluta-
ligand is directly coordinated to the zinc ion. In contrast, thione or the product binds to the enzyn®. (n the X-ray
the analogous group of NBC-GSH in a complex with the structure of the binary B-GSHenzyme complex, the zinc
enzyme is outside the inner coordination sphere of the metalion has a square pyramidal coordination geometfy.(The
ion. This latter compound appears to bind in a manner similar ligands to the Z#" include four protein residues (Gln 33,
to that reported foiSp-lactoylglutathione, on the basis of Glu 99, His 126, and Glu 172) and one water molecule.
paramagnetic relaxation measuremegtsry. Introduction of an additional water molecule, to form an

Presumably, the geometry of the hydroxycarbamoyl group octahedral coordination field, appears to be precluded by
of HIPC-GSH allows coordination to the metal ion. This steric interactions with the benzyl group of bound B-GSH.
interaction has long-range effects. To coordinate the metal,In the NBC-GSH complex, a water molecule does indeed
the HIPC-GSH must have a conformation different from that interact with the zinc ion in this position, giving the metal
of NBC-GSH. This brings the glycyl residue of the gluta- ion an approximately octahedral coordination. The zinc to
thione function near the flexible loop betwegi and /8 water distance is, however, larger than expected for a zinc
(residues 152159). At the same time, this loop moves down ligand @0, 41). A water molecule a similar distance from
into the active site so that the side chain of Met 157 remains the zinc ion was also seen in the crystal structure of the
within van der Waals distance of the inhibitor which has double mutant Q33E/E172Q crystallized withexyl-GSH
moved closer to the zinc ion. These movements enable thepresent in the active sitd ). In the HIPC-GSH complex,
glycyl moiety to hydrogen bond to the main chain nitrogens the oxygen atoms of the hydroxycarbamoyl group of the
of residues 156 and 157 (Figure 3). The side chain of Met inhibitor replace the two water molecules. In addition, Glu
157 has been shown to play a useful role in forming the 172 is displaced from the inner coordination sphere of the
substrate binding site, since replacement of this residue withmetal ion, presumably by a combination of stereochemical
an alanine results in a significant loss of enzyme activity and electrostatic effects. Despite these differences, the zinc
(35). ion has again a square pyramidal coordination.

These results show that there is a flexible loop over the On the basis of the comparison of the three structures, it
active site of glyoxalase |. The hydrogen bonding pattern of would seem that whereas His 126 and Glu 33 interact tightly
the loop in the open and closed conformations suggests thatwith the metal ion in a fixed conformation, the other ligands
the loop is open in the absence of bound ligand, which are reasonably flexible and can move to accommodate the
enables the substrate or inhibitor to enter the active site. Fordifferent inhibitors. These results are consistent with an ionic
the loop to close, the ligand must bind in a conformation rather than a covalent nature of the interactions between the
similar to that found in the HIPC-GSH structure. The carboxylates and the zinc ions. EXAFS studies also predicted
structural results are consistent with the fluorescence experi-that the nature of the inhibitor might affect the orientation
ments. In addition, the structural data explain the following of two of the zinc ligands37). Whereas it was inferred from
observations. First, the replacement of the N-OH group of the EXAFS experiment that two imidazole rings would
S(N-hydroxyN-methylcarbamoyl)glutathione with N-H causes rotate, our results show that it is the two carboxylates bound
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Ficure 6: Simplified reaction mechanism for glyoxalase | (see the text).

to the zinc ion that differ in conformation between the in the reaction 10, 11). The complex with HIPC-GSH
structures. What causes the difference, however, is a matteiprovides further support for this mechanism since in this
of speculation. On the basis of the out-of-plane distances of structure Glu 172 is not coordinated to the zinc ion as in the
the zinc ions from the carboxylate functional groups, it could other complexes. Moreover, its.Ocarboxylate oxygen is
be argued that the geometry of coordination seen in the NBC-~3.3 A from the C1 and N atoms of the intermediate
GSH complex is the more favorable. In the B-GSH complex, analogue in an ideal position for the residue to act as the
the carboxylates may have altered their positions to coun-base.

teract the loss of the water molecule occluded by the binding |t s well established that glyoxalase | produces

of the B-GSH. lactoylglutathione exclusively from the racemic thiohemi-
Reaction MechanisnAn enediol proton-transfer mecha-  acetal substratet). Pulse-chase isotope-trapping studies and
nism is now generally accepted for glyoxalase |. The fact NMR measurements indicate that both t&e and R-
that the native enzyme depends orfZfor activity implies  diastereomers of the substrate are used by the enzne (
that the metal ion plays an important role in catalysis. On 46). Two different types of mechanisms have been proposed
the basis of NMR studies of the binding of the prodigb- to account for this observation. On one hand, it has been
lactoylglutathione, and the apparent substrate analoguesuggested that the enzyme catalyzes the interconversion of
S-acetonylglutathione, the metal was proposed not to interactthe two bound diastereomers before only one of the dia-
directly with the substrate or intermediate but rather to stereomers is converted to produdl, On the other hand,
facilitate catalysis through outer sphere effe@s 1, 42). others have proposed a mechanism wherein each dia-
This is consistent with a report that replacement ofZnith stereomer is separately processed to the product via a
V2* or G&* results in enzyme species wika values that  enediolate intermediate without prior interconversion of the
are larger than the ligand exchange rates of these metals injifferent substrate formg{). Modeling studies indicate that
aqueous media3f. The structural results reported here, the configuration of theS-diastereomer of GSHmethyl-
however, do not support such a mechanism. glyoxal thiohemiacetal is ideally suited for abstraction of the
In the structure of the enzyme in a complex with HIPC- C1 proton by Glu 172 to form theis-enediolate intermediate.
GSH, the inhibitor is coordinated to the metal ion. HIPC- Reprotonation of the zinc-bound intermediate by Glu 172
GSH is a tight binding competitive inhibitor of human would result inp-lactoylglutathione. However, it is much
glyoxalase | Ki = 10 nM) that mimics the stereoelectronic harder to model th&-diastereomer so that Glu 172 would
features of the enediolate reaction intermediate. Its confor-be in a position to abstract the proton to form tbis-
mation in the structure strongly implies that the reaction enediolate. It is tempting to suggest that Glu 99, diametrically
proceeds through a metal-coordinatddenediolate inter-  opposite Glu 172 in the zinc coordination sphere, could act
mediate. Previously, we proposed a reaction mechanism inas the base when the-diastereomer of the substrate is
which Glu 172, one of the zinc ligands, may act as the basepresent in the active site. Though this residue is coordinated
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to the metal ion in all the structures, it is flexible and in the
complex with HIPC-GSH its @ atom is close to the C1
and N atoms of the intermediate (3.1 and 3.2 A, respectively).

9.

10.

Site-directed mutatgenesis studies, though ambiguous, do {4

indicate that the residue may play some role in the reaction
mechanism X1). However, its position with respect to the
metal-coordinated endiolate intermediate excludes it from
reprotonation at C2 since this would resultLitactoylglu-
tathione. In the above discussion, we have not mentioned
the transfer of the hydrogen that is situated on the oxygen
at C1 of the substrate (Figure 1) and the oxygen at C2 of
the product. With respect to the oxygens of the intermediate,
both Glu 172 and Glu 99 are in suitable positions to aid in
the transfer.

A simplified reaction mechanism with ti&diastereomer
of the substrate would be as follows (Figure 6). Substrate
first enters the active site and is anchored by igutamate
moiety. It then swings in toward the zinc ion, displacing the
metal-bound water molecules and Glu 172. This interaction
presumably stabilizes the closed conformation of the peptide
loop over the active site. The glycyl moiety of the substrate
is important for transition state stabilization since the value
of KealKm for the GSH-methylglyoxal hemithioacetal is 10-
fold higher than the value for its glycyl ethyl estd8]. Glu
172 then abstracts the proton from C1, formingcia
enediolate intermediate that is coordinated to the zinc ion.
It should be emphasized that displacement of Glu 172 from
the inner coordination sphere of Znduring substrate
binding should cause a dramatic increase in tkg gf the
carboxyl group. At the same time, direct coordination of the
substrate to the metal ion should decrease #eob C1-H.
These shifts in [, are in the right direction to promote
catalysis. Reprotonation at C2 results in the formation of
the product, which will then dissociate from the zinc ion.
This will cause the flexible loop to open and facilitate the
diffusion of the product from the active site. In this
mechanism, we have omitted any discussion of the transfer
of the proton from the oxygen at C1 to the oxygen at C2
that must occur.
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