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SUMMARY

The glyoxalase system consists of two enzymes, glyoxalase I and
glyoxalase II. This system is important in the detoxification of
methylglyoxal. Detailed studies have determined that the glyoxalase I
from Escherichia coli, Neisseria meningitidis and Yersinia pestis are
maximally activated by Ni** and Co?*, and are inactive with Zn**, a
situation quite different from the human glyoxalase I enzyme, which is
activated by Zn®*. Recent studies on the Pseudomonas aeruginosa
genome have led to the characterization of three different glyoxalase I
enzymes, two of which follow a Ni**/Co®* activation profile and the
third exhibits a human-like preference for Zn*".
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1. INTRODUCTION

The seemingly ubiquitous nature of the cellular formation of
methylglyoxal (MG), produced by a number of different pathways, has
resulted in the development of major detoxification systems for this
reactive compound /1-7/. One such system consists of the enzymes
glyoxalase I and glyoxalase II (Glxl and GIxII) that catalyze the
conversion of MG to S-D-lactoylglutathione (Glx1) and subsequently,
to D-lactate and glutathione (GIxII) /8/. This is shown in Figure 1 with
the possible intermediates that might be found in this reaction.
Although the glyoxalase system was first reported in 1913, it has only
been relatively recently that the molecular structures of these enzymes
have been elucidated /9/.

Methylglyoxal has been shown to be cytotoxic and its intracellular
concentration can reach cytotoxic levels in a short time period (please
see various articles in this volume for elaboration of MG biosynthesis
and chemical mechanisms of its toxicity) /5,10,11/. The glyoxalase
system is one manner by which MG levels can be lowered by con-
version of this molecule into D-lactate. However, in the Entero-
bacteriaceae, the enzyme methylglyoxal synthase has been identified
which catalyzes the formation of MG from dihydroxyacetone
phosphate /6,12/. It has been proposed that dihydroxyacetone phos-
phate conversion to MG by methylglyoxal synthase and subsequently
to D-lactate by the glyoxalase system occurs. The D-lactate can be
converted to pyruvate through the action of lactate dehydrogenase. The
overall process then becomes a bypass to the glycolytic pathway /13/.
Inorganic phosphate has been shown to inhibit methylglyoxal synthase
which suggests that this bypass is activated under low phosphate
conditions for these cells in order to maintain critical inorganic
phosphate levels /14/. However, it is generally considered that a major
role for glyoxalase I and II is to control the cytotoxic levels of MG
(and perhaps other a-ketoaldehydes) within the cell. Nevertheless,
recent reports have implied that MG and the glyoxalase enzymes may
have important direct/indirect roles in controlling various cellular
functions /15-25/. For example, the product of Glxl, S-D-
lactoylglutathione, may play a role in the control of potassium efflux
pumps in Escherichia coli /26/.
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2. THE GLYOXALASE ENZYME SYSTEM
2.1. Glyoxalase I

The glyoxalase system is widespread in Nature with examples of
both prokaryotic as well as eukaryotic organisms utilizing these
enzymes /1,8,27,28/. Calf liver GlxI was the first GIxI studied that was
shown to be dependent upon metal ions for activity /29/. Since that
time a range of Glx] enzymes have been shown to be metal-dependent,
notably the metal ion Zn* being an essential component of glyoxalase
I enzymes, although Mg®* was at first considered to be the activating
metal in vivo /30-32/. Detailed studies on a number of Glxls have
appeared with studies on Homo sapiens, Saccharomyces cerevisiae
and Pseudomonas putida Glxl providing critical insight into the
mechanism of this enzyme and their metal specificities /33,34/.

In studying metalloenzymes, a key aspect is the determination of
the metal specificity of the enzyme. However, the exact nature of the
metal utilized in vivo can sometimes be difficult to determine experi-
mentally, as metal ion availability present in various growth media or
in the environment may vary and therefore metal reconstitution
experiments on the apo (non-metallated) form of the enzyme are
usually undertaken /35/. The apo forms of Glxl from H. sapiens and
P. putida can be reactivated to varying extents by various metal ions
including Ni**, Co** and Mg®* as well as Zn?* /33,36/. However, Zn**
is considered to be the in vivo activating metal for a large number of
Glx] enzymes. Nevertheless, in studies on the Escherichia coli Glxl,
evidence had been reported that the apoenzyme, unlike other Glxls
known at the time, is not activated by Zn?*, although this metal ion has
been shown by isothermal titration calorimetry and X-ray crystallo-
graphy to bind to the active site of the E. coli GIxl /37,38/.
Reconstitution experiments of the apoGIxI from E. coli with a variety
of metals indicated that metals such as Ni**, Co?*, Cd**, Mn*" and Fe*
are activating, with Ni’* activation producing the highest activity /37/.
The kinetic constants were determined to be as follows: Ni** (Kp = 27
UM, Vpa = 676 pmol/min/mg, k. = 338 s"); Co** (Km =12 uM, Vpax
= 213 pumol/min/mg, ke = 106 s); Cd** (Km = 8.9 pM, Vpax = 43
pmol/min/mg, ke = 21 s"); Mn?* (K, = 10 uM, Vp = 121
umol/min/mg, ke = 60 s); Fe** (X, = 10 pM, Vma = 112
umol/min/mg, ke = 56 s) /37,38/. Zn** can bind to the enzyme but
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the resulting enzyme is inactive. Mg?* does not bind to the apoGIxI as
determined by isothermal titration calorimetry /38/.

Extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge spectroscopy (XANES) studies of the inactive
Zn?** form and the active Ni** form of E. coli GIxl indicated that the
Zn*" ion was most likely in a trigonal bipyramidal five-coordinate
geometry whereas the Ni%* ion was in an octahedral six-coordinate
geometry /39,40/. These biophysical results were confirmed by the
determination of the X-ray structure of the E. coli enzyme reconsti-
tuted with a variety of metal ions /41/. The E. coli Glxl enzyme is
dimeric in nature, which is similar to the structure of the human
enzyme /42/ (Fig. 2). A comparison of the X-ray structures of the
E. coli Glxl reconstituted with Zn** (inactive) and with the activating
metals Co?*, Cd** and Ni?* revealed that all the activating metals have
an octahedral environment, but the Zn>*-bound form of the enzyme
resulted in a trigonal bipyramidal five-coordinate environment around
the metal. Figure 3 shows the active site structure of the Zn**-bound
and the Ni**-bound forms of E. coli Glxl. A key difference observed in
these structures was that E. coli Glxl containing activating metals all
have two water molecules bound to the active site metal along with
four protein side chains (two side chains from each of the two subunits
[A and B] making up the homodimer of the enzyme: HisSA, Glu56A,
His74B and Glul22B). The inactive Zn**-bound enzyme has the same
four protein side chains bound to the metal but only one water
molecule was coordinated to the Zn?*. Recombinant overproduction of
the E. coli Glxl in an E. coli host in the presence of NiZ* ion in the
growth medium results in the formation of active enzyme when
isolated directly from the cytosolic fraction. However, overproduction
of the E. coli Glxl in the presence of Zn** ion results in the formation
of the inactive Zn**-bound enzyme /37/. Removal of the metal using
isoelectric focusing produces the apoform of the enzyme, which could
be readily reconstituted with a variety of metal ions. It is interesting to
note that the affinity of the E. coli apoenzyme for Ni?* was confirmed
by the observation that a slow but measurable exothermic reaction in
the absence of added metal was seen during isothermal titration
calorimetry experiments. Upon further investigation it was discovered
that the apoenzyme was able to remove nickel ions from the Hastelloy
stainless steel calorimetry cell (which is composed of approximately
60% nickel) /38/.
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Fig. 3: Active site metal coordination of the E. coli GIxI bound to A) Zn*'
(inactive) and B) Ni** (active). The water spheres represent ligation of
oxygen atoms from either H,O or hydroxide. Based on coordinates from
A) PDB Ifa5 and B) PDB 19z.

The above discovery of a GIxI that was not activated by Zn>* (nor
Mg?* as was also observed) but was maximally activated by NiZ*
appeared to indicate that two separate classes of Glxl might exist. In
order to determine whether the E. coli enzyme was a paradigm for a
new class of Glxl, a bioinformatics analysis of the genome databases
was undertaken to detect additional putative bacterial Glx1 /27,43/.
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This led to the investigation of the metal specificity of several
additional bacterial Glx] enzymes, namely those from Yersinia pestis,
Neisseria meningitidis and Pseudomonas aeruginosa /44/. Although
the N. meningitidis enzyme had been isolated previously, no
information was available on its metal activation profile /45/. Isolation
and characterization of the proteins overproduced from these genes
confirmed the glyoxalase I activity of these putative Glxls and allowed
for detailed analysis of their metal activation profiles. It was
determined that these Glxls were also inactive with Zn?* but were
activated by Ni’*. These findings provide additional support for a
second class of Glx] enzymes.

Although Glx] enzymes have been studied from organisms that
contain glutathione as their major intracellular thiol, other organisms
utilize different intracellular thiols. For example, flagellates of the
genera Leishmania and Trypanosoma are eukaryotic parasites and
their intracellular biochemistry makes use of two major thiols, gluta-
thione and the more complex trypanothione [N1,N8-bis(glutathionyl)
spermidine] (Fig. 4) /46-48/. Infection by these protozoa produces
clinically and agriculturally important diseases, such as African
sleeping sickness (Trypanosoma brucei) and Chagas disease (7. cruzi)
/49/. Infections by Leishmania, such as Leishmania tropica, L.
donovani, and L. braziliensis, are believed to infect millions of people
worldwide /49/. Fairlamb and coworkers have reported the isolation,
characterization and X-ray structure of the L. magjor GIxI. The
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molecular structure has strong resemblance to the E. coli Glxl
structure and the L. major enzyme is also a Ni**-activated enzyme
(inactive with Zn2+) /50,51/. The L. major GlxI preferentially utilizes
the hemithioacetal formed between MG and trypanothione as the
substrate. The length of the amino acid sequence of the L. major
enzyme is also similar to the E. coli and other Ni**-activated enzymes.
These enzymes are shorter in sequence than the Zn’*-activated
enzymes. Glyoxalase activity has been detected in L. braziliensis and
reports have recently appeared on the preliminary characterizations of

the Glxl from L. donovani (Ni’**-activated) and T. cruzi (major
activation by Ni** and Co** but interestingly also exhibits some
measurable activation by Zn?*) which will lead to further investiga-
tions into the glyoxalase systems of these medically important
parasites /52-55/. Reports have already appeared that focus on the
medicinal aspects of these glyoxalase systems and the critical nature of
MG concentrations in these parasites /55-58/.

Interestingly the quaternary structures of Glxl can also be different.
For example, Glxl from several plants, yeast and the malaria parasite
Plasmodium falciparum are approximately twice the length of the
homodimeric Glxl enzyme from humans and E. coli /59-61/. The P.
Jalciparum enzyme is composed of a single polypeptide chain contain-
ing two active sites. Zn?* activates this enzyme /61/. Recently it has
been shown that there is allosteric coupling between the two active
sites in P. falciparum Glxl /62/. Since malaria is a major pathogen
affecting the world’s population with 350-500 million cases occurring
worldwide, with an estimated one million deaths occurring per year
(http://www.cdc.gov/malaria/facts.htm), further investigation on the
critical nature of GlxI in this organism is certainly warranted. Efforts
along these lines are being reported /63-66/.

Another structural aspect to the GIxl enzymes is that they are
members of the BafPp superfamily of proteins /67/. The three-
dimensional structure of Glxl enzymes is composed of a Boffp
secondary structural motif which is found in a number of other
proteins. Proteins in this category, which have different functions, are:
2,3-dihydroxy-biphenyl 1,2-dioxygenase /68/, mitomycin resistance
protein /69/, fosfomycin resistance protein (FosA) /70/, methyl-
malonyl-CoA epimerase /71/, and bleomycin resistance protein /72/.
Connected Bafpp motifs are found in the monomeric subunits as well
as proximal to each other in three-dimensional space from neighboring
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subunits /36,67,73/. This arrangement forms a bowl-shaped region
whose functional significance is that it is the binding site for a ligand
(bleomycin and mitomycin resistance proteins) or the active site for
catalysis (for Glxl, extradiol dioxygenases and methylmalonyl-CoA
epimerase).

Although there now appears to be no doubt about the existence of
two classes of Glxl based on metal activation profiles, would it be
possible to predict the metal specificity a new GlxI might have based
on its sequence analysis? It does appear that shorter sequences,
comparable to the E. coli enzyme, exhibit Ni**-activation but little or
no Zn’*-activation /44,50,74/. Can we extend this prediction to the
type of organism under study? This does not appear to be the case
since the P. putida Glx] does utilize and is isolated as a Zn>*-bound
enzyme and yet a recent report has shown that a Glxl from another
Pseudomonad, P. aeruginosa, contains a Ni**-activated enzyme
(inactive with Zn®") /44/. The P. putida enzyme has a longer amino
acid sequence as does the H. sapiens enzyme, which is also Zn*'-
activated. Surprisingly, a further analysis of the P. aeruginosa PAOI
genome, however, recently revealed two additional putative Glxl
enzymes, GloA2 and GloA3, one of which (GloA2) was similar in size
to the E. coli Glxl and the previously reported P. aeruginosa Glxl
(GloAl) and the other, GloA3, was longer than the E. coli enzyme but
similar to the H. sapiens enzyme in length /75/. Isolation and over-
production of these two putative Glxl enzymes from P. aeruginosa
PAOI using E. coli expression systems allowed for examination of
their potential catalytic activity as well as for detailed analysis of their
metal activation profiles. Both gene products were found to exhibit
high Glxl enzyme activity. The GloA2 enzyme exhibited Ni**-
activation and no Zn’*-activation. However, the GloA3 enzyme
exhibited what we are defining as Class I activity, which is Zn?*-
activation. In fact, as isolated, the GloA3 enzyme has Zn* tightly
bound to the enzyme, so much so that removal of the Zn** required
more forceful conditions than metal removal from the Class II or non-
Zn** (Ni2+-activated) enzymes. The kinetic properties of the three P.
aeruginosa Glxl are as follows: GloA1 (with NiZ*: Kn =32 pM, Vg
= 571 pumol/min/mg, ke = 271 s”'; kea/Km = 8.5 x 106 M's™"); GloA2
(with Ni%*: Kn = 21 pM, Vi = 497 pmol/min/mg, ke = 247 s";
kea/Km = 1.2 x 10’ M''s") and GloA3 (with Zn**: Ky, = 287 pM, Vinax
= 1176 pmol/min/mg, kea = 787 5™ ; keat/Km = 2.8 x 10 M''s™). Their
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amino acid sequences are presented in Figure 5 along with several
other GlxI enzymes discussed in this article. The P. aeruginosa PAO1
study is the first report of a eubacterial species containing several GlxlI
encoding genes, and also an organism which possesses Glxl enzymes
from both metal activation classes. A detailed scan of the National
Center for Biotechnology Information (NCBI) repository of protein
and nucleic acid sequence databases did not reveal any additional
organisms that could contain more than one GlxI gene. Other Pseudo-
monads whose genomes have been completely sequenced, such as P.
syringae, P. putida and P. fluorescens, appear to possess a single GlxI
gene with significant similarity to the P. aeruginosa GloA3 protein,
the Zn?*-activated GIxI. It will be interesting to determine what factors
(such as metal availability) might control the expression of each of
these separate genes in P. aeruginosa. The metal activation profiles for
several Glxls studied in the literature are presented in Figure 6 /30,
37,38,44,50,54,75-79/. The figure qualitatively indicates the different
metal profiles between the class of GlxI that are maximally activated
by Ni** and show little to no activity with Zn2* and the class of GlxI
that are activated by Zn>*, Mg** and other metals (including Ni** in
some cases). This class has rather broad metal activation charac-
teristics, as can be seen from the Figure.

2.2. Glyoxalase 11

The second enzyme of the glyoxalase system, glyoxalase II (GIxII),
is involved in the hydrolysis of the S-D-lactoylglutathione product
formed by the action of GlxI on the hemithioacetal-glutathione adduct
(Fig. 1). GIXII from Homo sapiens and Arabidopsis thaliana are two
of the best characterized enzymes /80-86/. GIXII has been found to be
a binuclear metalloenzyme with Zn?* as the probable active site metal
ion. The cytosolic and the mitochondrial GIXII from A. thaliana,
however, have been reported to contain varying ratios of Zn**, Fe**
and Mn®* and exhibit broad metal activation /87,88/. The X-ray
structures of GIXII from H. sapiens and A. thaliana have been pub-
lished /82,84/ and, recently, the unpublished structure of the GIxII
from Salmonella typhimurium LT2 has been released to the RCSB
protein structure databank (PDB 20bw) /89/. As of this writing, the
unpublished three-dimensional structure of the Leishmania infantum
GIxII enzyme has been deposited but not released in the RCSB protein
structure databank (PDB 2p18) /90/. The molecular structures of the 4.
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Fig. 6: Relative metal activation profiles for several glyoxalase I enzymes. Data
taken from references as stated in the text. PAGloAl, PAGIoA2 and
PAGIoA3 refer to the three Pseudomonas aeruginosa glyoxalases. Human
erythro and pig erythro refer to the corresponding erythrocyte enzymes.
Schizo pombe refers to the fission yeast Schizosaccharomyces pombe.
Brassica refers to the Brassica juncea plant enzyme.
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thaliana and the H. sapiens GIXII share the same overall fold as the
Zn**-dependent metallo-B-lactamases, which are themselves members
of the larger Zn**-metallohydrolase structural family /91/. The three-
dimensional structure of the A. rhaliana GIXII is shown in Figure 7.
The GlIxIls from H. sapiens, A. thaliana and Candida albicans are
monomeric in nature /80,86,92/.

Due to the discovery of the existence of two classes of GIxI based
on their metal activation profiles, it was of interest to determine
whether the GIXII enzyme in an organism that has a Class II (Zn?*-
inactive but Ni** activated) Glxl enzyme would also have a non-Zn**
but Ni**-activated enzyme. A recent report has presented evidence that
the E. coli GIXII enzyme is in fact isolated with approximately two

Fig.7:  Diagram of the 4. thaliana GIxII structure showing key active site residues
in ball-and-stick form. Coordinates taken from PDB 1xmS.
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moles of Zn®* bound per mole of GIxII and that the enzyme is active
in this form /93/. This was determined by spectrophotometric as well
as inductively coupled plasma mass spectrometric techniques and is
consistent with previous studies on other GlxIIs. Conditions were
reported that allowed for the preparation of high levels of the apo-
enzyme, which could then be used to evaluate whether enzyme
activity could be regained upon incubation with various metal ions.
Activity was regained by the addition of either Mn>" or Co?*, but no
activity was seen with the addition of Ni?*. Interestingly re-addition of
Zn*" resulted in a further inhibition of the residual enzyme activity of
the incompletely demetallated apoGIxIl. Although somewhat surpris-
ing, there is literature evidence for Zn**-inhibition of apoenzymes for
which Zn?* is the activating metal ion /94,95/. In the case of the E. coli
GIxII, the presence of six cysteine residues in its amino acid sequence
may result in Zn**-thiolate interactions that could be detrimental to
reconstituted enzyme activity. Several studies have appeared that
focus on GIxII as a target for the development of new drugs and this
area will certainly be extended with the availability of new structural
information on GIxII from a number of sources /55,57,63,96,97/.

3. GLYOXALASE III

Evidence has appeared for the existence of an E. coli protein able
to convert MG into D-lactate without the need for glutathione /98/.
Termed GIXIII, this enzyme has been determined to be a homodimer
of ~82 kDa. No sequence or further characterization has been pub-
lished for this enzyme, although a recent report has indicated the
possible role of rpoS in the regulation of GIxIII in E. coli /99/.

4. CONCLUDING REMARKS

As is evident from the articles in this Special Issue, the area of
methylglyoxal biochemistry and toxicology continues to receive
intense investigation. In the area of enzymatic control of methyl-
glyoxal levels, much new knowledge has been gained concerning the
enzymology of the glyoxalase system. Not only has this new
information expanded our fundamental understanding of this
important set of enzymes, but it has also provided information on
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several new potential drug targets that might be the focus of future
investigations in the control of human disease. Professor Szent-
Gyorgyi would be pleased to know that his legacy continues with the
new discoveries that are being made on the biochemistry of this
‘simple’ three carbon aldehyde.

ACKNOWLEDGEMENTS

The authors wish to thank NSERC Canada for research support
(J.H.) and for a graduate scholarship (N.S.).

11.

44

REFERENCES

. Thornalley PJ. Glyoxalase I-structure, function and a critical role in the

enzymatic defence against glycation. Biochem Soc Trans 2003; 31: 1343-
1348.

. Yadav SK, Singla-Pareek SL, Reddy MK, Sopory SK. Methylglyoxal

detoxification by glyoxalase system: a survival strategy during environmental
stresses. Physiol Mol Biol Plant 2005; 11: 1-11.

. Ko J, Kim I, Yoo S, Min B, Kim K, Park C. Conversion of methylglyoxal to

acetol by Escherichia coli aldo-keto reductases. J Bacteriol 2005; 187: 5782-
5789.

Vander Jagt DL, Hunsaker LA. Methylglyoxal metabolism and diabetic
complications: roles of aldose reductase, glyoxalase-I, betaine aldehyde
dehydrogenase and 2-oxoaldehyde dehydrogenase. Chem Biol Interact 2003,
143-144: 341-351.

. Ahmed N, Battah S, Karachalias N, Babaei-Jadidi R, Horanyi M, Baroti K, et

al. Increased formation of methylglyoxal and protein glycation, oxidation and
nitrosation in triosephosphate isomerase deficiency. Biochim Biophys Acta
2003; 1639: 121-132.

Inoue Y, Kimura A. Methylglyoxal and regulation of its metabolism in micro-
organisms. Adv Microb Physiol 1995; 37: 177-227.

Cooper RA. Metabolism of methylglyoxal in microorganisms. Annu Rev
Microbiol 1984; 38: 49-68.

Vander Jagt DL. The glyoxalase system. In: Dolphin D, Poulson R,
Avramovic O, eds. Coenzymes and Cofactors. New York: John Wiley and
Sons, Inc., 1989; 597-641.

Dakin HD, Dudley HW. Glyoxalase. J Biol Chem 1913; 14: 423-431.

. Richard JP. Kinetic parameters for the elimination reaction catalyzed by

triosephosphate isomerase and an estimation of the reaction’s physiological
significance. Biochemistry 1991; 30: 4581-4585.

Thornalley PJ. Pharmacology of methylglyoxal: formation, modification of
proteins and nucleic acids, and enzymatic detoxification-a role in patho-

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



N. Sukdeo and J.F. Honek Drug Metabolism and Drug Interactions

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

genesis and antiproliferative chemotherapy. Gen Pharmacol 1996; 27: 565-
573.

Saadat D, Harrison DH. The crystal structure of methylglyoxal synthase from
Escherichia coli. Structure 1999; 7: 309-317.

Cooper RA, Anderson A. The formation and catabolism of methylglyoxal
during glycolysis in Escherichia coli. FEBS Lett 1970; 11: 273-276.

Ferguson GP, Totemeyer S, MacLean MJ, Booth IR. Methylglyoxal produc-
tion in bacteria: suicide or survival? Arch Microbiol 1998; 170: 209-218.

Sato S, Kwon Y, Kamisuki S, Srivastava N, Mao Q, Kawazoe Y, et al.
Polyproline-rod approach to isolating protein targets of bioactive small
molecules: isolation of a new target of indomethacin. ] Am Chem Soc 2007;
129: 873-880.

de Hemptinne V, Rondas D, Vandekerckhove J, Vancompernolle K. Tumor
necrosis factor induces phosphorylation primarily on the nitric-oxide-
responsive form of glyoxalase 1. Biochem J 2007; 407: 121-128.

Xu Y, Chen X. Glyoxalase II, a detoxifying enzyme of glycolysis byproduct
methylglyoxal and a target of p63 and p73, is a pro-survival factor of the p53
family. J Biol Chem 2006; 281: 26702-26713.

Takatsume Y, Izawa S, Inoue Y. Methylglyoxal as a signal initiator for
activation of the stress-activated protein kinase cascade in the fission yeast
Schizosaccharomyces pombe. J Biol Chem 2006; 281: 9086-9092.

Schalkwijk CG, van Bezu J, van der Schors RC, Uchida K, Stehouwer CD,
van Hinsbergh VW. Heat-shock protein 27 is a major methylglyoxal-modified
protein in endothelial cells. FEBS Lett 2006; 580: 1565-1570.

Zuin A, Vivancos AP, Sanso M, Takatsume Y, Ayte J, Inoue Y, et al. The
glycolytic metabolite methylglyoxal activates Papl and Styl stress responses
in Schizosaccharomyces pombe. J Biol Chem 2005; 280: 36708-36713.

Maeta K, Izawa S, Inoue Y. Methylglyoxal, a metabolite derived from
glycolysis, functions as a signal initiator of the high osmolarity glycerol-
mitogen-activated protein kinase cascade and calcineurin/Crzl-mediated
pathway in Saccharomyces cerevisiae. J Biol Chem 2005; 280: 253-260.

Roy K, De S, Ray M, Ray S. Methylglyoxal can completely replace the
requirement of kinetin to induce differentiation of plantlets from some plant
calluses. Plant Growth Regul 2004; 44: 33-45.

Maeta K, Izawa S, Okazaki S, Kuge S, Inoue Y. Activity of the Yapl tran-
scription factor in Saccharomyces cerevisiae is modulated by methylglyoxal, a
metabolite derived from glycolysis. Mol Cell Biol 2004; 24: 8753-8764.
Nagaraj RH, Oya-Ito T, Padayatti PS, Kumar R, Mehta S, West K, et al.
Enhancement of chaperone function of alpha-crystallin by methylglyoxal
modification. Biochemistry 2003; 42: 10746-10755.

Mukaihara T, Tamura N, Murata Y, Iwabuchi M. Genetic screening of Hrp
type Ill-related pathogenicity genes controlled by the HrpB transcriptional
activator in Ralstonia solanacearum. Mol Microbiol 2004; 54: 863-875.
MacLean MJ, Ness LS, Ferguson GP, Booth IR. The role of glyoxalase I in
the detoxification of methylglyoxal and in the activation of the KefB K" efflux
system in Escherichia coli. Mol Microbiol 1998; 27: 563-571.

45

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



Vol. 23, No. 1-2, 2008 Microbial Glyoxalase Enzymes

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

46

Clugston SL, Honek JF. Identification of sequences encoding the detoxifica-
tion metalloisomerase glyoxalase I in microbial genomes from several patho-
genic organisms. J Mol Evol 2000; 50: 491-495.

Kimura A, Inoue Y. Glyoxalase I in micro-organisms: molecular charac-
teristics, genetics and biochemical regulation. Biochem Soc Trans 1993; 21:
518-522.

Davis KA, Williams GR. Cation activation of glyoxalase I. Biochim Biophys
Acta 1966; 113: 393-395.

Aronsson AC, Mannervik B. Characterization of glyoxalase I purified from
pig erythrocytes by affinity chromatography. Biochem J 1977; 165: 503-509.
Uotila L, Koivusalo M. Purification and properties of glyoxalase I from sheep
liver. Eur J Biochem 1975; 52: 493-503.

Han LP, Schimandle CM, Davison LM, Vander Jagt DL. Comparative kinetics
of Mg?*-, Mn**-, Co*'-, and Ni**-activated glyoxalase I. Evaluation of the role
of the metal ion. Biochemistry 1977; 16: 5478-5484.

Aronsson AC, Marmstal E, Mannervik B. Glyoxalase I, a zinc metalloenzyme
of mammals and yeast. Biochem Biophys Res Commun 1978; 81: 1235-1240.
Sellin S, Mannervik B. Metal dissociation constants for glyoxalase I
reconstituted with Zn?*, Co*, Mn*, and Mg”. J Biol Chem 1984; 259:
11426-11429.

Outten CE, O’Halloran TV. Femtomolar sensitivity of metalloregulatory
proteins controlling zinc homeostasis. Science 2001; 292: 2488-2492.
Saint-Jean AP, Phillips KR, Creighton DJ, Stone MJ. Active monomeric and
dimeric forms of Pseudomonas putida glyoxalase I: evidence for 3D domain
swapping. Biochemistry 1998; 37: 10345-10353.

Clugston SL, Barnard JFJ, Kinach R, Miedema D, Ruman R, Daub E, et al.
Overproduction and characterization of a dimeric non-zinc glyoxalase 1 from
Escherichia coli: evidence for optimal activation by nickel ions. Biochemistry
1998; 37: 8754-8763.

Clugston SL, Yajima R, Honek JF. Investigation of metal binding and
activation of Escherichia coli glyoxalase I: kinetic, thermodynamic and muta-
genesis studies. Biochem J 2004; 377: 309-316.

Davidson G, Clugston SL, Honek JF, Maroney MJ. XAS investigation of the
nickel active site structure in Escherichia coli glyoxalase 1. Inorg Chem 2000;
39: 2962-2963.

Davidson G, Clugston SL, Honek JF, Maroney MJ. An XAS investigation of
product and inhibitor complexes of Ni-containing GIxl from Escherichia coli:
mechanistic implications. Biochemistry 2001; 40: 4569-4582.

He MM, Clugston SL, Honek JF, Matthews BW. Determination of the
structure of Escherichia coli glyoxalase 1 suggests a structural basis for
differential metal activation. Biochemistry 2000; 39: 8719-8727.

Cameron AD, Olin B, Ridderstrom M, Mannervik B, Jones TA. Crystal
structure of human glyoxalase I-evidence for gene duplication and 3D domain
swapping. EMBO J 1997; 16: 3386-3395.

Clugston SL, Daub E, Kinach R, Miedema D, Barnard JFJ, Honek JF.
Isolation and sequencing of a gene coding for glyoxalase I activity from

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



N. Sukdeo and J.F. Honek Drug Metabolism and Drug Interactions

Salmonella typhimurium and comparison with other glyoxalase I sequences.
Gene 1997; 186: 103-111.

44. Sukdeo N, Clugston SL, Daub E, Honek JF. Distinct classes of glyoxalase I:
metal specificity of the Yersinia 'pestis, Pseudomonas aeruginosa and
Neisseria meningitidis enzymes. Biochem J 2004; 384: 111-117.

45. Kizil G, Wilks K, Wells D, Ala’Aldeen DA. Detection and characterisation of
the genes encoding glyoxalase I and II from Neisseria meningitidis. ] Med
Microbiol 2000; 49: 669-673.

46. Hand CE, Honek JF. Biological chemistry of naturally occurring thiols of
microbial and marine origin. J Nat Prod 2005; 68: 293-308.

47. Muller S, Liebau E, Walter RD, Krauth-Siegel RL. Thiol-based redox
metabolism of protozoan parasites. Trends Parasitol 2003; 19: 320-328.

48. Fairlamb AH, Cerami A. Metabolism and functions of trypanothione in the
Kinetoplastida. Annu Rev Microbiol 1992; 46: 695-729.

49. Mansour TE. Chemotherapeutic Targets in Parasites. Cambridge: Cambridge
University Press, 2002.

50. Vickers TJ, Greig N, Fairlamb AH. A trypanothione-dependent glyoxalase I
with a prokaryotic ancestry in Leishmania major. Proc Natl Acad Sci USA
2004; 101: 13186-13191.

51. Ariza A, Vickers TJ, Greig N, Armour KA, Dixon MJ, Eggleston IM, et al.
Specificity of the trypanothione-dependent Leishmania major glyoxalase I:
structure and biochemical comparison with the human enzyme. Mol Microbiol
2006; 59: 1239-1248.

52. Darling TN, Blum JJ. D-Lactate production by Leishmania braziliensis
through the glyoxalase pathway. Mol Biochem Parasitol 1988; 28: 121-127.

53. Padmanabhan PK, Mukherjee A, Singh S, Chattopadhyaya S, Gowri VS,
Myler PJ, et al. Glyoxalase I from Leishmania donovani: a potential target for
anti-parasite drug. Biochem Biophys Res Commun 2005; 337: 1237-1248.

54. Greig N, Wyllie S, Vickers TJ, Fairlamb AH. Trypanothione-dependent
glyoxalase I in Trypanosoma cruzi. Biochem J 2006; 400: 217-223.

55. Padmanabhan PK, Mukherjee A, Madhubala R. Characterization of the gene
encoding glyoxalase II from Leishmania donovani: a potential target for anti-
parasite drugs. Biochem J 2006; 393: 227-234.

56. D’Silva C, Daunes S. Structure-activity study on the in vitro antiprotozoal
activity of glutathione derivatives. ] Med Chem 2000; 43: 2072-2078.

57. Sousa Silva M, Ferreira AE, Tomas AM, Cordeiro C, Ponces Freire A.
Quantitative assessment of the glyoxalase pathway in Leishmania infantum as
a therapeutic target by modelling and computer simulation. FEBS J 2005; 272:
2388-2398.

58. Birkenmeier G, Birkenmeier M, Huse K, inventors; (Bio Mac-Privatinstitut
fuer Medizinische und Zahnmedizinische Forschung, Entwicklung und
Diagnostik GmbH, Germany). assignee. Use of alpha-ketoacid ester
glyoxalase inhibitors for inhibiting cell proliferation and for the prevention
and treatment of parasitic diseases. Application: DE patent 2005-
102005018642, 2006 20050415.

47

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



Vol. 23, No. 1-2, 2008 Microbial Glyoxalase Enzymes

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

69.

70.

71.

72.

73.

48

Clugston SL, Daub E, Honek JF. Identification of glyoxalase I sequences in
Brassica oleracea and Sporobolus stapfianus: evidence for gene duplication
events. J Mol Evol 1998; 47: 230-234.

Frickel EM, Jemth P, Widersten M, Mannervik B. Yeast glyoxalase I is a
monomeric enzyme with two active sites. J Biol Chem 2001; 276: 1845-1849.

lIozef R, Rahlfs S, Chang T, Schirmer H, Becker K. Glyoxalase 1 of the
malarial parasite Plasmodium falciparum: evidence for subunit fusion. FEBS
Lett 2003; 554: 284-288.

Deponte M, Sturm N, Mittler S, Harner M, Mack H, Becker K. Allosteric
coupling of two different functional active sites in monomeric Plasmodium
falciparum glyoxalase 1. J Biol Chem 2007; 282: 28419-28430.

Akoachere M, lozef R, Rahlfs S, Deponte M, Mannervik B, Creighton DJ, et
al. Characterization of the glyoxalases of the malarial parasite Plasmodium
Jalciparum and comparison with their human counterparts. Biol Chem 2005;
386: 41-52.

Thomalley PJ, Strath M, Wilson RJ. Antimalarial activity in vitro of the
glyoxalase 1 inhibitor diester, S-p-bromobenzylglutathione diethyl ester.
Biochem Pharmacol 1994; 47: 418-420.

Barnard JF, Vander Jagt DL, Honek JF. Small molecule probes of glyoxalase I
and glyoxalase II. Biochim Biophys Acta 1994; 1208: 127-135.

Vander Jagt DL, Hunsaker LA, Campos NM, Baack BR. D-Lactate production
in erythrocytes infected with Plasmodium falciparum. Mol Biochem Parasitol
1990; 42: 277-284.

Bergdoll M, Eltis LD, Cameron AD, Dumas P, Bolin JT. All in the family:
structural and evolutionary relationships among three modular proteins with
diverse functions and variable assembly. Protein Sei 1998; 7: 1661-1670.

Han S, Eltis LD, Timmis KN, Muchmore SW, Bolin JT. Crystal structure of
the biphenyl-cleaving extradiol dioxygenase from a PCB-degrading pseudo-
monad. Science 1995; 270: 976-980.

Martin TW, Dauter Z, Devedjiev Y, Sheffield P, Jelen F, He M, et al.
Molecular basis of mitomycin C resistance in Streptomyces: structure and
function of the MRD protein. Structure 2002; 10: 933-942.

Bernat BA, Laughlin LT, Armstrong RN. Fosfomycin resistance protein
(FosA) is a manganese metalloglutathione transferase related to glyoxalase I
and the extradiol dioxygenases. Biochemistry 1997; 36: 3050-3055.

McCarthy AA, Baker HM, Shewry SC, Patchett ML, Baker EN. Crystal
structure of methylmalonyl-coenzyme A epimerase from P. shermanii: a novel
enzymatic function on an ancient metal binding scaffold. Structure 2001; 9:
637-646.

Dumas P, Bergdoll M, Cagnon C, Masson JM. Crystal structure and site-
directed mutagenesis of a bleomycin resistance protein and their significance
for drug sequestering. EMBO J 1994; 13: 2483-2492.

Bennett MJ, Eisenberg D. The evolving role of 3D domain swapping in
proteins. Structure 2004; 12: 1339-1341.

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



N. Sukdeo and J.F. Honek Drug Metabolism and Drug Interactions

74. Sukdeo N, Daub E, Honek JF. Biochemistry of the nickel-dependent
glyoxalase I enzymes. In: Sigel A, Sigel H, Sigel RKO, eds. Metal Ions in Life
Sciences. Chichester: John Wiley and Sons Ltd., 2007; 445-471.

75. Sukdeo N, Honek JF. Pseudomonas aeruginosa contains multiple glyoxalase
I-encoding genes from both metal activation classes. Biochim Biophys Acta
2007; 1774: 756-763.

76. Sellin S, Eriksson LEG, Aronsson AC, Mannervik B. Octahedral metal
coordination in the active site of glyoxalase I as evidenced by the properties of
cobalt(Il)-glyoxalase I. J Biol Chem 1983; 258: 2091-2093.

77. Sellin S, Eriksson LE, Mannervik B. Fluorescence and nuclear relaxation
enhancement studies of the binding of glutathione derivatives to manganese-
reconstituted glyoxalase I from human erythrocytes. A model for the catalytic
mechanism of the enzyme involving a hydrated metal ion. Biochemistry 1982;
21: 4850-4857.

78. Takatsume Y, Izawa S, Inoue Y. Identification of thermostable glyoxalase I in
the fission yeast Schizosaccharomyces pombe. Arch Microbiol 2004; 181:
371-377.

79. Deswal R, Sopory SK. Biochemical and immunochemical characterization of
Brassica juncea glyoxalase I. Phytochemistry 1998; 49: 2245-2253.

80. Crowder MW, Maiti MK, Banovic L, Makaroff CA. Glyoxalase II from A.
thaliana requires Zn(Il) for catalytic activity. FEBS Lett 1997; 418: 351-354.

81. Wenzel NF, Carenbauer AL, Pfiester MP, Schilling O, Meyer-Klaucke W,
Makaroff CA, et al. The binding of iron and zinc to glyoxalase II occurs
exclusively as di-metal centers and is unique within the metallo-beta-lactamase
family. J Biol Inorg Chem 2004; 9: 429-438.

82. Marasinghe GP, Sander IM, Bennett B, Periyannan G, Yang KW, Makaroff
CA, et al. Structural studies on a mitochondrial glyoxalase II. J Biol Chem
2005; 280: 40668-40675.

83. Cordell PA, Futers TS, Grant PJ, Pease RJ. The human hydroxyacyl-
glutathione hydrolase (HAGH) gene encodes both cytosolic and mitochondrial
forms of glyoxalase II. J Biol Chem 2004; 279: 28653-28661.

84. Cameron AD, Ridderstrom M, Olin B, Mannervik B. Crystal structure of
human glyoxalase II and its complex with a glutathione thiolester substrate
analogue. Structure 1999; 7: 1067-1078.

85. Ridderstrom M, Saccucci F, Hellman U, Bergman T, Principato G, Mannervik
B. Molecular cloning, heterologous expression, and characterization of human
glyoxalase II. J Biol Chem 1996; 271: 319-323.

86. Ridderstrom M, Mannervik B. Molecular cloning and characterization of the
thiolesterase glyoxalase 1I from Arabidopsis thaliana. Biochem J 1997; 322:
449-454.

87. Schilling O, Wenzel N, Naylor M, Vogel A, Crowder M, Makaroff C, et al.
Flexible metal binding of the metallo-beta-lactamase domain: glyoxalase II
incorporates iron, manganese, and zinc in vivo. Biochemistry 2003; 42:
11777-11786.

88. Zang TM, Hollman DA, Crawford PA, Crowder MW, Makaroff CA.
Arabidopsis glyoxalase II contains a zinc/iron binuclear metal center that is

49

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



Vol. 23, No. 1-2, 2008 Microbial Glyoxalase Enzymes

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

50

essential for substrate binding and catalysis. J Biol Chem 2001; 276: 4788-
4795.

Campos Bermudez VA, Leite NR, Krogh R, Oliva G, Soncini FC, Vila AJ.
Crystal Structure of Salmonella typhimurium LT2 Glyoxalase II. RCSB
Protein Database 2007.

Trincao J, Barata L, Najmudin S, Bonifacio C, Romao MJ. Crystal Structure
of the Leishmania infantum Glyoxalase I1. RCSB Protein Database 2007.
Daiyasu H, Osaka K, Ishino Y, Toh H. Expansion of the zinc metallo-
hydrolase family of the beta-lactamase fold. FEBS Lett 2001; 503: 1-6.

Talesa V, Rosi G, Bistoni F, Marconi P, Norton SJ, Principato GB. Presence
of a plant-like glyoxalase Il in Candida albicans. Biochem Int 1990; 21: 397-
403.

O’Young J, Sukdeo N, Honek JF. Escherichia coli glyoxalase Il is a binuclear
zinc-dependent metalloenzyme. Arch Biochem Biophys 2007; 459: 20-26.
Wells TN, Coulin F, Payton MA, Proudfoot AE. Phosphomannose isomerase
from Saccharomyces cerevisiae contains two inhibitory metal ion binding
sites. Biochemistry 1993; 32: 1294-1301.

Wetterholm A, Macchia L, Haeggstrom JZ. Zinc and other divalent cations
inhibit purified leukotriene A4 hydrolase and leukotriene B4 biosynthesis in
human polymorphonuclear leukocytes. Arch Biochem Biophys 1994; 311:
263-271.

Norton SJ, Elia AC, Chyan MK, Gillis G, Frenzel C, Principato GB. Inhibitors
and inhibition studies of mammalian glyoxalase II activity. Biochem Soc
Trans 1993; 21: 545-549.

Shin SS, Lim D, Lee K. Designing on non-hydrolyzing derivatives for G1xII
inhibitors: importance of hydrophobic moiety in S-site. Bull Korean Chem
Soc 2003; 24: 897-898.

Misra K, Banerjee AB, Ray S, Ray M. Glyoxalase 11l from Escherichia coli: a
single novel enzyme for the conversion of methylglyoxal into D-lactate
without reduced glutathione. Biochem J 1995; 305: 999-1003.

Benov L, Sequeira F, Beema AF. Role of rpoS in the regulation of glyoxalase
Il in Escherichia coli. Acta Biochim Pol 2004; 51: 857-860.

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:10 AM



