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Abstract

Glyoxalases are involved in a ubiquitous detoxification pathway. In pursuit of a better understanding of the biological function of the
enzyme, the recombinant glyoxalase I (LdGLOI) protein has been characterized fromLeishmania donovani, the most important pathogenic
Leishmania species that is responsible for visceral leishmaniasis. A 24 kDa protein was heterologously expressed in Escherichia coli. LdG-
LOI showed a marked substrate specificity for trypanothione hemithioacetal over glutathione hemithioacetal. Antiserum against recom-
binant LdGLOI protein could detect a band of anticipated size �16 kDa in promastigote extracts. Several inhibitors of human GLOI
showed that they are weak inhibitors of L. donovani growth. Overexpression of GLOI gene in L. donovani using Leishmania expression vec-
tor pspa hygroa, we detected elevated expression of GLOI RNA and protein. Comparative modelling of the 3-D structure of LDGLOI
shows that substrate-binding region of the model involves important differences compared to the homologues, such as E. coli, specific to
glutathione.Most notably a substrate-binding loop of LDGLOI is characterized by a deletion of five residues compared to theE. coli homo-
logue. Further, a critical Arg in theE. coli variant at the substrate-binding site is replaced by Tyr in LDGLOI. Thesemajor differences result
in entirely different shapes of the substrate-binding loop and presence of very different chemical groups in the substrate-binding site of LDG-
LOI compared toE. coli homologue suggesting an explanation for the difference in the substrate specificity. Difference in the substrate spec-
ificity of the human and LDGLOI enzyme could be exploited for structure-based drug designing of selective inhibitors against the parasite.
� 2005 Elsevier Inc. All rights reserved.
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Leishmania donovani, a flagellated protozoan parasite, is
the causative agent of visceral leishmaniasis. Sandflies
transmit promastigote forms of the parasite to the mamma-
lian host, where they invade macrophages and transform
into amastigotes. Pentavalent antimonials are the standard
first-line treatment for leishmaniasis [1,2], although resis-
tance is a growing problem [3]. The aromatic diamidine
pentamidine represents a second line of treatment [4]. Cur-
rent chemotherapeutic agents are unsuitable, in part be-
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cause of their high toxicity and the emergence of drug
resistance. Thus, identification of novel chemotherapeutic
targets is of tremendous economic and medical importance.
Leishmanial patient�s refractoriness to existing drugs and
the availability of a limited repertoire of drugs have be-
come rapidly growing problems. Hence there is an urgent
need for the development of new drugs against
leishmaniasis.

The glyoxalase system is a ubiquitous detoxification
pathway that protects against cellular damage caused by
methylglyoxal, a mutagenic and cytotoxic compound that
is mainly formed as a by-product of glycolysis. It is also
formed during catabolism of amino acids via aminoacetone
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and hydroxyacetone [5]. The glyoxalase system comprises
of two enzymes, glyoxalase I (GLOI) (lactoylglutathione
lyase, EC 4.4.1.5) and glyoxalase II (GLOII) (hydroxyacyl-
glutathione hydrolase, EC 3.1.2.6). Glyoxalase I catalyses
the formation of S-D-lactoyl glutathione from the hemi-
thioacetal formed nonenzymatically from methylglyoxal
and glutathione. Glyoxalase II converts S-D-lactoyl gluta-
thione to lactate and free glutathione [6]. Thus, glutathione
acts as a cofactor in the overall reaction pathway. The gly-
oxalase system is present in the cytosol of cells and cellular
organelles particularly mitochondria. It is found through-
out biological life and is thought to be ubiquitous [7].
The widespread distribution suggests it fulfills a function
of fundamental importance to biological life. Glyoxalase
has a distinct role in cell proliferation and maturation [8].
Glyoxalase enzyme activities have been reported as the ear-
liest phenotypes expressed in embryogenesis [8]. In tumor
tissues, high activities of glyoxalase I has also been report-
ed [9]. The main source of energy for uncontrolled cell divi-
sion and proliferation in tumor tissues is glycolysis that
produces methylglyoxal, which in turn is detoxified by gly-
oxalase system. However, despite its ubiquitous distribu-
tion little is known about its function. Inhibitors of
glyoxalase I have been reported to be selectively toxic to
proliferating cells, which could be due to increased accu-
mulation of methylglyoxal that could lead to inhibition
of DNA synthesis [10,11]. Glyoxalase I inhibitors have also
been reported to have antimalarial [12] and antitrypanoso-
mal activities [13]. The glyoxalase I activity has been
reported in Leishmania braziliensis [14] but very low levels
of GLOI and GLOII activities were detected in lysates
using glutathione as the substrate [15]. Glyoxalase system
of the pathogenic kinetoplastids has been recently reported
to be unique, as a consequence of these protozoa possess-
ing an unusual thiol metabolism. In these organisms, in-
stead of glutathione, the major low molecular mass thiol
is trypanothione [N1,N8-bis(glutathionyl)spermidine] [16].
It has been recently reported that the GLOI system in
Leishmania major uses trypanothione as the substitute for
glutathione [16]. The metal cofactor is zinc in eukaryotes
and nickel in Escherichia coli [17,18] and L. major [16].
Thus, both the substrate and cofactor of leishmanaia gly-
oxalase are different from those of mammalian glyoxalases.
The difference in cofactor dependence is reflected in differ-
ences between the active sites of the human and Leishmania

enzymes, suggesting that the latter may be a target for anti-
microbial therapy [19,20].

While biological phenomena characterized in one Leish-
mania species are frequently taken as pointers to similar
activity in other species of the genus, it is important to
actually study each individual species. Crucial differences
between species exist, and this is clearly manifest in phar-
macological responses to drug. In this paper, we describe
the characterization of glyoxalase I from L. donovani, the
most important pathogenic Leishmania species that is
responsible for visceral leishmaniasis in India. Using the
comparative modelling approach we also examined the
plausible structure of LdGLOI based on the available crys-
tal structure of human, yeast, and E. coli GLOI. The 3-D
model generated on the basis of the close homologue from
E. coli enabled identification of major changes in the shape
and residues in the putative active site of LdGLOI com-
pared to E. coli variant thus providing a possible explana-
tion for the different substrate specificity.
Materials and methods

Parasite and culture condition. Leishmania donovani AG83 (MHOM/
IN/1983/AG83) promastigotes and strain 2001, a field isolate of
L. donovani, were cultured at 22 �C in modified M199 medium (Sigma,
USA) supplemented with 100 U/ml penicillin (Sigma, USA), 100 lg/ml
streptomycin (Sigma, USA), and 10% heat-inactivated fetal bovine serum
(FBS) (Gibco/BRL, Life Technologies Scotland, UK).

Axenic amastigotes were obtained after transformation of promasti-
gotes to amastigotes and were grown in RPMI-1640 medium (pH 5.5)
supplemented with 100 U/ml penicillin, 100 lg/ml streptomycin sulfate
and 20% heat-inactivated serum in a CO2 incubator (5% CO2) at 37 �C.
Axenically grown amastigote forms of the cloned wild type strains of
L. donovani were maintained by weekly passages in RPMI 1640 (pH 5.5)
supplemented with 100 U/ml penicillin, 100 lg/ml streptomycin, and 20%
heat inactivated serum in a CO2 incubator (5% CO2) at 37 �C. From a
starting inoculum of 5 · 105 amastigotes/ml, cell densities in the range of
2 · 107–5 · 107 parasites/ml were obtained on day 7. The population of
axenically grown amastigotes appeared homogeneous, round to ovoid,
aflagellate, and immobile [21].

Nucleic acid isolation, pulse field gradient gel electrophoresis (PFGE),

and hybridization analysis. Genomic DNA was isolated from �2 · 109

L. donovani AG83 promastigotes by standard procedures [22], digested
with different restriction endonucleases, and subjected to electrophoresis in
0.8% agarose gels. The fragments were transferred to nylon membrane
(Amersham Pharmacia Biotech) and subjected to Southern blot analysis.

Total RNA was isolated from 2 · 108 L. donovani wild type promas-
tigotes and from GLOI overexpressing strain using TRI reagent (Sigma).
For Northern blot analysis, 15 lg of total RNA was fractionated by
denaturing agarose gel electrophoresis and transferred onto nylon mem-
brane following standard procedures.

Leishmania chromosomes were separated by PFGE in which low
melting agarose blocks, containing embedded cells (108 log phase pro-
mastigotes/ml), were electrophoresed in a contour clamped homogenous
electric field apparatus (CHEF DRIII, Bio-Rad) in 0.5· TBE, with buffer
circulation at a constant temperature of 14 �C. Saccharomyces cerevisiae

chromosomes were used as size markers. Pulse field gel electrophoresis
(PFGE) running conditions were as follows: initial switch time, 60 s; final
switch time, 120 s; run time, 24 h; current 6 V/cm; including angle 120�.
Following the transfer of DNA, RNA, and chromosomes onto nylon
membranes, the membranes were rinsed in 2· SSC. The nucleic acids were
UV cross-linked to the membrane in a Stratagene UV cross-linker. Pre-
hybridization was done at 65 �C for 4 h in a buffer containing 0.5 M
sodium phosphate; 7% SDS; 1 mM EDTA, pH 8.0, and 100 lg/ml sheared
denatured salmon-sperm DNA. The blots were hybridized with denatured
[a-32P]dCTP-labelled DNA probe (PCR probe described for the
L. donovani GLOI coding region) at 106 cpm/ml, which was labelled by
random priming (NEB Blot Kit, New England Biolabs). Membranes were
washed sequentially as follows: 2· SSC, 0.1% SDS; 1· SSC, 0.1% SDS;
0.5· SSC, 0.1% SDS; 0.2· SSC, 0.1% SDS for 10 min each at 65 �C until
the non-specific counts had substantially reduced. Membranes were air-
dried and exposed to imaging plate. The image was developed by Phos-
phorImager (Fuji film FLA-5000, Japan) using Image Quant software.

Cloning of glyoxalase I gene from L. donovani. A 426 bp DNA frag-
ment was amplified from genomic DNA, using a sense primer with a
flanking BamHI site, 5 0-CGCGGATCCATGCCGTCTCGTCGTATG-
3 0, that coded for the amino acid sequence MPSRRM at position 1–18,
and the antisense primer with a flanking HindIII site,
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5 0-CCCAAGCTTTTAGGCAGTGCCCTGCTC-3 0, which corresponded
to amino acid residues EQGTA including the stop codon, at position 409–
426. Polymerase chain reaction (PCR) was performed in a 50 ll reaction
volume containing 100 ng of genomic DNA, 25 pmol each of gene-specific
forward and reverse primers, 200 lM of each dNTP, 2 mM MgCl2, and
5 U Taq DNA polymerase (MBI Fermentas). The condition of PCR was
as follows: 94 �C for 10 min, 94 �C for 1 min, 57 �C for 45 s, 72 �C for 45 s,
and 35 cycles. Final extension was carried for 10 min at 72 �C. A single
426-bp PCR product was obtained and subcloned in to pGEM-T vector
(Promega) and subjected to automated sequencing. Sequence analysis was
performed by DNAstar whereas comparison with other sequences of the
database were performed using the search algorithm BLAST [23]. Multiple
alignment of amino acid sequences was performed using CLUSTALW
program. The phylogenetic tree was constructed using PHYLIP style
treefile produced by CLUSTALW. The amplified DNA fragment, 426 bp
(LdGLO1), was also cloned into the BamHI–HindIII site of pET-30a
vector (Novagen). The recombinant construct was transformed into BL21
(DE3) strain of E. coli.

Expression and purification procedure. Expression from the construct
pET30a-LdGLOI was induced at OD of 0.6 with 0.5 mM IPTG (Sigma) at
37 �C for different time periods. Bacteria were then harvested by centri-
fugation and the cell pellet was resuspended in binding buffer (50 mM
sodium phosphate buffer, pH 7.5, 10 mM imidazole, pH 7.0, 300 mM
sodium chloride, 2 mM phenylmethylsulfonyl fluoride (PMSF), and 30 ll
protease inhibitor cocktail). Lysozyme (100 lg/ml) was added to cell
suspension and kept on rocking platform for 30 min at 4 �C. The resulting
cell suspension was sonicated six times for 20 s with 1 min interval. The
lysate was centrifuged at 20,000g for 30 min at 4 �C. The resulting
supernatant, which contained the protein, was loaded onto a pre-equili-
brated Ni–NTA agarose beads (Qiagen). The mixture was kept on a
rocking platform for 2 h at 4 �C. It was centrifuged at 400g for 30 min at
4 �C. The supernatant was discarded and pellet was washed thrice with
wash buffer (50 mM sodium phosphate buffer, pH 7.5; 50 mM imidazole,
pH 7.0; 300 mM sodium chloride; 2 mM phenylmethylsulfonyl fluoride
(PMSF), and 30 ll protease inhibitor cocktail). The protein was eluted
with increasing concentrations of imidazole, pH 7.0. The imidazole was
removed by dialysis in 20 mM sodium phosphate buffer, pH 7.5. The
purified protein was aliquoted and stored at �80 �C.

Cross-linkage of subunits. The recombinant GLOI protein was cross-
linked to 0.1%, 0.05%, and 0.025% glutaraldehyde in phosphate-buffered
saline (pH 7.0) [20]. The reaction mixture was incubated for 20 min at
37 �C and analyzed by sodium dodecyl sulfate (SDS)–polyacrylamide gel
electrophoresis (SDS–PAGE) using a 10% gel. The protein samples were
mixed with an equal volume of loading buffer containing 100 mM Tris–
HCl (pH 6.8), 0.4% SDS, 20% glycerol, and 0.001% bromophenol blue,
and subjected to boiling in a water bath for 5 min [24].

Preparation of crude lysate of L. donovani for glyoxalase activity.
1 · 108 promastigotes of L. donovani were harvested in the late log phase
by centrifugation, at 1500g, at 4 �C for 15 min, washed with phosphate-
buffered saline with 1% glucose (PBSG), pH 7.4. The cell pellet was
resuspended in lysis buffer (20 mM Mops, pH 7.2; 1 mM DTT; 2 mM
PMSF; 5 ll protease inhibitor cocktail) and incubated on ice for 10 min.
The cells were lysed by freeze–thaw in liquid nitrogen. The lysate was
centrifuged at 20,000g for 30 min at 4 �C and the supernatant was used for
GLOI assay as mentioned below.

Protein determination. Protein concentration was determined by the
method of Bradford�s using bovine serum albumin as standard [25].

Glyoxalase I assay. The activity of recombinant purified glyoxalase I
was assayed spectrophotometrically at room temperature by measuring
the initial rate of formation of S-D-lactoyl trypanothione at 240 nm as
described by Racker with slight modification [26]. Trypanothione disulfide
(1 mM) (Bachem) was reduced with 3 mMDTT at 60 �C for 20 min before
the assay. The resulting reduced trypanothione was used for GLOI assay.
The assay mixture contained, in a final volume of 0.5 ml; 100 mM MOPS
buffer, pH 7.2; 400 lM methylglyoxal (Sigma); 300 lM reduced trypano-
thione and 20 lM NiCl2 [16]. The assay mixture was incubated for 10 min
followed by the addition of either purified recombinant GLOI protein or
crude Leishmania cell lysate. For kinetic studies, the same assay mixture as
mentioned above contained either varying concentrations of reduced
trypanothione or methylglyoxal with concentrations ranging from 0 to
600 lM each. Trypanothione hemithioacetal concentration was calculated
by using the published Kd value of 3 mM for the methylglyoxal–gluta-
thione equilibrium [27]. The value for the De240nm was taken as
2.86 mM�1 cm�1 for the isomerization of trypanothione hemithioacetal of
methylglyoxal [28]. All assays were performed in triplicate.

Antibody production and Western blot analysis. The purified re-
combinant GLOI protein (20 lg) was subcutaneously injected in mice
using Freund�s complete adjuvant, followed by two booster doses of re-
combinant GLOI protein (15 lg) with incomplete adjuvant at two-week
intervals to produce the polyclonal antibody against the recombinant
GLOI protein. The mice were bled after 2 weeks after the second booster
and sera were collected and used for Western blot analysis.

Transfection and overexpression of glyoxalase I gene in Leishmania

donovani. The GLO1 ORF was amplified by PCR using a sense primer
with a flanking XbaI site, 5 0-TGCTCTAGAATGCCGTCTCGTCGT
ATG-3 0, that coded for the amino acid sequence MPSRRM at position
1–18, and the antisense primer with a flanking HindIII site, 5 0-CC
CAAGCTTTTAGGCAGTGCCCTGCTC-3 0, which corresponded to
amino acid residues EQGTA including the stop codon, at position
409–426. The amplified DNA fragment (GLO1) was cloned into the
XbaI–HindIII site of pspa hygroa Leishmania shuttle vector (kindly pro-
vided by Dr. Marc Ouellette, Canada) to create pspa hygroa-LdGLO1
containing the hygromycin phosphotransferase gene. Twenty micrograms
of the construct was transfected into L. donovani promastigotes by elec-
troporation [2 mm gap cuvettes, 450 V, 500 lF (BTX Electro Cell
Manipulator 600)]. Transfectants were selected for resistance with
hygromycin (40 lg/ml) as described earlier [29].

Sensitivities to cytotoxic drugs. The effects on growth of wild type and
GLOI overexpressors by various cytotoxic agents, purpurogallin, flavone,
quercetin, and lapachol, were determined in microtiter plates, each con-
taining 96 wells. These compounds were gifts from Dr. Eva Liebau,
Hamburg, Germany. Briefly 1 · 106 parasites in 0.2 ml of modified M199
medium with 10% FBS were placed in each well and incubated with
various concentrations of the drugs. Two wells in which cells were per-
mitted to grow in the absence of drugs were maintained in parallel as
controls. After 72 h of incubation under normal growth condition, cell
densities were determined by the Neubauer hemocytometer. The concen-
trations of the drugs, which inhibited the growth of the wild type and
overexpressors by 50%, were determined.

Western blot analysis. Promastigotes and amastigotes were lysed by
sonication and cell supernatants were prepared by centrifugation at
20,000g. Fifty micrograms of protein from each cell line was fractionated
by SDS–polyacrylamide gel electrophoresis blotted onto nitrocellulose
membrane using electrophoretic transfer cell (Bio-Rad). Western blot
analysis was done using the ECL kit (Amersham Pharmacia Biotech)
according to the manufacturer�s protocol. Polyclonal antibody to purified
recombinant L. donovani GLOI generated in mice was used for the Wes-
tern blot analysis. Autoradiograms were analyzed by using model FLA
5000 imaging densitometer (Fuji, Japan). The results shown are from a
single experiment typical of at least three giving identical results.

Comparative modelling of L. donovani glyoxalase I. A model of the 3-D
structure of LdGLOI has been generated using the comparative modelling
approach. The modelling has been based on the available crystal structure
of E. coli GLOI [20] which is identified as the closest homologue of
LdGLOI of known 3-D structure with good crystallographic resolution of
1.8 Å. The best sequence identity between E. coli homologue and LdGLOI
is 49%. Another homologue of known structure is from human which has
the sequence identity of 33% with LdGLOI. Clearly, modelling LdGLOI
on the basis of the crystal structure of homologue from E. coli is expected
to result in a more accurate model than modelling on the crystal structure
of human homologue [30]. The alignment of sequences of several homo-
logues including LdGLOI and homologues from E. coli and human is
shown in Fig. 1.

Although the 3-D model of LdGLOI has been generated on the basis of
crystal structure of E. coli variant, the GLOI homologue from human is
also used for comparative analysis. This is because several crystal structures



Fig. 1. Multiple sequence alignment of glyoxalase I sequences from L. donovani (AAU87880), L. major (AY604654), L. infantum (LinJ35.2600), T. cruzi
(Tc00.1047053510743.70), P. putida (WZPSLP), E. coli (NP_753939), Synechoccus sp. WH8102 (NP_898436), H. sapiens (Swiss-Prot Accession No.
P78375), and M. musculus (NP_079650) using CLUSTALW program. The amino acids are numbered to the left of the respective sequences. Residues that
are identical or similar with other glyoxalases are indicated in black showing complete identity and gray when they are conserved in at least three
sequences. The symbol * indicate amino acids that are responsible for metal binding in the human and E. coli.
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of human GLOI bound to analogues of the substrate are available and also
because both human and E. coli homologues show specificity to glutathi-
one while LdGLOI shows specificity to trypanothione.

A 3-D model of LdGLOI has been generated using the suite of pro-
grams encoded in COMPOSER [30,31] and incorporated in SYBYL
(Tripos, St. Louis). The structurally conserved regions, which are largely
a-helical and b-strand regions, in template structures are extrapolated to
LdGLOI sequence. The rest of the regions that show high divergence from
the sequence of the template structures sequence were modelled by iden-
tifying a suitable segment from a dataset of non-identical protein struc-
tures. This has been done by a template matching approach, wherein a
search is made for the loop segments with required number of residues and
that match with the end to end distances of the structurally conserved
regions across the three �anchor� Ca on either side of the loop. The hits so
obtained are then ranked [32]. The best ranking loop with no short contact
with the rest of the structure has been fitted using the ring closure pro-
cedure of F. Eisenmenger (unpublished results). Side chains are modelled
on the equivalent positions as seen in template structure wherever
appropriate or by using rules derived from analysis of known protein
structures [33]. The model thus obtained was subject to energy minimi-
zation to relieve the short contacts if any.

The model generated using COMPOSER has been subjected to energy
minimization using the AMBER force field [34] encoded in the SYBYL
software. In the initial rounds of energy minimization, the side chain atoms
were allowed to move keeping the backbone position fixed in order to first
sort out the short contacts amongst the side chain atoms. In the further
rounds, the restriction on the movement of backbone atoms while mini-
mization was also lifted. In the final cycles of minimization, an electrostatic
term has been included in the force field. This approach ensured that the
LdGLOI model generated is free of short contacts and bad geometry.
Results

Sequence analysis and genomic organization

In order to clone the gene encoding glyoxalase I
(GLOI), PCR was performed using specific oligonucleo-
tides, whose sequence was based on Leishmania Genome
Sequencing Project of Leishmania infantum (www.ebi.a-
c.uk/parasites/LGN/). The sense primer was 5 0-CG
CGGATCCATGCCGTCTCGTCGTATG-3 0, that coded
for the amino acid sequence MPSRRM at position 1–18,
and the antisense primer with a flanking HindIII site, 5 0-
CCCAAGCTTTTAGGCAGTGCCCTGCTC-3 0, which
corresponded to amino acid residues EQGTA including
the stop codon, at position 409–426. Genomic DNA from
L. donovani AG83 (MHOM/IN/1983/AG83) promasti-
gotes was used as a template. A single 426-bp PCR product

http://www.ebi.ac.uk/parasites/LGN/
http://www.ebi.ac.uk/parasites/LGN/
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was obtained, cloned, and sequenced. A single open read-
ing frame consisting of 426-bp was isolated (Leishmania

donovani glyoxalase I gene, GenBank Accession No.
AY739896) showing a 96% identity to L. major trypanothi-
one-dependent glyoxalase I (GLOI) sequence (GenBank
Accession No. AY604654) and 73% identity to Trypanosoma
cruzi, lactoylglutathione lyase-like protein, putative
(Tc00.1047053510743.70).

The open reading frame encoded for putative
polypeptide of 141 amino acids, with a predicted molecular
mass of 16.3 kDa, which is very similar to L. major (141
amino acids), L. infantum (141 amino acids), and T. cruzi

putative lactoylglutathione lyase-like protein (141 amino
acids) enzymes but slightly smaller than the human (184
amino acid) and Psuedomonas putida (163 amino acid)
enzymes (Fig. 1). The predicted isoelectric point (pI) of
L. donovani GLOI was determined to be, pH 4.97, which
is comparable to those of proteins from L. major,
L. infantum, and T. cruzi. There was only 33% identity be-
tween human GLOI (Swiss-Prot Accession No. P78375)
and Leishmania donovani GLOI (GenBank Accession No.
AAU87880) sequences (Fig. 1). The L. donovani GLOI
protein sequence was found to be 53% identical to
Fig. 2. Phylogenetic tree using the amino acid sequences of glyoxalase I fro
CLUSTALW program viewed the phyletic trees derived from the multiple ali
Synechococcus sp. WH 8102 (GenBank Accession No.
NP_898436), 50% identical to Salmonella typhimurium

(GenBank Accession No. AAC44877), and 49% identical
to E. coli CFT073 (GenBank Accession No. NP_753939).

A phylogenetic tree has been constructed (Fig. 2) using
the L. donovani GLOI sequence and other representative
GLOI sequences. The tree indicates close evolutionary rela-
tionship of L. donovani and T. cruzi among the kinetoplas-
tid protozoa. The kintoplastid GLOI sequences are closer
to E. coli and Synechococcus sp. enzymes in phylogenetic
analysis but have no similarity with human, M. musculus

and P. putida.
To determine the L. donovani GLOI gene copy number,

Southern blot studies were performed as described under
Materials and methods using the 426-bp PCR product as
a probe. A single band was obtained (Fig. 3A), revealing
that it is a single copy gene. Chromosomal location analy-
sis revealed that L. donovani glyoxalase I gene is placed at a
single chromosomal band �2.2 Mb (Fig. 3B). These data
concur with the Leishmania genome sequencing project
findings, according to which glyoxalase I gene has been
identified on chromosome 35 (2.2 Mb) in L. infantum
(www.ebi.ac.uk/parasites/LGN/ chromosome 35.html).
m L. donovani and other organisms. The tree view program under the
gnments.

http://www.ebi.ac.uk/parasites/LGN/


Fig. 3. Genomic organization of glyoxalase I gene in L. donovani. (A)
Southern blot analysis of L. donovani glyoxalase I gene. Lanes 2–6;
restriction digests of L. donovani genomic DNA with EcoRI, HindIII,
BamHI, Sty1, and Sac1, respectively. The blot was probed with 426 bp
full-length glyoxalase I gene. Lane 1 represents the DNA molecular weight
marker and the sizes are indicated on the left of the figure. (B) PFGE
analysis of L. donovani indicating chromosomal localization of glyoxalase
I gene. (a) Chromosomes of S. cerevisae and L. donovani separated and
visualized with ethidium bromide before blotting; (b) the same blot probed
with L. donovani glyoxalase I gene probe for L. donovani. Arrow shows the
hybridizing band of L. donovani. (C) Expression analysis of glyoxalase I
gene in L. donovani. Northern blot analysis of mRNA from L. donovani

promastigotes (log phase culture). Lane 1; molecular weight markers,
lanes 2 and 3; total RNA from L. donovani AG83 and L. donovani 2001,
respectively, probed with a 426 bp full-length glyoxalase I gene.

1242 P.K. Padmanabhan et al. / Biochemical and Biophysical Research Communications 337 (2005) 1237–1248
Northern blotting of total L. donovani RNA and PCR-
generated 426-bp gene probe revealed a single transcript of
�3.8 kb (Fig. 3C). The presence of a single RNA band in
the corresponding Northern blot analysis indicated further
the existence of a single encoding gene.

Over-expression and purification of full-length L. donovani

GLOI enzyme in E. coli

In order to characterize the recombinant protein, the
encoding L. donovani GLOI sequence was cloned inframe
in pET-30a expression vector with its own start ATG
codon. The resultant pET-30a-L. donovani GLOI construct
was transformed into E. coli and protein overexpression
induced as described under Materials and methods. A
protein with a molecular weight that matched the estimated
�24 kDa according to amino acid composition of
L. donovani GLOI with His6 tag and S-tag present at its
N-terminal end was induced (Fig. 4A). The recombinant
protein was purified on Ni2+–NTA affinity chromatogra-
phy column (Fig. 4B). Purification of His-tagged
L. donovani GLOI by metal affinity chromatography yield-
ed �5 mg of pure protein from a 1-L bacterial culture.

In order to determine the number of subunits in the re-
combinant glyoxalase I, the homogeneous protein was
cross-linked with the bifunctional reagent glutaraldehyde
(0.1%, 0.05%, and 0.025% respectively) prior to electro-
phoresis on a 10% polyacrylamide gel in the presence of
SDS (Fig. 4C). Lane 1 shows recombinant GLOI without
glutaraldehyde showing a band size of �23.44 kDa. The
results in lane 2, 3, and 4 show recombinant GLOI
cross-linked with 0.1%, 0.05%, and 0.025% of glutaralde-
hyde, respectively. Bands corresponding to GLOI dimer
of �46 kDa can be seen (Fig. 4C). Lysozyme (14.4 kDa)
from chicken egg white, a known monomer when cross-
linked with the bifunctional reagent glutaraldehyde on
electrophoresis on a 10% polyacrylamide gel in the pres-
ence of SDS appeared as a band of �14 kDa (data not
shown).

Recombinant GLOI was used to raise polyclonal anti-
body in BALB/c mice as described under Materials and
methods. The antiserum recognized �24 kDa fusion pro-
tein on Western blot of purified recombinant L. donovani
GLO-I fusion protein (Fig. 5A). A Western blot using
size-fractionated parasite protein, the antiserum could de-
tect a band of anticipated L. donovani GLOI size
�16 kDa in promastigote extracts, which is in agreement
with the value calculated from the predicted sequence
(Fig. 5B). A Western blot using promastigote (50 lg) and
amastigote extracts (50 lg) did not show any detectable dif-
ference with the polyclonal antiserum (Fig. 5B). Expression
of LdGLOI protein in promastigotes from AG83 strains
varies during growth in culture (Figs. 5C, D, and E). Pro-
tein accumulation increased somewhat on a per cell basis
from 24 h of growth (early log phase) to reach a maximum
at 96 h (a late log phase) after which a slight decrease was
observed as the cells reached stationary phase (120 h).

Leishmania donovani glyoxalase I activity

The kinetic parameters of recombinant L. donovani gly-
oxalase I were determined with trypanothione hemithioac-
etal as substrate. The effect of both the substrates namely
reduced trypanothione (at fixed concentration of methyl-
glyoxal) and methylglyoxal (at fixed concentration of
reduced trypanothione) on glyoxalase I activity was stud-
ied using nickel as a cofactor. Increase in the concentration
of either reduced trypanothione or methyglyoxal showed
similar Km values towards trypanothione hemithioacetal



Fig. 4. Overexpression and purification of L. donovani glyoxalase I
protein. (A) Coomassie blue staining of SDS–PAGE showing overexpres-
sion of full-length L. donovani glyoxalase I protein in E. coli. The pET-30a
bacterial extract before induction (lane 1) and after induction (lanes 2–6)
at 15, 30 min, 1, 2, and 3 h, respectively with 0. 5 mM IPTG. Arrow shows
the induced recombinant glyoxalase I protein. Broad range protein MW
marker (Bio-Rad) was used to identify the size of the recombinant protein.
(B) Purification of glyoxalase I protein on Ni2+ affinity resin. Lane 1,
induced crude lysate; lanes 2–4, eluted fractions showing purified
glyoxalase I protein from the affinity column; lane 5, supernatant from
the crude lysate; lane 6, broad range protein MW marker (Bio-Rad).
(C) Analysis of subunit structure of glyoxalase I protein. Protein samples
were run on a 10% SDS–polyacrylamide gel. Lane 1, glyoxalase I without
cross-linkage treatment; lanes 2, 3, and 4 glyoxalase I cross-linked with
0.1%, 0.05%, and 0.025% gluteraldehyde respectively; lane 5, broad range
protein MW marker (Bio-Rad).
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as substrate (Km 28.4 ± 3 lM). The L. donovani glyoxalase
I showed a marked preference for trypanothione hemi-
thioacetal as substrate over glutathione hemithioacetal
(data not shown). Recombinant L. donovani glyoxalase I
had specific activity of 340 · 104 nmol min�1 mg�1 protein
and that of the native enzyme from the crude Leishmania
lysate was 340 nmol min�1 mg�1 protein using trypanothi-
one hemithioacetal as substrate.
Overexpression of glyoxalase I in L. donovani

To evaluate the consequences of GLOI overexpres-
sion, GLOI protein was measured in wild type and
GLOI overexpressors. Western blot analysis of wild
and GLOI overexpressing cell extract demonstrated a
marked increase in GLOI protein in the overexpressors
(Fig 6A). Northern blot analysis of wild and GLOI over-
expressing cells showed overexpression of GLOI tran-
script (Fig. 6B).

Glyoxalase I inhibitor profiles

The IC50 values of known inhibitors of human and
yeast glyoxalase I were obtained for both the wild type
and overexpressing L. donovani strains (Table 1). There
was no difference in the IC50 values between the wild type
and overexpressing strains with hydroxynaphthoquinone
derivative lapachol (IC50 � 94 lM) and quercetin
(IC50 � 26 lM). Purpurogallin, another known inhibitor
of human and yeast glyoxalase I, has an IC50 of 70 lM
for the wild type and 132 lM for the GLOI overexpress-
ing L. donovani. Flavones have been reported to be poten-
tial inhibitors of glyoxalase I [35]. In the present study,
the IC50 value of flavone was found to be �56 lM for
the wild type L. donovani strain and �70 lM for the
GLOI overexpressing L. donovani. Glyoxalase I overpro-
ducer exhibited significant resistance to purpurogallin
and flavone. In contrast, the IC50 values of wild type
and GLOI overproducer for lapachol and quercetin were
equivalent (Table 1).

3-D model of L. donovani glyoxalase I

The sequence of LdGLOI could be fitted comfortably
onto the fold of E. coli GLOI with all the regular sec-
ondary structure elements conserved. The regions of
alignment between the template and the model sequences
involving insertions/deletions of residues have been mod-
eled using the database searching mentioned under
Materials and methods. The energy minimization result-
ed in stereochemically sound model with no short con-
tacts between non-bonded atoms. Fig. 7 shows the
superposition of the Ca traces of the model and the tem-
plate structure with some of the functionally important
residues shown.

Several crystal structures of human GLOI are available
bound to ligands which give an opportunity to understand
the structural basis of substrate specificity. It is known that
both E. coli and human homologues of GLOI form dimers.
Ligand bound complex structure of human GLOI (Fig. 8)
shows that the two subunits interact closely with residues
from both the subunits participating in the ligand recogni-
tion. The available structural knowledge about such ligand
binding is extrapolated to the structural model of LdGLOI
in order to understand the different substrate specificity of
LdGLOI compared to E. coli GLOI.



Fig. 5. Western blotting using anti-His-GLOI antibody. (A) Western blot analysis of different concentrations of purified GLOI-His fusion recombinant
protein (lanes 1–4 containing 0.15, 0.30, 1.5, and 3.0 lg of recombinant protein, respectively). Prestained broad range protein molecular weight marker
(Bio-Rad) was used to identify the size of the recombinant protein on the Western blot. (B) Western blot analysis of cell extracts of promastigotes (lane 1)
and amastigotes (lane 2) reacted with anti-His-GLOI antibody. Arrow shows the position of the L. donovaniGLOI. (C) Abundance of GLOI protein during
the growth of L. donovani promastigotes. Promastigotes of strain AG83 were harvested at different times during growth in culture and proteins were
separated by SDS–PAGE. Western blot shows 0.1 lg of purified His-GLOI fusion protein (lane 1); a leishmanial promastigote cell extract (50 lg per lane)
at 0 h (lane 2); 24 h (lane 3); 48 h (lane 4); 72 h (lane 5); 96 h (lane 6); and 120 h (lane 7). (D) Densitometric scanning of the Western blot in (C). The bands
were quantified by scanning on a densitometer and signal intensities relative to the zero point control are plotted. (E) Growth of wild type L. donovani.
Parasites were enumerated every 24 h by counting in a hemocytometer. All these experiments were repeated thrice with essentially similar results.

Fig. 6. Analysis of (A) protein and (B) RNA from wild type L. donovani

(WT) and GLOI overexpressor. Recombinant GLOI protein (rGLOI)
(1 lg) was used as a control. Polyclonal antiserum against L. donovani

GLOI generated in mice was used to detect GLOI protein in fractionated
extracts obtained from cultures harvested after 48 h of growth. (B) Total
RNA was isolated from log phase culture of L. donovani wild type
promastigotes (lane 1) and GLOI overexpressor (lane 2). Total RNA was
electrophoresed, transferred to a membrane, and probed with a 426 bp
full-length GLOI gene as described under Materials and methods.
Ethidium bromide stained RNA gel showing equal loading of the RNA
is shown. The results shown are from a single experiment typical of at least
three giving identical results.

Table 1
Effect of over expression of glyoxalase I on the cytotoxicity of glyoxalase I
inhibitors

Inhibitors IC50 values (lM)

WT GLOI overexpressor

Purpurogallin 70 ± 10 132 ± 4
Flavone 56 ± 2.6 69 ± 5.3
Quercetin 26 ± 1.8 27 ± 3.5
Lapachol 93 ± 3.5 96 ± 5.3

IC50 represents the concentrations of the drugs, which inhibited the
growth of wild type and overexpressors by 50%. Each value is a mean of
three independent experiments.
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Discussion

All organisms require systems to shield them from
chemical stress, such as the antioxidant enzymes that
detoxify endogenous oxidants and the enzymes that
metabolize exogenous toxins. However, endogenous toxins
such as the reactive a-oxoaldehyde, methylglyoxal, are also
byproducts of metabolism [6]. Methylglyoxal reacts rapidly
with both proteins and nucleic acids and thus is both
toxic and mutagenic [5,36]. Methylglyoxal is formed
mainly by the degradation of triose phosphates, and also



Fig. 8. Close-up of the substrate-binding site in the crystal structure of human
the two closely interacting subunits of the dimeric human GLOI are shown in
chains of the three critical functional residues Arg 37 and Arg 103 (according to
Arg 122 from the other subunit are shown. Arg 122 of the human GLOI co
software [45]. (For interpretation of the references to colour in this figure lege

Fig. 7. Superposition of Ca traces of the crystal structure of E. coli GLOI
(red) [20] and the model of LdGLOI (blue). Clear difference in the size and
shape of the substrate-binding loop (near Arg to Tyr substitution) can be
seen. Side chains of two of the critical residues (Arg and Tyr in LdGLOI)
and another residue proximal to the functional site (His in LdGLOI) are
also shown. This figure has been prepared using Setor software [45]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this paper.)
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by metabolism of ketone bodies, threonine degradation,
and the fragmentation of glycated proteins [37,38]. The
glyoxalase system is a ubiquitous detoxification pathway
that protects against cellular damage caused by methylgly-
oxal. Glyoxalase I (EC 4.4.1.5) is part of the glyoxalase sys-
tem present in the cytosol and it prevents the accumulation
of these reactive a-oxoaldehydes and thereby suppresses
a-oxoaldehyde-mediated glycation reactions [7]. It is a
key enzyme of the anti-glycation defence. Glyoxalase I con-
verts the hemithioacetal, which is formed spontaneously
from methylglyoxal and glutathione, into S-lactoylgluta-
thione. The thioester is subsequently hydrolyzed by
glyoxalase II yielding D-lactate and regenerating glutathi-
one. In kinetoplastid organisms trypanothione replaces
glutathione in the glyoxalase system [16,39]. Characteriza-
tion of recombinant L. major glyoxalase I showed it to be
unique among eukaryotic enzymes since it uses trypanothi-
one hemithioacetal as the substrate instead of glutathione
hemithioacetal [16]. In Trypanosom brucei glyoxalase II
strongly prefers thioesters of trypanothione instead of
glutathione as substrate [39].

To date, glyoxalase I sequences have been reported in
several species including prokaryotes, plants, mammals,
and yeast [40–42]. The human, bacterial and plant glyoxa-
lase I are dimeric. The yeast enzymes of S. cerevisae and
Saccharomyces pombe are monomers of 32 and 37 kDa,
respectively. The sequence identity of human glyoxalase I
GLOI bound to nitrobenzyloxycarbonylglutathione [19]. The Ca traces of
green and yellow. The transition-state analogue is shown in blue. The side
the residue numbering of human GLOI) from one of the two subunits and
rresponds to Tyr in LdGLOI. This figure has been prepared using Setor
nd, the reader is referred to the web version of this paper.)
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with the bacterial enzyme (Pseudomonas putida) is 55% and
with yeast enzyme between residues 1–182 and 183–326
(S. cerevisiae) is 47% suggesting that glyoxalase I of
different origins may have arisen by divergent evolution
from a common ancestor.

In this paper, we describe the molecular cloning and
characterization of glyoxalase I from L. donovani, the
most important pathogenic Leishmania species that is
responsible for visceral leishmaniasis in India. The gene
of glyoxalase I is located on chromosome 35. Comparison
of the glyoxalase I from L. donovani and those of L. ma-

jor, L. infantum, and T. cruzi protein showed 70% identity
to T. cruzi lactoylglutathione lyase-like protein, 97% iden-
tity with L. major glyoxalase I, and 98% identity with
L. infantum glyoxalase I protein. As in the case of L. ma-

jor glyoxalase I the enzyme is trypanothione-dependent
rather than glutathione-dependent. We have successfully
cloned glyoxalase II (GLOII) from L. donovani (GenBank
Accession No. AY851655) and there is only 30% identity
between human GLOII and L. donovani GLOII sequence.
Glyoxalase II recombinant fusion protein has a molecular
mass of �38 kDa and is a monomer. Glyoxalase II
strongly prefers thioesters of trypanothione, instead of
glutathione, as substrate (data not shown). Further char-
acterization of glyoxalase II is presently going on in the
laboratory.

Phylogenetic tree analysis showed a close evolutionary
relationship of L. donovani and T. cruzi among the kineto-
plastid protozoa. The kintoplastid GLOI sequences are
closer to E. coli and Synechococcus sp. enzymes in phyloge-
netic analysis but no similarity with human, M. musculus,
and P. putida.

Western blot analysis of whole cell lysates of promasti-
gote of L. donovani using the polyclonal antibody against
GLOI enzyme shows a single band of approximately 16-
kDa and the same antibody recognized the recombinant
protein of about 24 kDa expected size of the GLOI-His
tag fusion protein. Cross-linking studies established that
the recombinant GLOI is a dimer of equal subunits.
Expression of LdGLOI protein in promastigotes from
AG83 strains varies during growth in culture. Maximum
protein accumulation was observed at 96 h (a late log
phase). Sequence analysis of L. donovani glyoxalase I pro-
tein for metal binding showed high degree of conservation
of the metal-binding residue between the trypanosomatid
and E. coli GLOI enzymes. Recombinant parasite glyoxa-
lase I enzyme required nickel for its activity thereby further
confirming its close relationship to E. coli glyoxalase I en-
zyme. Earlier studies have shown that recombinant L. ma-

jor glyoxalase I is unique among eukaryotic enzymes since
it uses nickel as a cofactor, a property seen in E. coli en-
zyme [16]. L. donovani GLOI showed high level of specific-
ity for trypanothione hemithioacetal and little activity with
glutathione-hemithioacetal.

Previous studies have shown enhanced levels of glyoxa-
lase I protein in human tumor tissues when compared to
corresponding normal tissues [43]. In an attempt to study
the significance of this overexpression, we transfected the
L. donovani with glyoxalase I gene. Overexpression of gly-
oxalase I in transfectants was observed both by Northern
and Western blot analysis. Inhibitors of glyoxalase I are
known to be potential anticancer and antimalarial agents
[43,12]. In this report, we evaluated, effect of several of
the compounds that have been previously reported to have
adverse effect on the human and yeast glyoxalase I enzyme,
on both wild type and overexpressing L. donovani cells [44].
The IC50 values of several known inhibitors of human and
yeast glyoxalase I showed that the compounds tested were
weak inhibitors of L. donovani growth (lapachol,
IC50 = 100 lM and quercetin IC50 of 26 lM in
L. donovani compared to 0.35–0.7 lM for lapachol and
IC50 of 10 lM for quercetin in human). Weak response
of L. donovani to known inhibitors of glyoxalase I is a high-
ly significant observation and could be related to the struc-
tural differences between the parasite and the host enzyme.
When the cells were treated with purpurogallin or flavone,
known inhibitor of human and yeast glyoxalase I, the
transfectant cell line exhibited approximately 1.8- and
1.2-fold resistance, respectively, to the cytotoxic effects of
these inhibitors when compared to control cell lines. How-
ever, hydroxynapthoquinone derivatives lapachol and
quercetin did not show any difference in the IC50 values be-
tween the control and overexpressing cells.

While there are a number of important residues in-
volved in the ligand binding to human GLOI, there are
three critical residues essential for the function and these
residues are also proximal to the substrate. Following the
residue numbering of LdGLOI, the residues in the human
homologue, Arg 8 and Asn 63 from a subunit in the di-
mer and Arg 101 in the other subunit, are the critical res-
idues involved in function and also in ligand binding.
These residues correspond to positions 37, 103, and 122,
respectively, according to the numbering followed in the
crystal structure of human GLOI complexed to a transi-
tion state analogue, Nitrobenzyloxycarbonylglutathione
[19]. A close-up of the structure of Nitrobenzyloxycarbon-
ylglutathione bound to the human GLOI is shown in
Fig. 8. Out of the three crucial residues Arg 8 and Asn
63 (following the numbering of LdGLOI) are absolutely
conserved in the members of the family (Fig. 1). Interest-
ingly, Arg 101 is conserved or conservatively substituted
by Lys in all homologues except in those from Leishmania

organisms. In the homologues from Leishmania organ-
isms, this Arg residue is replaced by Tyr. Remarkably,
Tyr in this position is also present in the GLOI of T. cru-
zi. Thus, it appears that presence of Tyr in this alignment
position is possibly a property of those homologues which
are known to be or expected to be specific to trypanothi-
one. Presence of very different residues, Arg (positively
charged) and Tyr (aromatic, uncharged polar), present,
respectively, in glutathione-specific and trypanothione-
specific GLOI can be expected to play a crucial role indic-
tating the specificity apart from other key changes as dis-
cussed below.
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The critical Tyr 101 of LdGLOI model is located in a re-
gion of insertions/deletions (Fig. 1) corresponding to the
substrate-binding loop. Considering this loop region there
are two key distinguishing features between glutathione
and trypanothione-specific homologues. First, as also noted
by Vickers et al. [16], the number of residues in various glu-
tathione-specific enzymes is more than that in the sub-
strate-binding loop of trypanothione-specific homologues
(Fig. 1). This results in a substantially long and bulky loop
in the case of glutathione-specific enzymes compared to try-
panothione-specific homologues. This change in the loop
size also results in entirely different conformations and over-
all shapes of these loops. Fig. 7 shows the superposition of
the crystal structure of E. coliGLOI and the modeled struc-
ture of LdGLOI. The clear changes in size and shape of the
substrate-binding loop can be appreciated.

Second, as can be seen in Fig. 1, the substrate-binding
loop of glutathione-specific GLOI sequences such as
homologues from human and E. coli contains a substantial
number of positively charged residues apart from a few
acidic residues. However in the case of trypanothione-spe-
cific GLOI sequences such as those from L. donovani and
T. cruzi, the substrate-binding loop is generally devoid of
positively charged amino acids. This difference can also
possibly influence the substrate-specificity.

Finally, in view of the uniqueness of L. donovani glyox-
alase I enzyme, it could be exploited for structure-based
drug designing of selective inhibitors against the parasite.
Further work related to gene-knockout of glyoxalase I is
presently going on to elucidate the importance of this en-
zyme in L. donovani.
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