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Glyoxal, methylglyoxal and other physiological α-oxoaldehydes
are formed by the lipid peroxidation, glycation and degradation
of glycolytic intermediates. They are detoxified enzymically by
the glyoxalase system. To investigate the physiological function
of glyoxalase I in parasitic organisms, the cDNA for glyoxalase
I from the filarial nematode Onchocerca �ol�ulus (designated O�-
GloI) has been cloned and characterized. The isolated cDNA
contains an open reading frame of 579 bp encoding a protein
with a calculated molecular mass of 21930 Da. Owing to the high
degree of sequence identity (60%) with human glyoxalase I, for
which the X-ray structure is available, it has been possible to
build a three-dimensional model of O�-GloI. The modelled core
of O�-GloI is conserved compared with the human glyoxalase I;
however, there are critical differences in the residues lining the
hydrophobic substrate-binding pocket of O�-GloI. A 22 kDa
protein was obtained by heterologous expression in Escherichia

INTRODUCTION

Onchocerca �ol�ulus is the causative agent of onchocerciasis, a
disease that affects approx. 18 million people in subsaharan
Africa. One of the major pathological consequences of the
infection is ocular damage (river blindness) caused by larvae
(microfilariae) that are released in millions by the adult females
(macrofilariae) during their 10–14-year life span. Although
ivermectin is effective in killing the microfilariae, there is an
urgent need for the development of better and safer drugs that
are effective against adult worms [1].

The glyoxalase system is an important but frequently neglected
component of glutathione-dependent enzymology. It is a rela-
tively simple pathway consisting of two consecutive enzymic
reactions catalysed by glyoxalase I (lactoylglutathione lyase; EC
4.4.1.5) and glyoxalase II (hydroxyacylglutathione hydrolase;
EC 3.1.2.6). Glyoxalase I is an isomerase that catalyses the
formation of (S)--lactoylglutathione from the hemimercaptal
adduct that forms spontaneously between methylglyoxal and
glutathione. The S-ester product is then hydrolysed by glyoxalase
II into -lactic acid and glutathione. The physiological substrates
of glyoxalase I are glyoxal, formed from lipid peroxidation and
glycation reactions; methylglyoxal, formed from triose
phosphates, ketone body metabolism and threonine catabolism;
and 4,5-dioxovalerate, formed from 5-aminolaevulinate and α-
oxoglutarate. The pathway is found in all organisms; glyoxalase
phenotypes are among the earliest expressed in embryogenesis
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coli. A homogeneous enzyme preparationwas obtained by affinity
purification and functional characterization of the recombinant
enzyme included the determination of kinetic constants for
methylglyoxal and phenylglyoxal as well as inhibition studies.
Gel filtration demonstrated a dimeric structure. To assess the
role of O�-GloI as a potential vaccine candidate or serodiagnostic
tool, the serological reactivity of the recombinant O�-GloI was
analysed with sera from microfilaria carriers and specific IgG1
antibodies were detected. The effects of oxidative insult, namely
plumbagin and xanthine}xanthine oxidase, on the gene transcript
level of O�-GloI were investigated. By using a semi-quantitative
PCR ELISA it was shown that O�-GloI is expressed at elevated
levels under conditions of oxidative stress.

Key words: glutathione, oxidative stress, parasite.

and persist throughout development, maturation and senescence.
The widespread distribution and presence of this shunt pathway
indicates a universal role in primary metabolism. However, the
biological function of the pathway remains unclear (reviewed in
[2–4]).

Because α-oxoaldehyes are cytostatic at low concentrations
and cytotoxic at high concentration, the glyoxalase system is
thought to be involved in detoxication. In the cell, α-oxo-
aldehydes react with guanyl residues of DNA and RNA and this
can cause mutagenesis and apoptosis [5]; they also react with
cysteine, lysine and arginine residues in proteins and this can lead
to protein cross-linking and degradation and the activation of a
proinflammatory response of monocytes and macrophages [6].

Reports demonstrate that different stress conditions, such as
salt stress in plants, tumour implantation into animals or glycerol
load in bacteria, result in an induction of glyoxalases. Similar
changes have also been observed in humans under stress due to
excercise or in animals after irradiation [7]. The induction is
possibly due to the higher demand for glyoxalase caused by the
increased rate of glycolysis during stress.

Host immune-dependent damage to parasites can be mediated
by several mechanisms including the production of oxygen
radicals following the respiratory burst by myeloid cells, the
action of myeloperoxidase and eosinophil peroxidase from
neutrophils and eosinophils, or via a nitric oxide response that is
particularly high in macrophages [8]. The primary consequence
of this generation of oxidants lies in the degradation of membrane
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lipids or, more specifically, their polyunsaturated fatty acyl
moieties through the chain reaction of lipid peroxidation. The
parasite can respond to this host-induced stress by employing a
succession of defences, which we propose also to include, in an
adapted manner, the detoxification of α-oxoaldehydes by the
action of the glyoxalase system.

The glyoxalase system of parasites has not been investigated
with molecular biological methods. Two studies on helminth
glyoxalases with somatic extracts demonstrated that parasitic
nematodes possess high activities of glyoxalase I and II, whereas
glyoxalase II activity could not be measured in trematodes [9,10].
Here we report the cloning and characterization of a glyoxalase
I from O. �ol�ulus, designated O�-GloI. To assess the role of O�-
GloI as potential vaccine candidate or diagnostic antigen, the
serological reactivity of recombinant O�-GloI (rO�-GloI) with
sera from microfilaria carriers was analysed. In addition, because
the induction of O�-GloI might be linked to survival of the
parasite, in response to immunological or drug-related stress, we
have analysed this response under conditions of oxidative stress.

MATERIALS AND METHODS

Parasites

Onchocercomata were removed by nodulectomy from untreated
patients with generalized onchocerciasis in Benin, as described
previously [11]. Nodulectomies for research purposes were ap-
proved by the Ethics Commission of the Medical Board
Hamburg. The worms were isolated from the nodules by micro-
dissection, incubated in RPMI 1640 containing 0.5% collagenase
(Clostridium histolyticum; Boehringer Mannheim) and checked
microscopically for purity from host material and for viability.

Maintenance in vitro and stress induction of adult O. volvulus

Viable adult female worms were allowed to recover at 37 °C for
6–12 h in RPMI 1640 supplemented with 100 units}ml penicillin,
100 µg}ml streptomycin and 250 ng}ml fungizone. The effects of
reactive oxygen intermediates on mRNA levels of O�-GloI were
investigated by applying several biochemical model reactions.
The generation of reactive oxygen intermediates (Ow

#
d, H

#
O

#
and

OHd) was initiated by the addition of xanthine and xanthine
oxidase. Additional experiments to examine the effects of Ow

#
d

were performed with plumbagin (5-hydroxy-2-methyl-1,4-
napthoquinone). Three adult female worms were used for a
single individual stress experiment; each experiment was per-
formed twice. The worms were incubated for 2 h under different
stress conditions (50 µM plumbagin or 1 mM xanthine}1 m-unit
of xanthine oxidase). After incubation, worms were recovered
and washed extensively in RPMI 1640 medium, then finally
snap-frozen in liquid nitrogen.

Preparation of RNA and first-strand oligo(dT)-primed cDNA
synthesis

Worms were crushed under liquid nitrogen with a ceramic
mortar and pestle, then resuspended in TRIzol reagent; total
RNA was prepared in accordance with the manufacturer’s
instructions. Total RNA was treated with DNase I and, after
extraction with phenol and precipitation with ethanol, first-
strand oligo(dT)-primed cDNA synthesis was performed in 20 µl
reactions consisting of 0.2 µg of total RNA, 25 mM Tris}HCl,
pH 8.3, 38 mM KCl, 1.5 mM MgCl

#
, 5 mM dithiothreitol, 20 µM

dNTP mix and 0.2 µM one-base-anchored oligo(dT) primer.
Reaction mixtures were incubated at 65 °C for 5 min and 37 °C
for an initial 10 min, after which 100 units of Moloney murine
leukemia virus (‘MMLV’) reverse transcriptase was added. An

additional incubation for 60 min was followed by heating of the
reactions at 75 °C for 5 min and then cooling to 4 °C.

Isolation of the complete cDNA encoding Ov-GloI

In a survey for genes that are overexpressed in O. �ol�ulus

after chemotherapy with the microfilaricidal drug ivermectin,
a unidirectional cDNA library was constructed in the lambda
Uni-Zap XR vector. Subsequently, an expressed-sequence-tag
analysis of the cDNA library was performed. The library was
plated out with XL1-Blue cells (Stratagene) as host. Recombinant
clones were picked at random and their inserts were amplified by
PCR with T3}T7 primers. The PCR product was purified and
sequenced by direct cycle sequencing. A BLAST search analysis
of an obtained PCR product demonstrated moderate similarity
to glyoxalase I forms from different organisms.

Modelling, model refinement and structure validation

Three-dimensional models were generated on the basis of the
crystal structure of human glyoxalase I (Brookhaven Protein
Data Bank entry code, Ijro VRML; PDB code, 1BH5) [12]. The
initial three-dimensional models were generated by the MOD-
ELLER4 package [13]. Modelling of the three-dimensional
structure of O�-GloI followed a standard stepwise procedure.
The alignment was performed with the MALIGN program.
Owing to the missing counterpart of the N-terminal 15 amino
acid residues (M1 to A15 in the O�-GloI sequence), this stretch
of amino acids was omitted in the modelling steps. After initial
modelling, a first energy-minimization step was performed with
the CHARMM force field [14]. After superpositioning of the
protein structures, the coordinates of the Zn#+ ion and the S-
hexylglutathione molecule were transferred from the human
glyoxalase I structure to the O�-GloI model. Further refinements
of the complete protein inhibitor complex were performed with
the Amber force field [15]. Subsequently, energy minimization
was performed with 100 steps of steepest descent followed by 100
steps of a quasi-Newton minimization [16] to alleviate steric
clashes between atoms and to obtain a reasonable peptide
geometry. The quality of the model was assessed by different
validation tools. In each step of model-building, the O�-GloI
structure was validated with the program PROCHECK [17]. No
significant geometric violations were detected in the final model.
The root-mean-square deviations of Cα atoms between human
glyoxalase I and O�-GloI were 0.47 and 0.71 A/ for the A-chain
and B-chain respectively. Molecular visualization was performed
with the programs MOLSCRIPT and Raster3D [18].

Northern blot analysis

For identification of the O�-GloI transcript, 30 µg of total RNA
was separated on a 1% (w}v) agarose gel containing 2.2 M
formaldehyde, then blotted to a nylon membrane. The membrane
was then hybridized with a [$#P]dATP-labelled cDNA probe.

Construction of expression plasmids, expression of Ov-GloI in
Escherichia coli and purification of rOv-GloI

To synthesize the O�-GloI coding region for expression in E. coli,
the sense oligonucleotide 7684 (5«-CCGCTCGAGGGGCTCG-
ACTCAGTGCGAATCAGGA-3«), encoding the first eight
residues of theO�-GloI cDNA, and the anti-sense oligonucleotide
7686 (5«-CCCCCGGGAGAGTTTTACACATTCAAAAGAT-
AATT-3«), encoding the last eight residues of the O�-GloI
cDNA, were used in PCR with the complete O�-GloI cDNA as
template. The sense primer contained an XhoI restriction site and
the anti-sense primer a SmaI restriction site to simplify directed,
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in-frame cloning into pJC40 [19]. The constructs were trans-
formed into E. coli BL21 (DE3) and used for the expression of
rO�-GloI. Transformed bacterial cells were grown overnight in
Luria–Bertani medium containing 50 µg}ml ampicillin and
supplemented with 1 mM ZnSO

%
and 10% (v}v) glycerol [18].

This stock culture was diluted 1:100 in the same medium, then
the bacteria were grown to a D

'!!
of 0.5 before induction with

1 mM isopropyl β--thiogalactoside (IPTG). After 3 h at 37 °C,
bacterial cells were harvested and rO�-GloI was isolated by
resuspension of bacterial cells in 10 mM Tris}HCl, pH 7.8,
followed by sonication and centrifugation at 100000 g (1 h, 4 °C;
TFT 55.38 rotor, Centrikon T-1065; Kontron). The rO�-GloI
was purified with na S-hexylgutathione affinity matrix. Because
the protein was eluted with S-hexylglutathione, a potential
inhibitor of O�-GloI, the purified rO�-GloI was dialysed over-
night against 10 mM Tris}HCl (pH 7.8)}0.1 mM dithiothreitol
[20].

Assay of glyoxalase I activity and kinetic studies

Specific activity was determined spectrophotometrically as de-
scribed in [2,21]. In brief, the glyoxalase-catalysed transformation
of the glutathione adduct of methylglyoxal was followed spectro-
photometrically by the increase in A

#%!
(ε 2.86 mMw"[cmw"). The

hemimercaptal was prepared by preincubating 2 mM methyl-
glyoxal and 2 mM glutathione in 0.05 M sodium phosphate
buffer, pH 6.6, for 5 min; the reference sample was incubated
similarly but omitting O�-GloI. The equilibrium hemithioacetal
concentration was 0.63 mM. Steady-state kinetic measurements
with phenylglyoxal were made spectrophotometrically at the
apparent isosbestic point of 263 nm. The molar absorption
coefficient between α-oxoaldehyde and hemimercaptal is
5.69 mM−"[cm−" for phenylglyoxal. The equilibrium constants
used for the determination of the hemimercaptal concentration
were 0.6 mM for phenylglyoxal and 3.0 mM for methylglyoxal.
Kinetic constants were determined in conditions under which the
initial rates were proportional to the enzyme concentrations. K

m
and the apparent limiting velocity, V

max
, were determined by the

double-reciprocal method of Lineweaver and Burk.

Inhibition studies

IC
&!

values for rO�-GloI were determined at fixed concentrations
of methylglyoxal and glutathione at an adduct concentration of
20 µM. The concentration of free glutathione was kept at 0.1 mM
[20,21].

Gel-filtration chromatography

FPLC was performed on a High Load Superdex 75 column
(16 cm¬1.6 cm; Pharmacia) that had been equilibrated with
50 mM Tris}HCl (pH 8)}150 mM NaCl. The rO�-GloI was
loaded on the column at a flow rate of 60 ml}h, 2 ml fractions
were collected, and the enzymic activity towards methylglyoxal
was determined.

Blood samples, SDS/PAGE and Western blot analysis

Blood was collected from persons living in a hyperendemic
onchocerciasis focus in western Uganda [22]. Microfilarial
densities were assessed by skin snip examination. For the first
screening for O�-GloI antibodies, sera were selected from patients
with high parasite loads of more than 200 microfilariae}mg of
skin (range 202–575). Follow-up sera were collected from 11
patients 1 year after treatment with a single dose of the
microfilaricidal drug ivermectin (150 µg}kg body weight). As
negative controls, two serum pools each containing 10 samples

from individuals not infected with O. �ol�ulus, but with the
filarial parasites Mansonella streptocerca and M. perstans or with
M. perstans and the trematode Schistosoma mansoni, were used.

SDS}PAGE and Western blotting were performed in ac-
cordance with standard techniques [23]. In brief, 5–15% (w}v)
polyacrylamide linear-gradient slab gels were run with rO�-GloI
as loading protein at equal concentrations of 4 µg}cm of gel
width. Protein was then transferred electrophoretically to nitro-
cellulose paper with a semi-dry transfer apparatus. Subsequently
nitrocellulose was cut into strips, blocked for 1 h with 3% (w}v)
non-fat milk powder in PBS and incubated overnight at 4 °C
with patients ’ sera at dilutions of 1:20 (IgG subclasses) and 1:50
(total IgG). For control, O. �ol�ulus total soluble extract
was used as antigen. The secondary antibodies (peroxidase-
conjugated anti-IgG1, anti-IgG2, anti-IgG3 and anti-IgG4;
Calbiochem, La Jolla, CA, U.S.A.) were used at a dilution of
1:1000 and incubated for 1 h at room temperature. Nitrocellulose
strips were then developed with 4-chloro-1-naphthol; the enzymic
reaction was stopped with doubly distilled water. All incubation
steps were separated by washing the nitrocellulose strips with
alkaline phosphate buffer.

Quantitative PCR analysis, PCR–ELISA procedure

To determine the expression levels of O�-GloI under different
stress conditions, semi-quantitative reverse-transcriptase-
mediated PCR (RT–PCR) was performed. For each experiment,
RNA from three female O. �ol�ulus worms was reverse-
transcribed with oligo(dT) primers and the first-strand DNA was
analysed with specific O�-GloI primers (forward primer, 5«-TG-
GGCTCGACTCAGTGCGAATCA-3«; reverse primer, 5«-AT-
CAGTATGGGGATTAAATATTCGATCC-3«; these repre-
sented bases 39–60 and the complementary sequence of bases
445–475 of O�-GloI cDNA respectively). To obtain a biotinylated
PCR product that bound easily to a streptavidin-coated micro-
titre plate, the reverse primer was 5«-biotinylated (Biometra).
Amplification was performed for 20 cycles under the following
conditions: denaturation at 94 °C for 15 s, annealing at 54 °C for
30 s, extension at 72 °C for 45 s. The number of cycles in the
second PCR varied depending on the sequence and the original
amount of target mRNA. Analyses of the samples taken from
each PCR tube at an interval of five cycles demonstrated that,
between 15 and 20 cycles of a second PCR, the exponential phase
was measurable over a broad range before the plateau phase.

Detection and analysis of the biotinylated amplified PCR-
products were performed with a fluorescein-labelled O�-GloI
cDNA fragment (5«-CATGCCGCATATACACTTTTTACCG-
CTATA-3«) for hybridization in quantitative PCR–ELISA. As
an internal control, a primer pair (forward primer, 5«-TTCCG-
GTATGTGCAAAGCCGGAT-3«; biotinylated reverse primer,
5«-TCTCTGTTCGCCTTTGGATTCAGTGG-3«; these repre-
sented bases 65–89 and 351–376 of AI124165.1 cDNA respect-
ively) spanning a 311 bp cDNA fragment of O. �ol�ulus actin
(AI124165.1) was used in the same tube, in the same reaction.
For detection of the internal control, a 274 bp fluorescein-
labelled actin fragment was used for hybridization (reverse
primer, 5«-GGATGTTCCTCAGGAGCAACTCG-3«, repre-
senting bases 310–339). Labelling of the hybridization probes
was performed with fluorescein-12-dUTP by using random
oligonucleotides as primers (Boehringer Mannheim). The use of
the actin gene, which is expressed constitutively, as an internal
control permitted a direct measurement to be made of the
integrity and quantity of RNA transcripts used in each reverse
transcriptase reaction. It also provided a comparable control by
which differences in the expression levels, owing to under-
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estimation or overestimation of the input amount of the RNA
template, could be normalized.

The PCR products were analysed and quantified by ELISA
detection. This method is more sensitive than using gel electro-
phoresis for separation of the PCR products followed by
detection of the DNA bands by ethidium bromide or equivalent
fluorescent dye. The procedure was performed as described in
[24]. Blanks were treated like samples but contained no PCR
product. The absorbance readings of the blanks were subtracted
from the absorbance readings of the samples; each absorbance
reading of O�-GloI was normalized with the respective actin
value. Negative controls were obtained by analysing the products
of PCR reactions that contained no template cDNA. The cut-off
value was defined as the absorbance reading of the negative
control plus three times the S.D. The significance of differences
between control (unstressed worms) and individual experimental
groups was determined by the Kruskal–Wallis test. Statistical
significance was defined as P% 0.05.

RESULTS AND DISCUSSION

Characterization of Ov-GloI

The complete cDNA of O�-GloI was isolated and contains an
open reading frame of 579 bp encoding a protein with a calculated
molecular mass of 21930 Da and a theoretical pI of 5.59.
Northern blot analysis with complete O�-GloI as probe demon-
strated a single transcript of approx. 600 bp that was consistent
with the size of the cDNA.

BLAST searches of the deduced amino acid sequence of O�-
GloI showed that this clone has similarities to glyoxalase I forms
from a wide variety of organisms. Figure 1 shows the multiple
alignment of O�-GloI with sequences of a wide spectrum of
organisms [Drosophila melanogaster (GenBank accession no.
AAF59267), human (S63603), potato (Q42891) and Pseudomonas

putida (P16635)]. The alignment demonstrates that only one gap
has been inserted within the structural units (position 122),
indicating that the alignment is correct. All the sequences
contain the appropriate residues for binding the metal and
glutathione, except the P. putida sequence, which has a histidine

Figure 1 Alignment of Ov-GloI with several homologous proteins

The sequences of Ov-GloI, Drosophila melanogaster glyoxalase I (AAF59267), human glyoxalase I (GenBank accession no. S63603), potato glyoxalase I (Q42891) and Pseudomonas putida glyoxalase I

(P16635) are shown; gaps indicated by a dash were introduced to optimize the alignment. Residues that are identical or similar with the other glyoxalases are indicated in black when they are all

identical and in grey when they are conserved in at least three sequences. The symbols and indicate amino acids that are responsible for zinc binding ( , domain A; , domain B).

residue in the equivalent position to O�-GloI (Gln-41). It has
been shown that the enzyme is still fully active with Zn#+ [25].
Although most of the bacterial sequences segregate together, the
P. putida glyoxalase I is more similar to that of the human
enzyme [26]. It is apparent that the N-terminal region of
glyoxalase I forms is not well conserved. O�-GloI, for example,
has a longer N-terminal stretch of amino acids than the other
glyoxalase I forms displayed. Therefore the first 15 residues of
O�-GloI could not be aligned to the human enzyme and have not
been modelled. The three-dimensional model of O�-GloI was
constructed by using the X-ray crystallography data of human
glyoxalase I [12,27]. Figure 2 (top panel) shows a structural
overlay of human glyoxalase I and O�-GloI. There are no large
deviations from the empirical values; the O�-GloI model com-
pares favourably with the structure of human glyoxalase I.
The regions encoding the secondary structural elementswithin the
βαβββ topology are well conserved. The active site is situated in
the dimer interface, with the inhibitor and the essential Zn#+ ion
interacting with side chains from both subunits (Figure 2, bottom
panels). Despite the overall similarity of both binding pockets,
there are differences in the hydrophobic substrate-binding pocket.
Here, conservative changes in residues (Met-67}Cys-60 and Gly-
73}Met-65, subunit I; Phe-182}Leu-174 and Leu-191}Met-183,
subunit II) might contribute to size differences of the pocket.
Whereas the residues lining the hydrophobic substrate-binding
pocket of the human enzyme are hydrophobic, there are two
significant differences in the residues of the O�-GloI hydrophobic
pocket. In the parasite enzyme we observe that the exchange of
Met-179 with Asp-187 and Ile-88 with Lys-96, two charged
residues, gives this pocket a more charged character (Figure 3).
It could be this variability within the proposed hydrophobic
substrate-binding pocket that confers the differential reactivity
and substrate}inhibitor specificity observed between O�-GloI and
the human enzyme.

Functional expression of Ov-GloI in E. coli

Heterologous expression of rO�-GloI and purification with S-
hexylglutathione–agarose were analysed by SDS}PAGE [15%
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Figure 2 Schematic representations of Ov-GloI

Top panel : superposition of the parasitic enzyme Ov-GloI with glyoxalase I from the host. Bottom left-hand panel : illustration of the glutathione binding site; a ball-and-stick figure showing the

inhibitor S-hexylglutathione modelled into the active site with the S-hexyl group of the conjugate located in the hydrophobic pocket. Bottom right-hand panel : the Zn2+-binding site is co-ordinated

by four conservative protein residues, with each domain contributing two residues to the zinc binding (chain A, Gln-41 and Glu-107; chain B, His-134 and Glu-180).

(w}v) gel] (Figure 4). A 6 mg yield of rO�-GloI was obtained
from 1 litre of culture. The purified O�-GloI was stable during
purification and storage. Purified rO�-GloI has a molecular mass
of approx. 24 kDa, which is in agreement with the value
calculated from the cDNA sequence. However, in some
preparations two protein bands of approx. 24 and 20 kDa were
visible on the SDS}PAGE gel. This might have been due to an
additional initiation of the translation at the second methionine
residue (Met-42). Truncation of the 5« end of human glyoxalase
I during expression in COS-1 cells has been described, and
proteolytic breakdown and initiation at other ATG codons has
been discussed [28]. The molecular mass of the enzymically active
rO�-GloI was estimated by gel filtration to be 45 kDa. This
estimate is close to the sum of two subunits; it was concluded that

active rO�-GloI is dimeric. This is consistent with the quaternary
structure of glyoxalase I forms from other organisms.

The specific activities of rO�-GloI towards methylglyoxal and
phenylglyoxal were 284³32 and 105³10 µmol}min per mg of
protein respectively. This is of course much higher than the
glyoxalase activity measured in the homogenate of Onchocerca

gutturosa (0.3311 and 0.1712 µmol}min per mg of protein for
methylglyoxal and phenylglyoxal respectively) [29]. The K

m
values for methylglyoxal and phenylglyoxal were determined as
340 and 311 µM respectively. In human recombinant glyoxalase
I, the K

m
for phenylglyoxal is half of that described for

methylglyoxal, reflecting the increasing hydrophobicity of the
substrate [30]. However, for O�-GloI the K

m
values for both

substrates were almost equivalent, indicative of the observed
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Figure 3 Representation of the hydrophobic substrate-binding pocket

The schematic representation of the backbone has been coloured (white, chain A, green, chain

B). The two residues illustrated differ from the human enzyme (Lys-96; Asp-187). The inhibitor

S-hexylglutathione is indicated in light blue.

Figure 4 Production and purification of rOv-GloI

Coomassie-stained SDS/PAGE [15% (w/v) gel]. Lane 1, marker proteins (molecular masses

indicated in kDa at the left); lane 2, lysate of E. coli BL21 containing pJC40-Ov-GloI without

induction with IPTG; lane 3, lysate of E. coli BL21 containing pJC40-Ov-GloI, after induction with

IPTG; lane 4, affinity-purified rOv-GloI.

differences in the cavity of the hydrophobic substrate-binding
site (Figure 3). In comparison with the residues lining the
hydrophobic pocket of human glyoxalase I, which are hydro-
phobic, there is a difference in two residues, namely Asp-187
(Met-179 in human glyoxalase I) and Lys-96 (Ile-88 in human
glyoxalase I). The K

m
values are approx. 5-fold and 10-fold those

described for the recombinant human enzyme with methylglyoxal

Table 1 Kinetic constant for recombinant Ov-GloI

The concentration of free glutathione was maintained at 0.1 mM for all measurements. Values

are means³S.D. for at least triplicate determinations.

Substrate Km (µM) kcat (minw1) 107¬kcat/Km (Mw1[minw1)

Methylglyoxal 340³53 11900 3.52

Phenylglyoxal 311³10 4900 1.57

and phenylglyoxal respectively. However, the magnitude of
k
cat

}K
m

for rO�-GloI still reveals the impressive catalytic property
of this enzyme (Table 1).

The IC
&!

values of several organic compounds with different
chemical structures were determined for rO�-GloI. In brief, no
inhibition was achieved at concentrations up to 100 µM when
using the hydroxynaphthoquinone derivative lapachol and the
polyhydroxyflavone fisetin, which are both good inhibitors of
human and yeast glyoxalase I (K

i
37.5 and 8.25 µM respect-

ively). Human glyoxalase I has been described as a nitric-oxide-
responsive protein [31] and it was postulated that nitrosothiols
inhibit glyoxalase I through site-specific mixed disulphide for-
mation at a conserved cysteine residue, converting the enzyme
into an inactive isoform. O�-GloI activity remained unchanged
after preincubation of the enzyme with S-nitrosoglutathione at
concentrations up to 100 µM. This failed inhibition probably
reflects the fact that, whereas the conserved residue Cys-139 in
human glyoxalase I is present in O�-GloI (Cys-146), Cys-61
located in the hydrophobic substrate-binding site in human
glyoxalase I is missing from O�-GloI. The IC

&!
values of known

inhibitors of human and yeast glyoxalase I were obtained for
purpurogallin (15 µM), dichlorophen (48 µM), quercetin
(74 µM), oxibendazol (107 µM) and S-hexylglutathione
(113 µM). Clearly, with the exception of purpurogallin, the
compounds tested are weak inhibitors of O�-GloI [32,33].

All parasites need to maintain a high supply of energy for
macromolecular synthesis, growth, mechanical activity, differen-
tiation and reproduction. Parasites characteristically exhibit
rapid growth or multiplication, which make great demands on
energy-generating mechanisms. They also need protection from
the immune response of the host, another major energetic cost.
All helminths use glucose, which, once absorbed, is either
converted into glycogen or metabolized directly via Embden–
Meyerhof glycolysis. Thereafter there are several options: hel-
minths are homolactate fermenters, ‘mixed acid’ fermenters or
perform malate dismutation. The main end product of filarial
parasites is lactate [34,35]. Therefore, to meet their high energy
needs, filarial nematodes have a high rate of anaerobic glycolysis,
a high flux of glucotriose and, we propose, a concomitant high
rate of formation of methylglyoxal. We therefore suggest that
detoxification of the α-oxoaldehydes via the glyoxalase system
must be essential for the helminth’s survival because 2-
oxoaldehydes are cytotoxic at high concentrations.

Glyoxalase I enzymes have been targeted for the development
of novel anti-tumour, anti-protozoal and anti-bacterial agents
[36–38]; several lead substances are available and will foster
further studies with the use of the recombinant protein and with
analysis of pro-drugs for potential nematocidal effects.

Serological responses

Because O�-GloI is the first glyoxalase I to be described in detail
in a parasitic organism, no information about its natural immuno-
genicity is available. We therefore performed a Western blot
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Figure 5 Demonstration of antibodies against rOv-GloI in patient sera

Western blot analysis with rOv-GloI (lane 1–9) or total O. volvulus worm extract (lane 10) as

antigen and anti-IgG1 as secondary antibody. Sera from patients with high O. volvulus

microfilarial loads (lanes 1–8 and 10) or from a non-infected individual (lane 9) were tested;

specific antibodies against Ov-GloI were detected in lanes 1, 4, 6 and 7. The positions of

molecular-mass markers are indicated (in kDa) to the left of the Figure.

analysis with rO�-GloI protein as antigen. In total, 42 sera from
persons with high microfilarial loads (more than 200
microfilaria}mg of skin) were tested; 5 (12%) sera gave a positive
reaction, showing a characteristic double band at 24 and 21 kDa
(Figure 5). IgG isotyping revealed that the antibodies detected
belonged to the IgG1 subclass. In addition, follow-up sera from
11 persons 1 year after treatment with the microfilaricidal drug
ivermectin were examined. Whereas none of these individuals
showed IgG1 antibodies before treatment, 7 (64%) were positive
after treatment, when the microfilarial density had dropped to an
average of 3.5 microfilaria}mg of skin (range 0.1–19.6). By using
pooled sera from persons not infected with O. �ol�ulus, but with
the filarial parasites Mansonella streptocerca and M. perstans and
with the trematode Schistosoma mansoni, it was shown that the
antibody reaction to the O�-GloI protein was specific for O.
�ol�ulus infection (Figure 5).

These results demonstrate that the O�-GloI protein provokes
a humoral immune response in persons infected with O. �ol�ulus

and that the antibody response is more prominent in persons
with low microfilarial counts after treatment with ivermectin.
Similar observations have been described for other antigens and
it has been shown that immunosuppression due to high micro-
filarial loads can be restored by treatment with ivermectin [39].
Because the recombinant protein is enzymically active, it is likely
that it is correctly folded. Therefore the lack of induction of a
humoral immune response in many infected individuals might
reflect the high degree of sequence conservation between the
parasitic enzyme and that of the host or the intracellular
localization. The observed antibody responses to O�-GloI limit
the potential of the molecule for immunodiagnosis, although it is
relatively specific for O. �ol�ulus.

Induction of Ov-GloI expression in response to oxidative stress

Exposure to low levels of oxidant stress can enhance the
expression of numerous enzymes involved in defence against
these oxidants. The induction of these genes is thought to
engender resistance to subsequent exposure to high concen-
trations of oxidants. Similarly, the aquisition of stable resistance

to oxidant injury is associated with the increased expression of
genes involved in antioxidant defence. We therefore investigated
the role of the glyoxalase system in the defence against external
or environmental stress (generated outside of the parasite main-
tained in �itro) and endogenous oxidative stress with the pro-
oxidant plumbagin. Quantification analysis via ELISA readings
revealed that the levels of mRNA from O�-GloI were increased
3.2-fold (P% 0.04) in response to oxidative stress applied with
xanthine}xanthine oxidase and 1.95-fold (P% 0.02) in response
to plumbagin. It is probable that this up-regulation is an adaptive
response of the parasite to dicarbonyl stress.

The effects of feeding different doses of methylglyoxal to Swiss
albino mice were examined by using enzymes involved in the
antioxidant function, glutathione contents and lipid peroxidation
[40]. The glutathione contents of the liver decreased while there
was an increase in lipid peroxidation; it was observed that the
specific activity of detoxifying enzymes in the liver decreased
significantly. These findings are suggestive of the adverse effect of
methylglyoxal on the antioxidant defence system. The con-
centration of cellular thiols is decreased and this in turn decreases
the cysteinyl thiol sites for α-oxoaldehyde storage and the cellular
concentration of glutathione, and hence the activity of glyoxalase
I in situ. In diabetes, oxidative stress and the formation of
reactive dicarbonyl compounds are increased [41] and elevated
activities of the transcription factors NF-κB (nuclear factor κB)
and AP-1 (activator protein 1) have been reported in diabetic rats
[42]. Because this effect could be partly prevented by the
administration of antioxidants, it was postulated that oxidative
stress was involved in the activation of these transcription factors.
The promoter activity and the regulation of human glyoxalase I
have recently been described [43]. Besides identifying a
functionally operative insulin-responsive element and a metal-
responsive element, it is suggested that the glyoxalase I gene is
regulated by transcription factors AP-1 and NF-κB, whose
binding sites have been identified in the promoter region under
conditions of oxidative stress.

Recently we have identified a highly stress-responsive O.
�ol�ulus glutathione S-transferase, O�-GST3, by RT–PCR
differential display. The O�-GST3 transcript level increased
markedly, by more than 125-fold, in response to oxidative stress
applied with xanthine}xanthine oxidase. A role for filarial GSTs
in the defence against oxidative stress has been invoked on the
basis of several studies; we propose that one important function
of the GSTs is to provide a defence against toxic products arising
from the host immune-initiated peroxidation of parasite mem-
branes [44,45].

To obtain a clearer picture of the role of the glyoxalases in
oxidative}environmental stress in nematodes, we are currently
analysing the structural basis of transcriptional regulation and
enzymic activities in situ of the glyoxalase I gene (C16C10.10) in
the model nematode Caenorhabditis elegans.
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