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Abstract. Glutathione-Stransferases (GSTs) from chloroquine-resistant (COR, K1) and -sensitive
(CQS, T9/94) strains of Plasmodium fal ciparum were studied. The enzymes from both strains exhib-
ited the optimal pH for enzyme catalysis, at pH 7.5, and were stable at temperatures below 60°C. They
also showed the highest specific activities toward CDNB and moderate activities to ethacrynic acid
(40% of the activity to CDNB) but little or no activity for other substrates. K and V _ values for
CDNB and GSH, calculated by Lineweaver-Burk plot from both CQR- and CQS-GSTs, were not
statistically different (p<0.05). However, the GSTs activity from CQR appeared to be significantly
higher than that from CQS. Therefore, we proposed that GSTsfrom both malarial strainsareidentical
in their functional domain but different in level of gene expression. Furthermore, protein sequence
alignment between P. falciparum GST and GSTs from other organisms suggested that the malarial
enzymeisclosely similar to other GSTsin Sigma, Alpha, Mu and Pi subclasses, probably most to the
Alpha group. Characterization of the purified malarial GST in detail would reveal more precise clas-

sification and better understanding of itsrolein malarial detoxification.

INTRODUCTION

Malariaisone of the deadly tropical diseases
in humans which threatens 200 to 300 million
casesworldwide. Upto 2 million deaths have been
reported each year (WHO, 1992). It is caused by
intra-erythrocytic protozoan parasites in the ge-
nus Plasmodium, and P. falciparum is the most
virulent and lethal species to humans. Although
the incidence of infected cases and the mortality
rate appeared to be constant in the late 1990s, the
problem of antimalarial drug resistance resulting
from drug overuse remainsglobal (MalariaFoun-
dation International). Chloroquine-resistant P.
falciparum has been reported in Southeast Asia,
South America and recently throughout Africa.
Chloroquine plays arole as an antimalarial drug
by interfering with the polymerization of toxic
heme that releases during proteolysisof hemo-
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globin (Slater, 1993). Of interest, in resistant para-
sites, the accumulation of chloroquine inside the
food vacuole was reported to be diminished.
Therefore, concentration of the chloroquine used
in resistant malaria should be sufficient to func-
tion properly. Previous independent studies sug-
gested that devel opment of chloroquine-resistance
isrelated to amutation in the pfmdr 1 gene, which
is homologous to a multidrug-resistant gene of
mammalian tumor cells (Foote et al, 1989; 1990;
Cowman and Karcz, 1991). Oneextensiveinves-
tigation revealed that malarial parasites became
resi stant to chloroquine by expelling the drug rap-
idly in an unaltered form, thereby reducing lev-
els of drug accumulated in the malarial vesicles
(Krogstad et al, 1987). This efflux involved an
ATP-driven P-glycoprotein pump, whichissimi-
lar to that in mammalian multidrug-resistant tu-
mor cell lines (Morrow and Cowan, 1988;
Endicott and Ling, 1989). However, it has been
reported that the mechanism of rapid chloroquine
efflux has been found in both chloroquine-resis-
tant and -sensitive P. fal ciparum (Bray et al, 1992,
1994). Thus, other mechanisms involving drug
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resistance have been proposed, including an in-
crease in detoxification enzymes, of which glu-
tathione-S-transferase (GST) has been studied in
great detail.

GSTs(E.C. 2.5.1.18) areafamily of enzymes
that catalyze the formation of covalent bonding
between glutathi one and xenobiotic compounds,
including drugs, herbicides, and insecticides
(Mannerwick, 1985; Hayes and Wolf, 1988;
Hayesand Pulford, 1995), aswell asendogenous
substrates, such astoxic productsfrom tissuedam-
age (Jakoby, 1978; Awasthi et al, 1983; Pickett
and Lu, 1989; Rushmore and Pickett, 1993;
Armstrong, 1994). GSTs have also been studied
inanumber of infectious microorganismsand rec-
ognized as one of the promising enzymesfor po-
tential drug targets (Vuilleumire, 1997,
Vuilleumier and Pagni, 2002).

In malarial parasites, markedly increased
GST activities in chloroquine-resistant Plasmo-
dium species have been reported (Dubois et al,
1995; Platel et al, 1999; Srivastava et al, 1999).
It was noted that elevation of the enzyme activi-
tiesin the chloroquine- resistant strain is propor-
tional to the degree of drug pressure (Srivastava
et al, 1999). Recently, Harwaldt et al (2002) re-
ported no difference in GST activities between
other chloroquine-sensitive and resistant-strains
grown without drug pressure. This finding rein-
forces the possibility that the rise in enzyme ac-
tivities would depend not only on strain but also
on presence of drug.

However, it is still not clear that elevated
GST activity in chlorogquine-resistant malaria is
the result of structural or transcriptional modifi-
cation of the enzyme. Therefore, it was the aim
of this study to determinethe K,V __ and other
characteristics of the GSTsfrom the chloroquine-
resistant strain and to compare them with those
from the sensitive strain. It was anticipated that
the result of this study may provide better under-
standing of the way GST activity is enhanced in
chloroquine-resistant P. falciparum.

MATERIALSAND METHODS

Malarial parasites (chloroquine-sensitive
strain; T9/94 and -resistant strain; K1) were syn-
chronized and cultured for 3 dayswithout chang-
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ing the medium supplemented with 15% human
plasma(Chavalitshewinkoon and Wilairat, 1991).
Theinfected erythrocytes were washed with cold
sodium phosphate isotonic buffer, pH 7.5, and
lysed with 0.15% (v/v) saponin at 37°C, for 10
minutes. After centrifugation for 10 minutes at
2,000q, the parasite pellet was washed twice with
the same isotonic buffer and kept at -80°C until
used. The purity of the parasite preparations was
verified by determining RBC acetylcholinesterase
activity using the method of Ellman et al (1961).

Unlessotherwise stated, all proceduresinthe
cell extraction scheme were performed at 4°C.
Onevolumeof parasite pellet (approximately 10*
parasites) wasresuspended in two volumesof cold
extraction buffer [0.1 M NaPO, buffer, pH 6.5, 1
mM EDTA, 0.01% NP-40 and 1 mM phenyl-
methylsulfonylfluoride (PMSF)]. The parasite
suspension was then homogenized by Teflon
pestle tissue homogenizer (Thomas Scientific,
USA). The homogenate was centrifuged at
100,4469 for 45 minutes at 4°C in arefrigerated
supra-speed centrifuge (Sorvall, RC-28S, Dupont,
USA) and the supernatant was removed for de-
termination of GST activity using the modified
method of Habig et al (1974), as described be-
low. The amount of total protein in the crude ex-
tract was quantitated using bicinchonic acid re-
agent, according to the method of Smith et al
(1985), with bovine serum albumin as a standard
protein.

Enzyme activity was assayed with GSH and
1-chloro-2,4-dinitrobenzene (CDNB) as sub-
strates, using the modified method of Habig et al
(1974). In brief, the enzyme activity was mea-
sured by determining an increase in color pro-
duction at 340 nm of S-(2,4-dinitrophenyl) glu-
tathione, a conjugated form of GSH and CDNB.
The reaction condition was carried out at 37°C;
0.1 M NaPO, buffer, pH 7.5 with 1 mM EDTA,
7.5 mM GSH, 1 mM CDNB (dissolved in etha-
nol). Negative control was performed by omit-
ting thecell lysate. Glutathione-Stransferasefrom
bovine liver (Sigma Chemical, St Louis, USA)
was used as positive control. The reaction was
initiated by addition of the enzyme. Anincreased
absorbance at 340 nm was followed for 1 minute
in a Shimadzu UV 1201 equipped with athermo-
electrically temperature-controlled cell-holder
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(Shimadzu TCC-240A). One unit of enzyme ac-
tivity was defined asthe amount of GST required
to produce 1 micromole of conjugated product
per minute, using an extinction coefficient of 9.6
cm® mM-L. Specific activity was expressed as
units per mg of total protein. Measurement was
repeated 10 times for each strain.

The determinationof K_andV __ of theen-
zyme were performed by varying the concentra-
tionof GSH (0.5, 1.0, 2.5,5.0, 7.5and 10mM) in
the reaction with fixed 1.0 mM CDNB and, on
the other hand, the concentration of CDNB was
varied (0.2, 0.4, 0.5, 0.8, 1.0 and 1.5 mM) with
fixed 7.5 mM GSH. The kinetic parameters, K
andV__, were determined by Lineweaver-Burk
plot based on non-linear regression analysis us-
ing GraphPad Prism version 3.02 (freetrial ver-
sion from http://www.graphpad.com, GraphPad
Software, CA, USA).

To elucidate the substrate specificity of the
malarial GST, enzyme activitieswere determined
for a number of substrates: 1,2-dichloro-4-ni-
trobenzene (DCNB), p-nitrobenzyl chloride, p-
nitrophenethyl bromide, trans-4-phenyl-3-buten-
2-oneand ethacrynic acid, by the method of Habig
et al (1974).

To find out to which subclass Plasmodium
GST belongs in the GST family, its amino acid
sequence (AAK 00582) was used as a query to

search similar sequences from the protein se-
guence database with BLASTP (Altschul et al,
1990) service, National Center for Biotechnol-
ogy Information (http://www.nchi.nih.gov). GST
sequencesfound with significant alignment score
were then aligned with that of Plasmodium GST
using the Clustal X version 1.83 program (Thomp-
son et al, 1997). Neighbor-joining (NJ) trees, both
unrooted- and midpoint-rooted trees, were pro-
duced from the aligned sequence matrix with the
program PAUP* version 4.0b10 for Macintosh
(Swofford, 2002), using BioNJ method, and ties
(if encountered) were broken randomly. Bootstrap
statistic supporting values from 1,000 replicate
analysesfor each tree branch were al so calculated
with PAUP*.

RESULTS

The GST activities from chloroquine-resis-
tant (CQR) and chloroquine-sensitive (CQS)
P. falciparum were assessed at various tempera-
turesand pH. Theresults, in Fig 1, suggested that
GST from either CQR or CQS strainsis stable at
temperatures below 60°C and prefersto catalyze
aconjugation reaction in vitro (and/or in vivo) at
37°C, pH 7.5. At this optimal condition, the spe-
cific activities of CQR and CQS enzymes were
1.92 + 0.13 and 0.95 £ 0.05 U/mg total protein,
respectively (significant difference, p < 0.05).

Table 1
Specific activities of Plasmodium falciparum GST with various substrates.

Substrate? Specific activity (umole/min/mg protein)
COR CQs
1-chloro-2,4-dinitrobenzene (CDNB) 1.92+0.12 0.95 +0.05
(100%)° (100%)°
1,2-dichloro-4-nitrobenzene (DCNB) 0.03+0.01
(1.35%)° ND®
p-nitrobenzyl chloride 0.26:0.01
(13.55%)° ND®
p-nitrophenethyl bromide ND¢ NDe®
Trans-4-phenyl-3-buten-2-one ND¢ ND¢
Ethacrynic acid 0.78+0.08 0.39+0.02
(40.96%)° (40.67%)°

aExcept the reaction with CDNB, which used 7.5 mM GSH, most experiments used 5 mM GSH.
®Number in parenthesis indicates relative activity compared with CDNB.
°ND : Not detectableis activity too low to be measured by this method.
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Fig 1-Temperature and pH profiles of chloroquine-resistant and -sensitive P. falciparum GSTs.

a= temperature profile at pH 6.5 and 7.5. The maximum activity (at 37°C) was taken as 100%. The relative
activity was presented as a mean of at least three separate assays.

b= pH profile. The buffers used were 0.1 M sodium phosphate buffer with 1 mM EDTA pH 5.8-8.0 and Tris—
HCI buffer pH 8.2-9.0. The maximum activity (sodium phosphate buffer pH 7.5) was taken as 100%.

Apart from the GST activity, enzyme kinet-
ics were studied to differentiate the CQR GST
from the CQS enzyme. Theinitial velocities (V)
of the enzymes was plotted against GSH and
CDNB concentrations (Fig 2). K _andV__ of the
GSTs from both strains (calculated from double
reciprocal plot in Fig 2) are shown in Fig 3. In
addition, malarial GSTs exhibit the highest ac-
tivity to CDNB and moderate activity to
ethacrynic acid (40% of activity to CDNB) but
little or no activity for other substrates (Table 1).
These data agree with that of the recombinant
PfGST. Malarial GST, therefore, could be clas-
sified into one of Alpha, Mu or Pi subclasses. This
suggestion is very well supported with the
BLASTP searching result that only GST se-
guences of Sgma, Alpha, Mu and Pi subclasses,
not Delta, Theta, Zeta or Omega was found sig-
nificantly similar to P. falciparum GST (with E
value from 9e-19 to 3e-05, and protein identities
from 31% to 24%) (Fig 4).

DISCUSSION
In our study, glutathione-S-transferases

(GSTs) from chloroquine-resistant (CQR, K1) and
—sensitive (CQS, T9/94) strains of Plasmodium
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falciparum have been investigated. GST activi-
ties obtained in this study (1.92 U/mg protein at
pH 7.5 for chloroquine-resistant strain) were 100
times higher than previously reported (0.017 U/
mg at pH 6.5 for the same strain) by Harwaldt et
al (2002). Thisis likely to result from elevated
pH, which enhances a spontaneous reaction be-
tween GSH and CDNB (Harwaldt et al, 2002).
Although this argument could be taken into ac-
count, the GST activity in our study even at the
samepH 6.5 (0.94 U/mg protein), isstill 50 times
higher than that reported by Harwal dt et al (2002).
One possible explanation isthat theisolated para-
site suspensions in our study were not, or very
weakly, contaminated by RBC, as undetectable
RBC acetylcholinesterase was observed (datanot
shown). Thus, any substances from the contami-
nated RBC that could interfere with the measure-
ment of enzyme activity, particularly contami-
nated RBC protein, were infinitesimal, resulting
in the high GST activity.

Of particular note is the finding that the ki-
netic parametersof CQR and CQS enzymeswere
not only similar, but also not different from re-
combinant PfGST (Harwaldt et al, 2002). This
finding, as well as temperature and pH profiles,
led usto concludethat the GSTsfrom both strains
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Fig 3K, (left) and Vv, (right) of the GSTs from chloroquine-resistant and -sensitive P. falciparum.

could be functional-domain-identical, and thein-
crease in GST activity in resistant P. falciparum
could be the result of modified gene expression.
This conclusion comesfrom thefact that, if there
are any structural changesin the CQR-GST, dif-
ferent K should be present. Further study of the
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CQR-GST mRNA by northern blot analysis
would reveal more insights into the enzyme ex-
pression step.

Alternatively, based on the unrooted neigh-
bor-joining tree representing sequence relation-
shipsof P. falciparum GST and other known GSTs
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Fig 5-Genetic relationship of P. falciparum GST (AAK 00582) and other known GSTsrevealed by midpoint-rooted
NJtree of the same matrix, asin Fig 4. Therooting point was suggested by PAUP* to be the internal branch

between all four GST subclasses.

retrieved from BLASTP (Fig 4), the malarial en-
zyme was not placed specifically inside any par-
ticular GST subclass. Its position was neverthe-
less closer to the Alpha and Sigma group than the
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other two. Using midpoint-rooting technique to
root the NJ tree (Fig 5), it is suggested that the
malarial GST should belong to the Alpha group
of the GST superfamily. These data, however,
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contrast with allocation of the enzyme into the
Mu-subclass as suggested by Harwaldt et al
(2002). Hence, classification of themalarial GSTs
is still a subject of controversy. Further charac-
terization of purified native or recombinant en-
zyme by determination of isoelectric point, crys-
tal structure, and other substrates and inhibitors,
would reveal more precise classification of ma-
larial GST.

In conclusion, athough the role of GSTsin
drug detoxification processesin P. falciparumis
still not clear, theinformation in the present study
and some previous reports (Dubois et al, 1995;
Platel et al, 1999; Srivasatava et al, 1999;
Harwaldt et al, 2002; Liebau et al, 2002) strongly
support the concept that the chloroquine-resistant
mechanismin P. falciparuminvolves an increase
in glutathione-S-transferase enzyme. Understand-
ing therole of P. falciparum GST in chloroquine
resistance is important, especially for adrug tar-
get approach to eradicating malarial parasites. As
recombinant GSTs have recently been constructed
(Harwaldt et al, 2002; Liebau et al, 2002), site-
directed mutagenesis could be used to create
mutant enzymes. Characterization of these vari-
ant GSTswould reveal some important informa-
tion on the protein structure and function rela-
tionships of malarial GSTs.
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