
Introduction

Malaria, caused by Plasmodium parasites, is one of the world’s 
deadliest diseases, killing over a million people each year, 
mainly women and young children in Africa and South East 
Asia [1]. The most deadly species, Plasmodium falciparum, is 
responsible for 80% of malaria infections and 90% of deaths 
[2]. One of the reasons for this devastating effect of malaria 
is the emergence and spread of drug resistance to classical 
and affordable antimalarial drugs such as chloroquine (CQ) 
[3]. During World War 2 public health workers had ambitious 
plans to eradicate malaria by various means, including DDT 
against the mosquito, and chloroquine against the parasite. 
These efforts failed and among the reasons for failure was the 
appearance and spread of chloroquine resistant malaria [4]. 

Glutathione transferases (GSTs) [E.C. 2.5.1.18] are a versatile 
enzyme family whose main role is to inactivate a wide range 
of exogenous/endogenous toxic molecules and to turn them 
into water-soluble compounds [5]. They occur abundantly in 
most organisms and are essentially involved in the intracel-
lular detoxification of numerous substances.

The malarial parasite P. falciparum possesses a GST isoen-
zyme, P. falciparum GST (PfGST), which is highly abundant 
in the parasite. PfGST activity was found to be increased in 
chloroquine-resistant cells, and it has been shown to act as a 
ligandin for parasitotoxic haemin [6]. Thus, PfGST represents 
a promising target for antimalarial drug development. Crystal 
analysis of PfGST revealed that this enzyme is homodimeric. 
This homodimeric protein of 26 kDa per subunit represents 
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Abstract
A glutathione transferase (PfGST) isolated from Plasmodium falciparum has been associated with chloroquine 
resistance. A range of natural products including malagashanine (MG) were screened for inhibition of PfGST by 
a GST assay with 1-chloro-2,4-dinitrobenzene as a substrate. Only the sesquiterpene (JBC 42C), the bicoumarin 
(Tral-1), ellagic acid and curcumin, were shown to be potent inhibitors of PfGST with IC

50
 values of 8.5, 12, 50 and 

69 μM, respectively. Kinetic studies were performed on PfGST using ellagic acid as an inhibitor. Uncompetitive 
and mixed types of inhibition were obtained for glutathione (GSH) and 1-chloro-2, 4-dinitrobenzene (CDNB). 
The K

i
 for GSH and CDNB were −0.015 μM and 0.011 μM, respectively. Malagashanine (100 µM) only reduced the 

activity of PfGST to 80% but showed a time-dependent inactivation of PfGST with a t
1/2

 of 34 minutes compared 
to >120 minutes in the absence of MG or in the presence of 5 mM GSH. This work facilitates the understanding of 
the interaction of PfGST with some plant derived compounds.
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a GST form that cannot be assigned to any of the known 
GST classes [7]. In comparison to other GSTs, and in par-
ticular to the human isoforms, PfGST possesses a shorter 
C-terminal section resulting in a more solvent-accessible 
binding site for the hydrophobic and amphiphilic substrates 
[8]. Furthermore, the structure reveals features in this region 
that could be exploited for the design of specific PfGST inhibi-
tors. PfGST only shares the highest sequence similarities with 
the pi-class GSTs from Dirofilaria immitis and Onchocerca 
volvolus (∼ 35% identity) [7].

The therapeutic effect of CQ is based on the fact that when 
it reaches the food vacuole of the parasite it binds haemin (a 
toxic compound) and inhibits conversion of this compound 
to haemozoin (a non toxic compound). Accumulation of 
haemin inside the food vacuole of the parasite results in 
the parasite’s cell death. However, in CQ resistant malaria, 
PfGST binds haemin more effectively than CQ and detoxifies 
it (K

i
 = 6.5 µM) [9], thus, it prevents the activity of CQ in CQ 

resistant malaria. Chloroquine was found to be a very weak 
inhibitor of PfGST (IC

50
>200 µM) [9]. Based on the activity 

of PfGST in extracts of P. falciparum, the enzyme represents 
between 1% and 10% of cellular protein and might, therefore 
serve as an efficient in vivo buffer for parasitotoxic haemin 
[10].

An increase in the resistance of P. falciparum to conven-
tional treatments is a worldwide problem and a few alter-
native drugs are under development, necessitating urgent 

efforts to identify new classes of antimalarial drugs [11]. GSTs 
have been investigated in parasite protozoans with respect to 
their biochemistry and they have been identified as potential 
vaccine candidates in protozoan parasites and as targets in 
synthesis of new antiparasitic agents [12].

Plant extracts have been found to act at different vulner-
able metabolic sites of PfGST, disturbing glutathione (GSH) 
dependent detoxification processes, increasing cytotoxic 
peroxides levels and possibly increasing the concentrations 
of toxic haemin in the parasites [14]. The crude alkaloids of 
Strychnos myrtoides Gilg and Busse, empirically used as an 
adjuvant to CQ in Malagasy herbal remedies, were found to 
be practically devoid of intrinsic in vitro and in vivo antima-
larial activity. Malagashanine (MG, Figure 1) is the parent 
compound of a series of Nb,C[2I]-secocuran alkaloids iso-
lated from two Malagasy Strychnos species [15]. It was found 
to display a good pharmacological profile by enhancing chlo-
roquine (CQ) action in vitro against the CQ-resistant strain 
Fc29 of P. falciparum in a follow-up study of the empirical 
uses of Strychnos species as CQ adjuvants in the treatment of 
chronic malaria [16]. When combined with CQ at a dose level 
much lower than their IC

50
 value, they markedly enhanced 

the in vitro effectiveness of the synthetic drug against a 
CQ-resistant strain of P. falciparum.

The aim of this paper is to study the effects of natural 
plant products on PfGST to identify any with inhibitory 
activity that could be employed as chloroquine-potentiating 
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Figure 1.  Structures of natural plant products used in this study to investigate the inhibition of PfGST.
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additives to enhance the effectiveness of this malaria con-
trol measure. The natural plant products (Figure 1) were 
selected on the basis of novelty, availability and also on 
having diverse classes of secondary metabolites, including 
phenolic polyketides, terpenoids, and coumarin derivatives, 
many of which contain α,β-unsaturated carbonyl groups, 
which may be responsible for the GST inhibiting properties 
of many compounds.

Materials and methods

Chemicals
All the reagents used were of analytical grade. The fol-
lowing chemicals and biochemicals were obtained from 
Sigma-Aldrich Chemical Companies, (St Louis MO, USA): 
1-chloro-2, 4-dinitrobenzene (CDNB), glutathione (GSH), 
hexylglutathione, ethacrynic acid, EDTA, DDT, NaN

3
, BSA, 

tris-(hydroxymethyl) amino methane (Trizma base), yeast 
extract, glycerol, tryptone, ampicillin, isopropyl thiogalacto-
side (IPTG), chicken egg white lysozyme, molecular weight 
markers, genistein, etoposide, reserpine, quercetin, caffeic 
acid, flavones, ellagic acid, resveratol, (+)-catechin hydrate, 
(-)-epicatechin, curcumin, daidzein, kaempferol, ferulic 
acid, mitoxantrone, vinblastine, and vincristine.

Malagashanine was obtained from Professor Rasoanaivo 
(Institut Malgache de Recherches Appliquees, Madagascar). 
Escherichia coli cells with the gene for human PfGST 
were obtained from Professor Katja Becker (Justus-Liebig 
University, Germany). Diospyrin was isolated from the 
stem bark of Diospyros montana Roxb which was collected 
from Bolangir district, Orissa, India, and the voucher speci-
men was authenticated at the Botanical Survey of India, 
Calcutta. The compound was isolated and purified meticu-
lously as previously described [17]. Its structure has been 
established through routine spectroscopic methods, and 
it was reconfirmed to be 2,6′-bis(5-hydroxy-7-methyl-1,4-
naphthoquinone) through total synthesis [18]. Geshoidin 
was isolated as described by Abegaz and Kebede [19]. 
The purity of the compound was checked by comparing 
physical and spectroscopic data. These were as reported 
in the literature [19]. The isofuranonaphthoquinones, 5,8-
dihydroxy-1-hydroxymethylnaphtho[2,3-c]furan-4,9-dione 
(Mr13/4) and 5,8-dihydroxy-1-methylnaphtho[2,3-c]furan-
4,9-dione (Mr13/2) were extracted from Bulbine frutescens 
[20], 14-hydroxy, 8, 15-diacetoxy-1(10)4,11(13) germacratr-
ien-12,6-olide (Jb42c) was extracted from Dicoma anomala, 
knipholone anthrone, (12KA) was extracted from Knipholfia 
foliosa, prinoidin (2QG1) and geshoidin were extracted from 
Rhamnus prinoides [21], the iridoid derivative (PE10) was 
extracted from Plumera rubra [22], the monoterpene sub-
stituted furocoumarin (DE6) was from Dorstenia elliptica 
[23], the polyprenylated benzophenone derivative (GGI) 
was isolated from Garcinia smeathmannii collected in 
Cameroon, and the 3-hydroxyflavans (Tral-1 and Tral-4) 
were extracted from Garcinia species. The natural products 
GG1, JB42c, Tral1 and Tral-4 were extracted from the above 
mentioned plants using the following general protocol. The 

sun-dried plant material (about 1 kg) was soaked in a mix-
ture of dichloromethane-methanol (1:1) and pure methanol 
for 24 h and 2 h, respectively, at room temp. Concentration 
of the combined organic extract gave a residue (about 
50–65 g). Part of this residue was chromatographed on a 
silica gel column eluting with hexane-ethyl acetate mix-
tures, to give fractions of 250 ml each. The fractions were 
concentrated and monitored by TLC and 1H NMR and 
similar fractions were combined. The first fractions exam-
ined by TLC (Hexane-ethyl acetate; 9:1) contained mainly 
mixtures of hydrocarbons and phytosterols, which were 
not investigated further. More polar fractions were passed 
through a Sephadex LH-20 column (CHCl

3
/methanol, 2:1). 

The post chlorophyll fractions were subjected to repeated 
silica gel column chromatography and PTLC to yield the 
various metabolites. The molecular structures of the pure 
metabolites were established by spectroscopic techniques 
such as NMR, MS, and IR.

Expression and purification of recombinant PfGST
A 2 ml aliquot of 2TYA medium (tryptone, yeast extract, 
NaCl and glycerol) containing 100 µg/ml ampicillin and 
50 µg/ml kanamycin was inoculated with E. coli M15 
(pQE30PfGST) cells. The culture was incubated in a shak-
ing incubator (Labcon, Labotec, South Africa) operating at 
170 rpm and 37°C overnight. Three 2000 ml conical flasks 
containing 600 ml 2TYA medium containing 100 µg/ml  
ampicillin and 50 µg/ml kanamycin were inoculated 
with 200 µl of the overnight culture and incubated in the 
shaking incubator at the same settings. When an A600 
of 0.5 was obtained, isopropylthiogalactoside (IPTG) 
was then added to a final concentration of 1 mM in each 
flask to induce expression of the PfGST gene and the cells 
were grown for 4 hours. The bacteria were harvested by 
centrifugation and resuspended in an equal volume of 
buffer A (50 mM sodium phosphate pH 8, 300 mM NaCl, 
10 mM imidazole), followed by sonication 3 times (Dawe 
Soniprobe, England, London) at setting 5 for 30 s, on ice. 
Polymethylsulphonylfluoride (PMSF) was added to a 
final concentration of 170 μM to inhibit the proteases and 
then any cellular debris was removed by centrifugation at  
35 000 rpm for 1 h using a 70Ti rotor in an ultracentrifuge 
to obtain the cell supernatant fraction.

The protein was purified by an immobilised metal 
affinity chromatography (IMAC) method using a Ni-CAM 
affinity resin (Sigma). The cell supernatant was com-
bined with 5 ml of the resin and the mixture was kept on 
ice with gentle periodic swirling for 1 hour to allow the 
GST to bind. The resin was packed into a column and the 
non bound fraction was collected. The column was then 
washed with buffer A. The PfGST was eluted with buffer B 
(50 mM sodium phosphate pH 8, 300 mM NaCl, 250 mM 
imidazole). The fractions collected from the column were 
tested for GST activity using 1-chloro-2,4-dinitrobenzene 
(CDNB) as a substrate. The fractions that exhibited activity 
were pooled (affinity pool fraction) and dialysed against 
9 L of dialysis buffer (50 mM sodium phosphate pH 8, 
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1 mM EDTA, 0.2 mM DTT, 0.02 % NaN
3
) using 2 × 3 L buffer 

changes.
The various fractions collected during purification i.e. 

the cell supernatant, non bound, affinity pool, and dialysate 
fractions, were tested for protein content using the Lowry 
procedure [24]. The protein content of the dialysate was also 
determined using the A

280
 value.

The molecular weight of the purified PfGST was deter-
mined by SDS-PAGE on 15% slab gels with the help of 
molecular weight markers (14 200 to 66 000 Da) using a 
BioRad Protean system (BioRad Laboratories, California). The 
protein bands were stained using Coomassie G stain (0.025% 
Coomassie G250, 40% methanol, 7% acetic acid) overnight, 
destained for 1 hour in 50% methanol, 10% acetic acid and 
then further destained in 5% methanol, 7% acetic acid solu-
tion (Figure 2).

Inhibition of PfGST by natural products
A range of natural products were screened for inhibition of 
PfGST by GST assay with CDNB as a substrate, using a 96-well 
SpectraMax 340 microplate spectrophotometer equipped 
with a kinetics mode (Molecular Devices, California). The 
final concentration of CDNB was 0.5 mM and of GSH was 
1mM. Ethacrynic acid (ETA) and haemin were used as 
positive controls. ETA is a known mammalian GST inhibi-
tor whilst haemin is known to inhibit this enzyme [9]. The 
incubation temperature was 30°C. The final concentration 
of organic solvent in the inhibition assays was 2.5%. Initially 
the natural plant compounds were tested at arbitrary con-
centrations of 33 μM and 100 µM. These concentrations were 
chosen so as to cover potent as well as moderate inhibitors. 
Stock solutions of the natural compounds were prepared in 
DMSO. Once a compound was found to be a potent inhibitor, 

various concentration ranges of natural product were tested 
to generate inhibition curves from which IC

50
 values could be 

determined, the IC
50

 value being the concentration required 
for 50% inhibition of enzyme activity. The IC

50
 value was 

determined by plotting sigmoidal dose response curves of 
enzyme activity versus the log of the natural product con-
centration using GraphPad Prism™ version 4.00 for Windows, 
(GraphPad™ Software Inc., San Diego, California).

Determination of kinetic properties
The effects of ellagic acid on the kinetics of PfGST were deter-
mined as described by Mukanganyama et al. [25] using the 
SpectraMax 340 microplate spectrophotometer equipped 
with the kinetics mode (Molecular Devices, California). Since 
GSTs have two substrate binding sites, the kinetic param-
eters were determined for each site. In one case, the con-
centration of CDNB was varied from 0.05–1.5 mM at a fixed 
concentration of GSH of 5 mM and in the second case; the 
concentration of GSH was varied from 0.05–5 mM at a fixed 
concentration of CDNB of 1.5 mM. Michaelis-Menten plots 
were used to determine the kinetic parameters K

m
 and V

max
 

using the GraphPad Prism 4 software. The K
m(app)

 and V
max(app)

 
were determined using GraphPad Prism™ version 4.00 for 
Windows, (GraphPad™ Software, San Diego, California). 
The K

i
 values with respect to GSH and CDNB, as well as the 

type of inhibition were determined. The type of inhibition 
was deduced by determination of the trends of the K

m
 and 

V
max

 values with increase in natural product concentration. 
To determine the trend, the means of the K

m
 (or V

max
) values 

with increase in inhibitor concentration were compared by 
performing a one-way ANOVA with Dunnett’s post test using 
GraphPad InStat™ version 3.00 for Windows 95, (GraphPad™ 
Software). The inhibition constant (K

i
) was determined by 

means of re-plots [25]. The type of re-plot depends on the 
type of inhibition, for example, plotting 1/V

max
 versus inhibi-

tor concentration for non-competitive inhibition will give K
i
 

as the intercept on the baseline [26].

Inactivation of PfGST and effect of GSH
Incubation mixtures containing PfGST (0.48 μM), 100 mM 
HEPES buffer (pH 6.5), and varying concentrations of MG 
(between 0 and 100 μM) were prepared. The incubation tem-
perature was 30°C. At 30 minute intervals, 25 µl of the incu-
bation mixture was withdrawn and assayed for GST activity. 
These incubations were run in parallel with a negative control 
containing PfGST and buffer. The inactivation parameter t

1/2
 

(the half life) was obtained by plotting graphs of the percent-
age remaining enzyme activity with time.

The possible role of the thiol groups of GSH in the pro-
tection of the enzyme PfGST from inactivation by MG was 
investigated by incubating the enzyme with MG (100 µM) 
including 5 mM GSH. An incubation mixture containing 
enzyme and MG was also run to determine the effect of MG 
alone. The enzyme alone was used as a control. The incuba-
tion temperature was 30°C. At 30 minute intervals, 25 µl were 
withdrawn and assayed for PfGST activity spectrophotometri-
cally at 340 nm.

1Da

66000

45000

36000

29000

24000

20000

2 3 4 5

Figure 2.  SDS-PAGE gel for determination of the molecular weight 
of PfGST. The proteins were analysed by SDS-PAGE and stained with 
Coomassie Blue to determine the molecular weight of PfGST. Lane 1, 
Molecular weight markers (Sigma), lane 2, E. coli lysate IPTG induced, 
lane 3, unbound fraction of Ni-NTA affinity chromatography, lane 4, bound 
affinity fraction of Ni-NTA affinity chromatography and lane 5, the con-
centrated affinity pool.
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Results

Purification of PfGST
Plasmodium falciparum recombinant PfGST was over 
expressed and isolated from E. coli cells and purified by metal 
affinity chromatography on a nickel column. The specific 
activity was found to be 0.18 U/mg, this value was found to 
be comparable with that previously published of 0.2 U/mg [9]. 
The molecular mass of the enzyme was found to be 26.424 kDa 
which was comparable with the calculated molecular mass of 
the His-tagged protein of 26,000Da [9] (Figure 2).

Effect of some natural products on PfGST
The effect of various natural products on the CDNB con-
jugating activity of PfGST was determined. For the novel 
chemical compounds extracted from plants, the activity 
was screened at 33 and 100 µM. These concentrations were 
chosen so as to cover potent as well as moderate inhibitors. 
Typical results are shown for JB42c, Tral1, ETA, GG1 and 
haemin (Figure 3). The results for the determination of the 
IC

50
 values are summarised in Table 1 and 2. Of the com-

mercial natural plant products, the most potent inhibitor 
was found to be ellagic acid.

Malagashanine inhibited heterologously expressed human 
PfGST in vitro under different conditions. At a concentration 
of 100 µM, MG reduced the activity of PfGST by only 20% indi-
cating that at 100 μM MG is not an effective inhibitor of PfGST, 
compared to haemin, a potent inhibitor of PfGST, which had 

an IC
50

 of 4 µM (Table 1). However, malagashanine showed a 
time-dependent inactivation of PfGST (Figure 4) which was 
prevented by GSH.

Uncompetitive and mixed types of inhibition were 
obtained for GSH and CDNB respectively (Table 3). The K

i
 

values for GSH and CDNB were 15 nM and 11 nM, respec-
tively (Figure 5). Diospyrin, genistein, quercetin, catechin 
hydrate, curcumin, mitoxantrone, geshoidin and kaempferol 
were also inhibiting to a lesser extent. Of the novel natural 
plant compounds, the germacratriene sesquiterpene lactone 
JB42C was found to be the most potent.

Haemin

∗∗ 

∗∗ 

∗∗ 
∗∗ ∗∗ 

∗∗ 

∗∗ 

∗∗ 

∗∗ 

ETA JB42c GG1 Tral-1

0

50

100

33 µM
100 µM

Inhibitor

%
 a

ct
iv

ity

Figure 3.  The inhibition of PfGST by JB42c, Tral1, ETA, GG1 and haemin. 
The % of activity refers to controls shown by the basal line. The controls 
contained an equal amount of solvent in which the inhibitor was dissolved. 
Values + SD for n =6”.  ** P<0.01 significantly different from the control.

Table 1.  The effect of commercially purified natural products on the PfGST activity. The extent of inhibition is shown at the two concentrations of 33 μM 
and 100 μM. Values are mean values for quadruplicate determinations. Data are the means of quadruplicate determination as shown in Figure 3.

Compound Class Inhibition IC50

Genistein a Isoflavone 26 ± 1.2% at 100 μM ND

Etoposide Synthetic analogue 
of podophyllotoxin

-  

Reserpine Alkaloid -  

Quercetin a Flavonol 31 ± 2.3% at 100 μM ND

Caffeic acid Cinnamic acid -  

Flavone Flavone -  

Ellagic acid Benzoic acid + 50 μM

Resveratol Stilbene -  

(+)-Catechin hydrate a Flavanol 13 ± 0.7% at 100 μM ND

(-)-Epicatechin Flavanol -  

Curcumin Curcuminoid + 69 μM

Daidzein Isoflavone -  

Kaempferol a Flavone 25 ± 0.83% at 100 μM ND

Ferulic acid Cinnamic acid -  

Mitoxantrone a Anthraquinone 26 ± 0.94% at 100 μM ND

Vinblastine Alkaloid -  

Vincristine Alkaloid -  

Geshoidin a Naphthalenic 
glucoside

24 ± 1.3% at 250 μM ND

Diospyrin a  
Ethacrynic acid*  
Hexylglutathione*  
Haemin*

bisnaphthoquinone 49 ± 2.2% at 7 μM 
+ 
+ 
+

ND  
26 μM 
131μM 
4 μM

a Not determined *Ethacrynic acid, hexylglutathione and haemin are used as the standard GST inhibitors. The percentage activity values are the means 
± SD for n = 6 determined on the microplate reader.

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

So
ut

h 
C

ar
ol

in
a 

on
 1

2/
26

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Natural products and Plasmodium falciparum GST    859

Discussion

Chloroquine has been the drug of choice for the treatment 
of malaria until recently as there has been a spread of the 
chloroquine resistant strains of Plasmodium. A glutathione 
transferase (PfGST) has been isolated from Plasmodium 
falciparum and it has been implicated in the development 
of drug resistance [3]. The malarial parasite may depend on 
this functional enzyme, particularly because it is the only 
GST which is present in this parasite [8]. PfGST activity is 
increased in chloroquine-resistant strains and it has been 
shown to act as a ligandin for the parasitotoxic haemin [27]. 
In order to restore the effectiveness of chloroquine, it may be 
possible to co-administer chloroquine and a chemomodula-
tor to inhibit the action of PfGST.

Although combinatorial chemistry and bioinformatics are 
revolutionising drug discovery, natural compounds also offer 
structural diversity that is not rivalled by the creativity or syn-
thetic ingenuity of medicinal chemists. Historically, the two 

powerful antimalarial drugs of quinine and artemisinin come 
from medicinal plants traditionally used to treat malaria or 
fever and new synthetic or semisynthetic antimalarial drugs 
have been derived from these lead compounds. It has been 
reported that GSTs are able to interact covalently and non-
covalently with various compounds that are not substrates 
for enzymatic activity [28]. GST activity has been shown to 
be modulated by natural plant products [29,30]. Flavonoids 
have been shown to inhibit GSTs in human blood platelets as 
well as in cancer cell lines [31]. In our study we have screened 
a range of naturally-occurring compounds encompassing a 
large structural diversity for their ability to inhibit expressed 
PfGST in vitro. Initial screening at 33 and 100 uM showed 
that Mr13/2, Tral 1, GG1, Jb42C, ellagic acid, KA, curcumin 
were potential inhibitors of this enzyme (Tables 1 and 2). The 
most potent inhibitors of PfGST were JB42C, Tral-1, ellagic 
acid and curcumin with IC

50
 values of 8.5 μM, 12 μM, 50 μM, 

69 μM, respectively. Of the 11 plant derived medicinal com-
pounds that were successful on the initial screening, JB42C 
proved to be the most potent inhibitor of PfGST as shown by 
its very low IC

50
 value relative to the IC

50
 values of the other 

four compounds. The α,β-unsaturated carbonyl structural 
moiety which is present in the structure of JB42C and Tral-1 
resembles that which is found in the structure of ethacrynic 
acid, a well known inhibitor of GSTs [32]. This could explain 
why these two compounds isolated from medicinal plants 
were potent inhibitor of PfGST. Diospyrin, genistein, quer-
cetin, catechin hydrate, curcumin, mitoxantrone, geshoidin 
and kaempferol were also inhibiting to a lesser extent.

The effect of ellagic acid on the kinetic parameters of the 
enzyme was investigated. Generally the two concentrations 
of 50 and 100 µM reduced the K

cat
/K

m
 of the enzyme for GSH 

by 66% and 79%, respectively, and for CDNB by 15% and 22%, 
respectively. The K

cat
/K

m
, described the catalytic efficiency 

of the enzyme [33]. Just as expected, ellagic acid exhibited 
inhibitory effects on the enzyme and lowered this value with 
an increase in concentration. The K

m
 for GSH was observed 

Table 2.  The effect of novel natural products from medicinal plants on PfGST activity. The extent of inhibition is shown at the two concentrations of  
33 μM and 100 μM. Values are mean values for quadruplicate determinations. Data are the means of quadruplicate determination as shown in  
Figure 3.

Inhibitor
33 μM%  
Activity

100 μM%  
Activity IC50 (μM)

Mr13/2a 79 ± 3.2 54 ± 4.3 ND

Mr 13/4a 76 ± 1.32 66 ± 1.41 ND

Tral-1 81 ± 3.49 20 ± 6.43 12

GG1a 84 ± 15 54 ± 19.6 ND

Kniphonone anthronea 70 ± 10.78 59 ± 5.48 ND

Jb42c 23 ± 5.59 20 ± 6.43 8.5

De6a 87.5 ± 21 92 ± 4.06 ND

Tral-4*,a 101 ± 9.62 96 ± 5.3 ND

Prinoidin*,a 106 ± 6.3 120 ± 2.3 ND

Geshoidin*,a 349 ± 32 216 ± 18.4 ND

Malagashanine 91.2 ± 4.12 79.6 ± 3.45 >100

Ethacrynic acidb 32 ± 6.94 8.5 ± 3.51 26

Haemin -5 ± 0.001 -5 0 ±.001** 4
aNot determined. bEthacrynic acid was used as a standard GST inhibitor. *Activation rather than inhibition was observed. **The negative result is relative 
to the non-enzymatic reaction. Values are the means + SD for n = 8
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Figure 4.  The time-dependent inactivation of PfGST by MG. The incuba-
tion mixtures contained PfGST (0.48 μM), 100 mM HEPES buffer (pH 6.5), 
and concentrations of MG (0 and100 μM). The incubation temperature 
was 30°C. At 30 minute intervals, 25 µl of the incubation mixture was with-
drawn and assayed for GST activity.
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to increase with increase in ellagic acid concentration whilst 
for CDNB the K

m
 decreased with an increase in ellagic acid 

(Figure 5). The V
max

 also decreased as the ellagic concentration 
was increased for both GSH and CDNB. The K

cat
 and K

cat
/K

m
 

both decreased with increased ellagic concentration for both 
CDNB and GSH. This indicates that ellagic acid decreased 
both the catalysis and the specificity of the PfGST. The type 
of inhibition was noted to be of the mixed type for both GSH 
and CDNB.

Malagashanine (MG) is the parent compound of the 
Nb-C(21) seco-curan alkaloids isolated hitherto from 
Madagascan Strychnos. On account of its promising chemo-
sensitising activity against chloroquine (CQ)-resistant 
Plasmodium falciparum strains, the interaction of malagasha-
nine with heterologously expressed PfGST was investigated 
in vitro. Malagashanine (100 µM) only reduced the activity 
of PfGST to 80% indicating that at 100 µM, it is not a potent 
inhibitor. However, MG also showed a time-dependent inac-
tivation of the PfGST (Figure 4). The half life of PfGST in the 
presence of MG was found to be 34 minutes. This suggests 
that PfGST is able to bind irreversibly to MG resulting in loss 
of catalytic activity. Glutathione was shown to be capable 
of protecting PfGST from inactivation by MG. This suggests 
that the over-expression of GSH in the parasite might help 
overcome MG. However, the effects of MG has been shown 
to prevent CQ efflux from and stimulated CQ influx into 
drug resistant Plasmodium falciparum [34] suggesting that 
its effects are more on the plasma membrane than inside 
the parasite. These results facilitate the understanding of 
the interaction of MG with PfGST with regards to its role as a 

chemomodulator in cases of PfGST over-expression in chlo-
roquine resistant strains.

Since there is elevated expression of GSTs in chloroquine 
resistance [27], it is possible that compounds that inhibit 
the functioning of GSTs might actually restore the utility of 
chloroquine. In order to restore the effectiveness of chlo-
roquine, it may be possible to co-administer chloroquine 
and a chemomodulator to inhibit the action of PfGST. It 
would seem that the inactivation of PfGST by malagasha-
nine would be dependent on the concentration of glutath-
ione in vivo as data obtained in this in vitro study showed 
that excess GSH protected the enzyme from inactivation 
by malagashanine. Data from studies with P. berghei have 
also shown that in chloroquine resistant strains, GSH can 
detoxify haemin within the food vacuole, thus precluding its 
polymerisation and preventing the activity of chloroquine 
and other quinoline containing drugs [10]. Our study shows 
that MG inhibits PfGST and it has been found to possess 
antimalarial activity by increasing the accumulation of CQ 
inside the parasite [15]. These two properties of MG may 
then act as a double edged sword in malaria therapy. If MG 
was co-administered with chloroquine, it could prevent 
resistance to chloroquine by inhibiting PfGST-mediated 
detoxification of haemin, thus allowing CQ to bind haemin, 
leading to accumulation of haemin and hence toxicity to 
the parasite by allowing the accumulation of CQ inside the 
parasite.

Further work needs to be done to evaluate the use of 
natural compounds as reversal agents in resistance to anti-
malarial drugs. At this point, there are two approaches for 
drug discovery: the physiology-based approach which seeks 
to induce a therapeutic effect by reducing disease-specific 
symptoms or physiological changes, and the mechanism-
based approach, which corresponds to the target-based 
approach, and which seeks to produce a therapeutic effect 
by targeting a specific mechanism. This latter approach 
has replaced the traditional physiology-based approach 
because it allows an increased screening capacity and can 
define rational drug discovery programmes. The best strat-
egy would be to combine the advantages of the target-based 
approach with a strong physiology/disease-based approach 
in order to overcome some of the weaknesses of both meth-
ods. To this end, it is necessary to confirm the activity at the 
enzyme level observed with the test compounds, by the in 
vitro cellular models and then for the in vivo models using 
the drug combination. Secondly, there is a need to deter-
mine whether these compounds might interact with other 

Table 3.  The kinetics of the inhibition of PfGST by ellagic acid. The K
m

 values for GSH and CDNB were observed to increase with increase in the ellagic 
acid concentration. The V

max
 decreased too as the ellagic concentration was increased for both GSH and CDNB. The K

cat
 and K

cat
/K

m
 both decreased with 

increased ellagic concentration for both CDNB and GSH indicating that ellagic acid decreased both catalysis and specificity of the PfGST. The type of 
inhibition was noted to be mixed type for both GSH and CDNB variations.

[Ellagic]µM K
m

GSH(mM) V
max

GSH K
cat

GSH(min−1)
K

cat
GSH/

K
m

(M−1sec−1) K
m

CDNB(mM) V
max

CDNB K
cat

CDNB(Min−1)
K

cat
CDNB/

K
m

(M−1sec−1)

0 0.308 0.978 0.404 1.311 4.029 5.326 2.31 0.573

50 0.894 0.959 0.415 0.445 2.867 3.22 1.396 0.487

100 0.684 0.438 0.190 0.278 2.429 2.492 1.08 0.445

The type of inhibition was noted to be mixed type for both GSH and CDNB variations.

−100 −50 0 50 100
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1/Vmax GSH
1/Vmax CDNB
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Ki GSH   = 0.015 µM
Ki CDNB= 0.011 µM
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Figure 5.  Determination of K
i
 for GSH and CDNB for cDNA expressed 

PfGST in the presence of ellagic acid. Replots of slope (K
m

/V
max

) and 1/V
max

 
versus were used to determine K

i
 GSH and K

i
(□) CDNB values for ellagic acid 

which showed mixed type of inhibition for both substrates.
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macromolecules in the parasites. It has been suggested that 
PfGST, the only GST in Plasmodium falciparum, is essential 
for parasite survival by protecting the parasite against oxi-
dative stress and/or acting as a buffer for detoxification of 
haem-binding compounds in vivo [9]. Therefore, an inhibi-
tor of the enzyme would be expected to act synergistically 
with the antimalarial drug chloroquine, not only to impair 
the general detoxification processes, but also to reduce the 
antioxidant capacity of the parasite. It has been suggested 
that PfGST evolved by optimising its binding property with 
the parasitoxic haemin rather than its catalytic efficiency 
towards the electrophilic compounds [35]. Thus, studies of 
GSTs in the malarial parasites might help in understand-
ing the mechanism of resistance to important antimalarial 
agents and guide the design of novel inhibitors to overcome 
antimalarial drug resistance. The results obtained in the 
present study showed that natural plant products interact 
with PfGST in vitro resulting in reversible and irreversible 
effects. The unique presence of a single GST in Plasmodium 
falciparum [7] and its characterisation would provide for 
better understanding of its roles in the development of 
specific inhibitors as potential drugs. The plant natural 
compounds identified in this study could act as targets in 
the development of novel antimalarial drugs. There is a 
need for the development of toxicological assays in further 
studies in order to evaluate the safety of some of JBC 42c, 
Tral-1 in vitro and in vivo. It would be also interesting to 
measure the amount of haemin produced in the presence 
of the inhibitors as shown by Famin et al. [36]. It was shown 
that antimalarial drugs inhibited glutathione-dependent 
degradation of ferritoprotoporphyrin (IX) in solution.
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