Journa of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskola on 12/25/11

For personal use only.

informa

healthcare

Fournal of Enzyme Inhibition and Medicinal Chemistry, June 2007; 22(3): 327-342

Synthesis and biological evaluation of potential modulators of malarial
glutathione-S-transferase(s)

RUMANA AHMAD!, ARVIND K. SRIVASTAVA!, RAMA PATI TRIPATHI?, SANJAY BATRAZ?,
& ROLF D. WALTER?

! Division of Biochemustry, Central Drug Research Institute, Lucknow, India, 2 Division of Medicinal and Process Chemuistry,
Central Drug Research Institute, Lucknow, India, and > Abteilung fur Biochemie, Bernhard Nocht Institute for Tropical
Medicine, Hamburg, Germany

(Received 29 April 2006; in final form 26 September 2006)

Abstract

Glutathione-S-transferase(s) (E.C.2.5.1.18, GSTs) have been investigated in parasitic protozoans with respect to their
biochemistry and they have been identified as potential vaccine candidates in protozoan parasites and as a target in the synthesis
of new antiparasitic agents. In a search towards the identification of novel biochemical targets for antimalarial drug design, the
area of Plasmodium glutathione metabolism provides a number of promising chemotherapeutic targets. GST activity was
determined in various subcellular fractions of malarial parasites Plasmodium yoelii and was found to be localized mainly in the
cytosolic fraction (specific activity, c. 0.058 £ 0.016 pmol/min/mg protein). Hemin, a known inhibitor of mammalian GST(s),
maximally inhibited this enzyme from P yoeliz to nearly 86%. In a search towards synthetic modulators of malarial GST(s), 575
compounds belonging to various chemical classes were screened for their effect on crude GST from R yoelit and 92 compounds
belonging to various chemical classes were studied on recombinant GST from P falciparum. Among all the compounds

screened, 83 compounds inhibited/stimulated the enzyme from P yoelii/P falciparum to the extent of 40% or more.
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Introduction

Malaria is one of the most important widespread
diseases in the world, with about 300-500 million
clinical cases and 1.7-2.5 million deaths every year.
Plasmodium falciparum is the causative agent of the
most severe form of malaria and is a disease prevalent
in underdeveloped countries. Therefore inexpensive
and safe drugs, vaccines and insecticides are needed to
combat this disease. The rapidly developing resistance
to existing drugs used for prophylaxis and treatment
makes the identification of novel drug targets
necessary [1]. Important biochemical pathways in
the Plasmodium life cycle (particularly blood stage) are
the main targets of the present day antimalarials that
can be exploited further as promising targets for
antimalarial drug development. One such promising

target is the area of glutathione metabolism in
Plasmodium parasites.

Glutathione (GSH), a tripeptide consisting of
glutamic acid, cysteine and glycine is known to
protect malarial parasites from oxidative stress and
attack by reactive oxygen species (ROS) as well as
electrophilic toxic compounds. Its role in modulation
of drug resistance has also been currently established
[2]. Glutathione is synthesized both in eukaryotes and
prokaryotes by sequential action of +y-glutamyl
cysteine synthetase (y -GCase) and GSH synthetase
[3,4]. Pharmacological depletion of GSH in the cells is
known to be useful in the development of anticancer
drugs and the increased vulnerability of the infected
cells due to internally generated oxidants is useful in
the development of antiparasitic agents [5—7]. Many
inhibitors of enzymes involved in GSH metabolism are
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known to be associated with antiparasitic activities and
are potential chemotherapeutic targets. One such
vulnerable target is the enzyme glutathione-S-trans-
ferase.

The Glutathione-S-transferase(s); GSTs [EC
2.5.1.18] represent a large family of enzymes found
in organisms ranging from prokaryotes to mammals.
They detoxify both endogenous and exogenous
xenobiotic compounds via the nucleophilic addition
of GSH to a large variety of electrophilic substrates.
Besides catalyzing conjugation reactions, GST(s)
possess selenium-independent glutathione peroxidase
(GPx) activity towards organic hydroperoxides. This
activity is protective because it prevents organic
hydroperoxides of phospholipids, fatty acids and
DNA becoming engaged in free radical propagation
reactions ultimately leading to the destruction of
macromolecules during oxidative stress [8]. GST(s)
are involved in the sequestering and transport of
exogenous hydrophobic compounds such as pesti-
cides, herbicides and antibiotics; furthermore, they
bind a large variety of endogenous compounds such as
steroids, bilirubin, bile acids and ferriprotoporphyrin
IX with varying affinities. This ‘ligandin’ activity may
sequester toxic substances, effectively decreasing their
concentration in the cell. The possible dual function of
the GST(s), i.e. catalytic and storage/transport is
interesting, since the non-substrate ligands can also
act as inhibitors of enzymatic activity [9—14]. The
roles of the GST(s) in the regulation of stress response,
detoxification of lipid peroxidation products, the
sequestration of potentially toxic compounds and
furthermore in drug resistance [15] are especially
important considerations within a parasitic context.

GST activity has been detected in rodent (P2 berghet,
P yoelir), simian (R knowlesi) and human (P
falciparum) malarial parasites. In chloroquine-resistant
parasites GST activity significantly increases com-
pared to sensitive strains [16]. Furthermore, the
increase in enzyme activity is directly related to drug
pressure of resistant P berghei [17].GST activity in P
knowlesi cell extracts has been shown to be inhibited by
micromolar concentrations of chloroquine and it has
been suggested that this inhibition might potentiate
the accumulation of chloroquine metabolites in the
parasite, thus enhancing its antiparasitic effects [17].
The antimalarial drug chloroquine is, however, also
considered as an inducer of oxidant damage to the
parasitized red cell due to its role in preventing heme
polymerization. Therefore, the reduction in hemozoin
content is a feature of chloroquine-resistant parasites.
As an alternative to polymerization, heme degradation
based on the interaction with GSH has been suggested
to represent an important intraparasitic principle for
detoxifying heme [18,19].This hypothesis is sup-
ported by the fact that chloroquine-resistant parasites
exhibit increased glutathione concentrations [16—19].
Interestingly, GST activity in parasite extracts from

P knowlesi has been shown to be inhibited by
micromolar concentrations of hemin [17] and an
inverse relationship between GST activity and hemo-
zoin content has been reported for chloroquine-
resistant and chloroquine-sensitive P berghe: [17—19].

The identification of a gene encoding a protein with
a sequence identity of upto 37% with known GST(s)
on chromosome 14 of malarial parasite P falciparum
has paved the way for the characterization of a
potential drug target for the effective chemotherapy of
malaria [20,21]. Plasmodium species require an
efficient antioxidant defence mechanism, since they
have to survive in a pro-oxidant environment, the red
blood cell. Even though they appear to enhance
oxidative stress within the infected red blood cell,
Plasmodium species are also known to be sensitive to
oxidant killing [22].

Therefore antioxidant enzymes have been potential
targets for the development of antimalarial drugs.
GST(s) play a central role in detoxification systems
since the resulting S-conjugated products are often
less toxic and more easily excreted than the original
compounds. In parasites, this detoxification function
may be particularly utilized, in an adapted manner, to
aid in surviving host-induced stress. Natural sub-
strates of parasitic GST(s) include the cytotoxic
products of lipid peroxidation. Damage due to these
products, in the absence of GST, would leave the
parasites more vulnerable. GST(s) are therefore
attractive targets for chemo- and immunoprophylaxis.
The present study is an attempt towards the search for
effective synthetic modulators of malarial GST(s) and
lists the effect of 83 synthetic compounds on this
enzyme from P yoelii and 41 synthetic compounds on
recombinant GST from P falciparum.

Materials and methods
Chemistry

Synthesis of diglycosylated diaminoalkanes; (DGDAs)
(1) (Figure 1). DGDAs were synthesized starting from
sugar-derived aldehydes using reductive amination
technique already reported by us [23].

Synthesis of glycosyl amino acids; GAAs (2-3) and
glycosyl amino ester; GAE (4). These were prepared
following earlier methods [24—26].

> %n RO

Figure 1. Core structure of DGDAs.
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Synthesis of glycosyl hydroxamates (5—12). This class of
compounds was prepared from respective glycosyl
amino esters through glycosyl amino acids [24] by
reaction of hydroxylamine hydrochloride in presence
of dicyclohexyl carbodiimide (DCC) and triethyl
amine in anhydrous acetonitrile following the
procedure reported earlier [26].

Solid phase synthesis of compound 15L: 3-[{N-(3-pyridyl
acetyl)-isoleucinamid-1-yl}]-3-[(1R,2R,3S,4R)-3-O-
benzyl-1,2-O-isopropylidene-1,4-pentafuranos-4-yl]-
propanamide. This compound was synthesized as a
library on Sieber amide resin as per an earlier protocol
[27]. Sieber amide resin was placed in a solid phase
reaction vessel and treated with appropriate amount of
dimethyl formamide (DMF) at least twice for 5 min at
room temperature under N, agitation. The resin was
further swelled in dichloromethane (DCM), twice for
5 min at room temperature under N, agitation.
F-moc-3-amino-[(IR, 2R, 3S, 4R)-3-O-benzyl-1,2-0O-
isopropylidene-1,4-tetrahydrofuranos-4-yl)]-propio-
nic acid was then added to the reaction vessel followed
by addition of diisopropyl carbodiimide (DIC),
dimethyl amino pyridine (DMAP) and hydroxy
benzotriazole (HOBt) in DMF and the reaction
mixture was agitated with a slow stream of N, gas for
12h at room temperature. The solvents and excess of
reagents were removed by suction and the process of
loading of the above compound was repeated in order
to gain complete loading. The latter was washed with
DMF, CH3;0H and DCM and dried i vacuo to give
amide resin. This resin was treated with 20%
piperidine: DMF twice for 5min and 25 min
respectively. After the completion of the reaction, the
resin was washed with DMF, CH;OH and DCM and
dried. To this 3-amino- [(/R, 2R, 38, 4R)-3-O-benzyl-
1,2-O-isopropylidene-1,4-tetrahydrofuranos-4-yl)]-
propagandize resin, dry DMF and F-moc isoleucine
amino acid were added followed by addition of HOBt,
diisopropyl ethylamine (DIPEA), N,N,N’,N’-tetra-
methyl-O-(benzotriazol-1-yl) uronium tetrafluorobo-
rate (TBTU) and DIC in DMF with N, agitation for
4h at room temperature. The solvents and excess of
reagents were removed by suction and the resin-
loaded compound was washed with DMF, CH;0H
and DCM. This resin-bound compound was further
treated with 20% piperidine: DMF twice for 5 min
and 25 min respectively for the deprotection of resin-
bound compound.

To the resin-bound glycosyl carboxamine in dry
DMF, 3-pyridyl acetic acid was added followed by
addition of HOBt, DIPEA, TBTU and DIC in DMF
with N, agitation for 4h at room temperature. After
this, the solvents and excess reagents were purged and
the resin-bound compound was washed with DMF,
CH3;0H and DCM. The solid phase reaction vessel
was cooled up to 15°C by passing liquid N, through
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the block, cleavage vials containing 2% trifluoroacetic
acid (TFA) were placed below the reaction vessel and
the compound was obtained in DCM. DCM was
evaporated under N, and the compound was
lyophilized by dissolving in z-butanol/water (4:1) and
freeze drying to give the above compound. The
compound was characterized using FABMS, HPLC
and 'H NMR spectroscopy. The glycosyl carboxa-
mide was obtained in 80% purity, and formation of
product was evidence by its FABMS 569
(M + H]"and it was identical to the product obtained
earlier [27].

Solid phase synthesis of compound 16L: 3-[(N-
(Nicotinyl) -leucinamid-1-yl) ]-3-[(1R,2R,3S,4R)-3-O-
benzyl-1,2-O-isopropylidene-1,4-pentafuranos-4-yl]-
propanamide. This compound was obtained by the
procedure described above by replacing F-moc
isoleucine amino acid with Fmoc leucine and 3-
pyridyl acetic acid with nicotinic acid. FABMS:
555[M + H]*

Solid phase synthesis of compound 17L (glycosyl peptide) :
3-[N-{(Phenylacetyl) -valinamid-1-yl}]-3-[(IR,2R,3S,
4R)-3-O-benzyl-1,2-O-isopropylidene-1,4-pentafuranos-
4-yl]-propanamide. This compound was also obtained
as described above by replacing F-moc isoleucine
amino acid with F-moc valine and 3-pyridyl acetic
acid with phenyl acetic acid. FABMS: 554 [M + H]"

Solid phase synthesis of compound 18L: 3-[N-
{(Pyridylaceryl) -nor-valinamid-1-yl}]-3-[(1R,2R,3S,
4R)-3-0-benzyl-1,2-O-isopropylidene-1,4-pentafuranos-
4-yl]-propanamide. This compound was also obtained
by the procedure described for compound 15L by
using F-moc norvaline and nicotinic acid in place
of F-moc isoleucine and 3-pyridyl acetic acid
respectively. FABMS: 569[M + H]*

Synthesis of N-protected glycopeptide (19). The glycosyl
amino ester [24] was reacted with N-F-moc proline
using standard amino acid coupling reagents (DCC,
HOBt, DMAP in anhydrous DCM) to get N-
protected glycosylpeptides. The Fmoc group was
deprotected via 30% piperidine in acetonitrile to
afford N-protected glycopeptide (19). The method
has been patented [28a,b].

Synthesis of glycosyl thiourea (20) and glycosyl ureas
(21-24). Sugar-derived N-substituted and N-
unsubstituted amino esters were reacted with
substituted phenyl isocyanate/isothiocyanate in
anhydrous DCM to give N-glycosyl N-substituted
urea/thiourea respectively and the method has been
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A

Figure 2. Core structure of glycoconjugates (3—31L).

patented both on solid phase as well as by conventional
method of synthesis and the chemistry of nucleosides
has been published by us [28a,b,29—-32]

Solid Phase synthesis of glycosyl ureas (25L—31L)
(Figure 2). These compounds were synthesized as a
Library on Sieber amide resin in an Advanced
Chemtech Robotic synthesizer in wvacuo by the
method reported earlier by us [33,34].

Synthesis of coumarin derivatives (33) (Figure 4). The
Compound 33 was synthesized as reported earlier
[35,36].

Synthesis of glycosylated hydantoin (34) (Figure 5). The
synthesis of this compound has been reported earlier
[34].

Synthesis of nucleosides (35—42) by conventional method
and C-nucleosides (43L—57L) on solid phase (Figure 6).
A combinatorial library of C-Nucleosides was
synthesized as reported in our previous paper [37].

Figure 3.

(a) (b)

Figure 4. (a) Core structure of coumarins. (b) Structure of
compound 33 (coumarin).
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Figure 5. Structure of glycosyl hydantoin (34); R = CH,Ph,
R1 = Leucine, R2 = 3-Acetyl Ph.

Synthesis of substituted isoxazole derivatives (58—79)
(Figure 7). This series of compounds was synthesized
by the methods previously reported [38,39,40a].

Synthesis of 2-hydroxymethyl-acrylic acid methyl ester
(80). This compound was synthesized by the method
previously reported [40a].

Synthesis of substituted 2-(hydroxymethyl)-acrylonitrile
derivarives (81-82). These compounds were
synthesized by the method previously reported
[40b]. Analogous compounds synthesized have been
reported to possess antimalarial activity [40c].

Synthesis of 2-Methyl-5-phenyl-pyrrolidine-2, 3, 4-
tricarboxylic acid-3, 4-dimethyl ester (83). This
compound was synthesized by the method previously
reported [41].

Biological

Materials. Reduced glutathione (GSH), trisodium
citrate, saponin, hemin and bovine serum albumin
(BSA) were purchased from Sigma Chemical Co.,
USA. All reagents used in PCR, cloning and
expression were purchased from Sigma Chemical

\OX X=0,8

Figure 6. Core structure of nucleosides.
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Figure 7. Core Structure of isoxazole derivatives.
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Table I Structural details of N7, N"- bis-Xylofuranosylated
diaminoalkane (1).

Compound R R n

1 CH, CH,COOC,H, 7

Co., USA. 1-chloro-2,4-dinitrobenzene (CDNB) was
purchased from Spectrochem Pvt. Ltd. Mumbai,
India. Folin & Ciocalteu’s phenol reagent was
purchased from Sisco Research Laboratories,
Mumbai, India. Giemsa stain was from Qualigens
India Ltd. and phosphate buffered saline (PBS) was
from Himedia laboratories Pvt. Ltd. Mumbai, India
and fibrous cellulose powder (CF11) was from
Whatman International Ltd. (England). All other
chemicals used were of analytical grade.

P yoelii nigeriensis infection in Swiss albino mice. In vivo
maintenance of rodent strain of malarial parasites P
yoelir was carried out using Swiss albino mice (Mus
musculus, out-bred strain). The laboratory isolates of
P yoelii were routinely maintained by serial blood
passages in mice. Blood from infected mice was
collected through cardiac puncture. The course of
parasitemia was monitored daily by microscopic
examination of Giemsa-stained thin blood smears.

Isolation of malarial parasites. Blood of heavily P yoelii
infected albino mice was collected in sterile citrate
buffer. White cells, platelets and plasma were removed
by the passage of infected blood through a CF-11
column [42]. The malarial parasites were isolated
from the erythrocytes by lysis of infected erythrocytes
with 0.15% saponin and the freed parasites were
collected as a pellet after centrifugation at 10,000 X g
for 10 min [43]. The parasites were washed several
times with cold PBS (pH 7.4) and stored at —80C
until further use.

Preparation of GST from wmalarial parasites P yoelii
nigeriensis. For preparation of malarial GST, mixed
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GST activity determination. GST activity in dialyzed
cytosolic fractions was determined spectrophoto-
metrically at 340nm with the standard substrate
CDNB and co-substrate GSH [44]. All reactions were
corrected for non-enzymatic conjugation, with reaction
mixtures without enzyme serving as controls.

Under standard assay conditions, the reaction
mixture contained 100mM phosphate, pH 6.5,
1.0mM CDNB in 20 pL ethanol, 1.0 mM GSH and
enzyme protein unless stated otherwise. A unit of
enzyme activity was expressed as the amount that
catalyzes the formation of 1 pmol S-2, 4-dinitrophe-
nyl-GSH adduct per minute, using a molar extinction
coefficient of 9.6 mM ™' cm ™! for CDNB. Protein was
estimated by the method of Lowry et al. [45] using
BSA as standard.

Expression and purification of recombinant P falciparum
GST (rPf~GST1). For further validation of parasitic
GST(s) as potential drug targets, the recombinant
protein from P falciparum was cloned, expressed and
purified according to the method reported earlier [21].
This work was done in collaboration with the
Department of Biochemical Parasitology, Bernhard
Nocht Institute for Tropical Medicine (BNI),
Hamburg, Germany.

Enzyme inhibition studies. Effect of synthetic
compounds on GST activity of P yoelii and
recombinant GST from P falciparum was studied by
adding them directly to the assay systems at 100 pM
concentration 10min prior to addition of the
substrate. Reaction in all cases was initiated by the
addition of 1.0mM CDNB and the absorbance at
340 nm was monitored for 5 min at 30 s intervals. The
percentage inhibition/stimulation of the enzyme
activity by compounds was calculated by comparing
with controls. For finding the ICs, values, the dose-
dependent effect of synthetic compounds on
recombinant GST from P falciparum was studied by
incubating the enzyme with varying concentrations
(50-200 M) of the synthetic compound for 10 min
at room temperature.

OD/mininabsence of inhibitor/testcompound — OD /min in presence of inhibitor/testcompound X 100

Percentinhibition/stimulation =

stages of malarial parasites P yoelii isolated from the
blood of P yoelii infected Swiss albino mice in the
previous step were thoroughly washed with PBS and
then homogenized with a Potter Elvehjem homogenizer
in a minimum volume of PBS. The homogenate was
centrifuged at 1000 X g for 15min, 10 000 X g for
30 min and subsequently at 100 000 X g for 60 min to
obtain mitochondrial, post mitochondrial, cytosolic and
microsomal fractions respectively. All the fractions
obtained were analyzed for the activity of GST.

OD /min in absence of inhibitor /testcompound

In order to study the dose-dependent effect and K;
of the standard mammalian GST(s) inhibitor hemin
on GST activity from cytosolic fraction of P yoelii and
on recombinant GST from P falciparum, the enzyme
was incubated with varying concentrations of inhibitor
for 10 min at room temperature in the presence of
100 mM potassium phosphate buffer and 1.0mM
GSH. For determining the type of inhibition, the
enzyme was incubated with varying concentrations of

RIGHTS LI MN Kiy



332 R. Ahmad et al.

Table II.  Structures of glycosyl amino acid (2), glycosyl hydroxamate (12), glycoconjugates (13, 14), glycosyl peptides (15L—18L), glycosyl
thiourea (20), glycosyl urea (31L).

Compound No. Structure Compound No. Structure
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Table ITI.  Structual details of glycosyl amino acid (3) (Figure 2), glycosyl amino ester (4) (Figure 2), glycosyl hydroxamic acids (5—11)
(Figure 2), N-protected glycopeptide (19) (Figure 2), glycosyl ureas (21-30L) (Figure 2) and sugar (32) synthesized (Figure 3).

Compound No. R R, R, R;

3 CH; H C,H;5 OH

4 CH; H C,H;s OCH,CHj;
5 CH; H C;H;5 NHOH

6 CH,Ph H Ci6Hss NHOH

7 CH; H n-CisHss CH,CONHOH
8 CH,Ph H n-C,Hys CH,CONHOH
9 CH,Ph H CH,Ph NHOH

10 CH,Ph H C,H;5 NHOH

11 CH,Ph H CH,Ph NHOH

19 CH; H Proline CH,COOEt
21 CH,Ph CONHCH,Ph CH,Ph OCH,CHj3
22 CH,Ph CH,Ph CONHCH,Ph OCH,CHj;
23 CH; 3,5-di Me-hexyl CONHCH,Ph OCH,CHj5
24 CH,Ph Furyl CONHCH,Ph OCH,CHj;
25L CH; 3-O—Me sugar CONHCH,Ph NH,

26L CH; CH,Ph CONH—4-Me—Ph NH,

27L CH; CH,Ph CONHCH,Ph NH,

28L CH; Furyl CONHCH,Ph NH,

29L CH; Furyl CONH—2-Me—Ph NH,

30L CH; H CONH—4-Me—Ph NH,

32 CH; - - -

inhibitor at different substrate (GSH) concentrations.
The test compounds as well as the standard inhibitor
hemin were dissolved in 100% DMSO but the final
concentration in the maintenance medium/assay
system for the enzyme activity determination was
always kept below 0.1%.

Assessment of antimalarial activity of test compounds.
In vitro antimalarial efficacy of the respective enzyme

modulators was determined against P falciparum in
culture at 100 nM concentration.

Results
GST(s) of R yoelii/R. falciparum

GST activity in various subcellular fractions of P
voelii homogenate is depicted in Table VII. GST
activity in malarial parasites was found to be mainly
associated with the cytosolic fraction. Cytosolic P

Table IV. Structural detail of C-Nucleosides (35—57L) (see Figure 6) synthesized by a conventional method & on solid phase.

Compound No. R R, R, X
35 CH; Furyl 4-nBu—Ph -
36 CH; CH,—2-OH—Ph 3-COCH5—Ph (@)
37 CH,Ph H CH,Ph (@)
38 CH; C,H,s CH,Ph (@)
39(R) CH,Ph CH,Ph CH,Ph 0
40 CH,Ph Furyl 4-Cl—Ph (@)
41 CH; n-butyl 3-Cl—Ph -
42 CH; n-butyl 2-Cl—Ph -
43L CH,Ph Ph CH,Ph -
44L CH; CH,—4-OCH5s—Ph 3-Acetyl Ph (@)
45L CH; CH,Ph Ph -
46L CH; CH,Ph 2,4-di—Cl—Ph (@)
47L CH; CH,Ph 4-Cl—Ph -
48L CH,Ph CH,—Br—Ph CH,Ph -
49L CH; 4-Cl—3-CH,Ph 4-OCH5—Ph -
S0L CH; CH,—4Br—Ph 3-Acetyl-Ph -
S1L CH; CH,—4-Br—Ph CH,Ph —
52L CH; CH,—4-Br—Ph 3-CN—Ph -
S3L CH; 3,5-(CHas)3 Furfuryl -
54L CH; CH,—4-OCH5s—Ph 3-Acetyl-Ph -
SS5L CH; CH,—2-OH—Ph CH,Ph (@)
S6L CH; CH,—2-OH—Ph 4-CN—Ph (@)
S7L CH; H 4-Cl—Ph (@)
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Table V. Structures of isoxazole derivatives (58—-79).

Compound No. Structure Compound No. Structure
59
58 NO, Na N-O
/
t'BU'OzC X 7
O N—-O Cl Me
/
N
HoN 7
NH,
60 N—O 61 i
/
t‘BU‘OzC 4 N
OH o, H
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|
EtO,C 7
OH Me
62 63 Br
N—0O
Vi N0
N Y
HoN
OH
BnO
64 Br 65
o) : N-O  Cl
/
— N
0 \ 51;) H,N VQ\@
HoN %
66 Me 67 Br
o] N-O0  Cl o ; N-O  Cl
/
N
HoN 7
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Compound No. Structure Compound No. Structure
68 69 Me
O ; l;l—O
N Y N-0
HoN N I P
Me HoN
Me
70 Me n Br
O ; N—-O 0] l}l—O
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N N Y
H,N 7 H,N
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e \ 7
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N N
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Table V — Continued

Compound No. Structure

Compound No. Structure

78

79

yoelti GST reaction was found to be linear with
respect to time (30s—5min) and the amount of
enzyme protein (4.6—30.4 png) (Figures 8a,b). The
recombinant enzyme was purified using affinity
chromatography followed by gel filtration.
Figures 9a,b show that the reaction of recombinant
GST from P falciparum was fairly linear with respect
to time (30 s—5 min) as well as the amount of enzyme
protein (19.6-98 p.g).

Inhibition studies

As reported earlier, hemin inhibited P yoelii GST
activity in a concentration-dependent manner show-
ing maximum inhibition of c. 86% at 5.5pM
concentration with an apparent K; c. 4.0 puM
(Figures 10a and 12a). The ICs5q value was 4.0 pM.
Hemin exhibited non-competitive inhibition kinetics
with respect to the substrate GSH (Figure 11a).

Hemin maximally inhibited P/~GST to c. 80.2% at
6.0 M when studied in the concentration range 0.5—
6.0 .M (Figure 10b). Interestingly, for hemin an
uncompetitive type of inhibition was determined
(Figure 11b) with a K| value of 6.5 pM (Figure 12b).
The ICs( value was about 4.0 pM (Figure 10b).

Modulatory effect of synthetic compounds on native GST
from B yoelii and recombinant GST from P falciparum

Table VIII shows the inhibition potential of the
synthetic compounds against native GST from P, yoelii
and recombinant GST from PR falciparum. A total
number of sixteen compounds inhibited native GST
from P yoelii to the extent of 40—100% of which one
glycosyl peptide (compound 17L); one glycosyl urea
(compound 31L); three isoxazole derivatives (com-
pounds 58, 59 and 61), one 2-hydroxymethylacrylic
acid methyl ester (compound 80) and one substituted
hydroxymethyl acrylonitrile derivative (compound 81)
showed 50% or more inhibition of intact GST. Seven
compounds which inhibited GST from P yoelii to the
extent of 40—100% also showed antimalarial efficacy
to the extent of 25.8—-100% when tested in wvitro, of
which two glycoconjugates (compounds 13 and 14),
one 2-hydroxymethylacrylic acid methyl ester (com-
pound 80), two substituted hydroxymethyl acryloni-
trile derivatives (compounds 81 and 82) and one
pyrrolidine derivative (compound 83) showed anti-
malarial efficacy of 50% or more.

Fifty nine compounds stimulated native GST from
P, yoelii to the extent of +13.8 to +216.4% of which
one DGDA (compound 1); one GAA (compound 3);

Table VI. Structures of 2-hydroxymethylacrylic acid methyl ester (80), substituted hydroxymethyl acrylonitrile derivatives (81 and 82) and

pyrrolidine derivative (83).

Compound No. Structure Compound No. Structure
80 81
OH O _CHg OH
CN
H)\H/go
Br
82 HO OH 83 HysCOOC CO,CHs
CHs
NC CN
” CO,H
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Table VII. Subcellular distribution of GST activity in R yoelii.

Fraction Specific activity*

Crude homogenate 0.035 = 0.014
Mitochondrial fraction 0.008 = 0.007
Post mitochondrial fraction 0.076 = 0.014
Cytosolic fraction 0.058 = 0.016
Microsomal fraction 0.022 = 0.004

Specific Activity* was expressed as pmol S-2, 4-dinitrophenyl-GSH
adduct formed/min/mg protein.

one GAE (compound 4); two glycosylated hydroxamic
acids (compounds 5 and 10); one N-protected
glycopeptide (compound 19); one glycosyl thiourea
(compound 20); five glycosyl ureas (compounds 21,
25L-27L and 29L); one glycosylated hydantoin
(compound 34); six nucleosides (compounds 35-40);
two S-containing nucleosides (compounds 41 and 42);
six C-nucleosides (compounds 49L, 50L, 52L—54L
and 57L); one isoxazole derivative (compound 60) and
seventeen substituted isoxazole derivatives (com-
pounds 63-79) showed 50% or more stimulation on
native GST from P yoelii. Twenty five compounds
which stimulated GST from P yoelii to the extent of
50.3-216.4% also showed antimalarial efficacy to the
extent of 16.8—-70.0% when tested n wvitro, of which
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(compounds 26L and 29L); one glycosylated hydran-
toin (compound 34); three nucleosides (compounds
35, 36 and 40); two S-containing nucleosides (com-
pounds 41 and 42); six C-nucleosides (compounds
49L, 50L, 52L-54L and 57L) and one substituted
isoxazole derivative (compound 71) showed antimalar-
ial efficacy of 50% or more.

On the other hand, fifteen compounds inhibited
recombinant GST from R falciparum to the extent of
27.1-100% of which one GAA (compound 2); two
glycoconjugates (compounds 13 and 14); four glycosyl
peptides (compounds 15L—18L); one glycosyl urea
(compound 31L), two C-nucleosides (compounds
43L and 45L) and one isoxazole derivative (com-
pound 61) showed 50% or more inhibition on
recombinant GST from P falciparum. Two glycocon-
jugates (compounds 13 and 14); one N-protected
glycopeptide (compound 19) and one isoxazole
derivative (compound 59) which inhibited GST
from P falciparum to the extent of 22.8—90.7%, also
showed antimalarial efficacy to the extent of 25.8—
100% when tested in vitro.

Sixteen compounds stimulated recombinant GST
from R falciparum to the extent of +16.9 to +119.3%
of which one glycosylated amino ester (compound 4),
six glycosylated hydroxamic acids (compounds 6—11),

> j ; -
5 one glyco?on]ugate (compoun(‘i 5); one N-protected three C-nucleosides (compounds 47L, 48L and 51L)
2 glycopeptide (compound 19); two glycosyl ureas
=}
k]
S (@) 0.2+ b 9257
g A
5 0.10 ° 0.20 -
— [ ) n =
25 0.08 - £2F
=4S SE 0151
>E 0.06 - zE °
E ° =20 0.10
= - E .
g g 0.04 - g5
0.02 - 0.051
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Time (min) Enzyme protein (pg)
Figure 8. Linearity of R yoelii cytosolic GST assay with respect to (a) time and (b) enzyme protein.
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Figure 9. Linearity of R falciparum recombinant GST assay with respect to (a) time and (b) enzyme protein.
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Figure 10.

and three substituted isoxazole derivatives (com-
pounds 64—-66) showed 50% or more stimulation on
recombinant GST from P, falciparum (Table VI). One
C- nucleoside (compound 53L) and one glycosyl
amino ester (compound 4) which stimulated GST
from P falciparum to the extent of 16.9 and 84.0%,
respectively, also showed antimalarial efficacy of
54.4% and 42.8%, respectively, when tested in vitro.
Noteworthy in this collection are twenty two
compounds; eleven of which showed simultaneous
inhibition of P yoelii and P falciparum GST and the
remaining eleven compounds showed simultaneous
stimulation of P yoelii and P falciparum GST. These
compounds are highlighted in Table VIII. Table IX

(a) 120 +No Hemin

m 0.3 pM Hemin
0.63 uM Hemin

e 1.25 yM Hemin
2.5 uM Hemin

100

1/Activity
(#mol/min/mI)~"
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Figure 11.
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-15.0 -10.0 -5.0
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Inhibition profile of GST from (a) P yoeli and (b) P falciparum by hemin.

summarizes the ICsy, values for the synthetic
compounds which showed significant inhibition of
GST from P, yoeli/R falciparum.

Discussion

Malaria has plagued humans throughout recorded
history and results in the death of over 2 million people
per year. The protozoan parasite Plasmodium falci-
parum causes the most severe form of malaria in
humans. Chemotherapy has become one of the major
control strategies for this parasite; however, the
development of drug resistance to virtually all of the
currently available drugs is causing a crisis in the use

¢ NoHemin

(b) 10.0

m 3.3 uM Hemin
6.25 UM Hemin

e 12.5 pM Hemin

1/Activity
(umol/min/ml)™

001
00 5.0
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Type of inhibition of hemin on the activity of GST from (a) R yoeli and (b) R falciparum with respect to GSH.
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Figure 12. K; of GST from (a) P yoelir and (b) P falciparum with respect to hemin.
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Modulatory effect of synthetic compounds on GST from Plasmodium yoelii and Plasmodium falciparum.

GST (% inhibition/stimulation)

Antimalarial efficacy

Compound No. Chemical series P, yoelit* P, falciparum™ in vitrot
1 DGDA +68.6 ND ND
2 GAA 46.0 52.2 ND
3 GAA +118.0 ND 32.5
4 GAE +98.8 +84.0 42.8
5 Glycosyl Hydroxamate +54.0 ND 52.7
6 Glycosyl Hydroxamate NIL +110.0 ND
7 Glycosyl Hydroxamate +15.2 +65.2 ND
8 Glycosyl Hydroxamate NIL +81.5 ND
9 Glycosyl Hydroxamate +41.5 +55.2 ND
10 Glycosyl Hydroxamate +70.2 +72.2 ND
11 Glycosyl Hydroxamate +13.8 +50.0 ND
12 Glycosyl Hydroxamate +46.3 ND ND
13 Glycoconjugate 40.0 50.0 80.0
14 Glycoconjugate 45.0 85.6 100.0
15L Glycosyl peptide 47.0 68.4 ND
16L Glycosyl peptide 41.0 72.1 NIL
17L Glycosyl peptide 66.0 90.7 NIL
18L Glycosyl peptide 40.0 53.4 NIL
19 N-protected Glycopeptide +72.1 27.1 68.0
20 Glycosyl thiourea +82.1 ND 46.7
21 Glycosyl urea +216.4 ND 47.0
22 Glycosyl urea +43.3 ND ND
23 Glycosyl urea +40.3 ND ND
24 Glycosyl urea +44.8 ND ND
25L Glycosyl urea +49.6 ND ND
26L. Glycosyl urea +51.8 ND 64.6
27L Glycosyl urea +54.9 ND 30.3
28L Glycosyl urea +40.2 ND ND
29L Glycosyl urea +52.4 ND 70.0
30L Glycosyl urea +41.3 ND ND
31L Glycosyl urea 77.0 100.0 ND
32 Sugar +45.6 ND ND
33 Coumarin Amide 43.0 ND NIL
34 Glycosylated Hydrantoin +123.9 ND 62.4
35 Nucleoside +91.0 ND 68.5
36 Nucleoside +125.4 ND 49.9
37 Nucleoside +129.1 ND 44.3
38 Nucleoside +182.8 ND 38.3
39 Nucleoside +76.9 ND ND
40 Nucleoside +57.5 ND 59.4
41 S-containing Nucleoside +119.4 ND 63.3
42 S-containing Nucleoside +88.1 ND 63.5
43L C-Nucleoside NIL 50.0 ND
44L C-Nucleoside NIL 46.7 ND
45L C-Nucleoside NIL 54.5 ND
46L C-Nucleoside NA +48.3 ND
47L C-Nucleoside NIL +89.1 ND
48L C-Nucleoside NIL +74.7 ND
49L C-Nucleoside +50.3 NIL 69.9
50L C-Nucleoside +108.6 NIL 68.4
S1L C-Nucleoside +34.8 +59.4 ND
52L C-Nucleoside +92.0 NIL 59.0
S53L C-Nucleoside +54.0 +16.9 54.4
54L C-Nucleoside +55.8 NIL 59.0
55L C-Nucleoside +46.6 NIL ND
56L. C-Nucleoside +40.0 NIL ND
57L C-Nucleoside +57.1 NIL 56.8
58 Isoxazole derivative 57.0 25.1 ND
59 Isoxazole derivative 77.0 22.8 25.8
60 Isoxazole derivative +100.0 ND 16.8
61 Isoxazole derivative 54.0 50.1 ND
62 Isoxazole derivative +44.6 ND ND
63 Subs. Isoxazole derivative +69.1 NA ND
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Table VIII — Continued

GST (% inhibition/stimulation) Antimalarial efficacy

Compound No. Chemical series P yoelir* P, falciparum* in vitrot
64 Subs. Isoxazole derivative +54.6 +119.3 ND
65 Subs. Isoxazole derivative +70.9 +97.7 ND
66 Subs. Isoxazole derivative +59.2 +54.4 ND
67 Subs. Isoxazole derivative +60.2 NIL ND
68 Subs. Isoxazole derivative +61.0 NIL ND
69 Subs. Isoxazole derivative +68.2 NIL ND
70 Subs. Isoxazole derivative +58.9 +41.1 ND
71 Subs. Isoxazole derivative +61.2 ND 58.4
72 Subs. Isoxazole derivative +53.0 ND ND
73 Subs. Isoxazole derivative +61.3 ND ND
74 Subs. Isoxazole derivative +50.9 ND ND
75 Subs. Isoxazole derivative +62.2 ND ND
76 Subs. Isoxazole derivative +79.4 ND ND
77 Subs. Isoxazole derivative +58.0 ND ND
78 Subs. Isoxazole derivative +61.2 ND ND
79 Subs. Isoxazole derivative +71.6 ND ND
80 Acrylic acid derivative 75.0 ND 100.0
81 Subs. Acrylonitrile derivative 100.0 ND 50.0
82 Subs. Acrylonitrile derivative 45.0 ND 100.0
83 Pyrrolidine derivative 46.0 ND 100.0

NA = Not available; ND = Not Done.

* Concentration of test compound in the assay system 100 wM; T Concentration of test compound in the assay system 100 nM.

and deployment of these compounds for prophylaxis
and treatment of this disease. The genome sequence
of P, falciparum is providing the informational base for
the use of whole-genome strategies such as bioinfor-
matics, micro arrays and genetic mapping. Various
strategies have been employed to identify novel genes
involved in the molecular mechanisms used by the
parasite to circumvent the lethal effect of current
chemotherapeutic agents [46].

Advances in a malarial vaccine and drug development
have been hindered in part by the complex multistage
life cycle of the parasite, much of which is inaccessible to
study, and by a large genome encoding over 5000 genes.
Two human models of immunity to malaria, however,

Table IX. ICsq values of standard GST inhibitor hemin and
synthetic compounds with respect to recombinant GST from
P, falciparum.

Standard inhibitor/

test compound Chemical series IC5( value
Hemin Porphyrin 4.0 pM
2 GAA 100 pM
13 Glycoconjugate 100 pM
14 Glycoconjugate 50 pM
15L Glycoconjugate 75 M
16L Glycosyl peptide 75 M
17L Glycosyl peptide 50 pM
18L Glycosyl peptide 100 pM
31L Glycosyl urea 50 pM
58 Isoxazole derivative 200 pM
59 Isoxazole derivative 200 pM
61 Isoxazole derivative 100 pM

suggest that the development of an effective vaccine is
within reach. A strategy has been outlined to identify the
expression of hundreds to thousands of potential vaccine
targets employing recently developed technologies for
gene and protein expression. Combined with the
exciting developments of malaria DNA vaccine tech-
nologies, these approaches form the basis for malaria
subunit vaccines that may mimic the protective efficacy
of human model systems and provide the foundation for
novel approaches to vaccine development for a range of
pathogens [47].

Ongoing projects have characterized the glutathione
metabolism and polyamine synthesis of Plasmodium
falciparum. These studies demonstrate that the plasmo-
dicidal effect of an inhibitor of glutathione synthesis
does not depend on its specificity towards its target
enzyme in the parasite, but on the changed physiological
needs for the metabolite glutathione in the R falciparum-
infected red blood cells. Therefore, the depletion of
glutathione has been proposed as a chemotherapeutic
strategy for malaria, and y-glutamylcysteine synthetase
(GCS) and glutathione-S-transferase (GST) have been
proposed as potential drug targets.

GST(s) are primarily involved in the detoxification
of cytotoxic products of xenobiotic metabolism, the
protection of tissues against oxidative damage and as
ligandins, in the intracellular transport of hydrophobic
compounds. In a parasitic context it is especially
important to consider their function in the regulation of
the oxidative stress response, in drug resistance and
possibly in the modulation of host immune defence
mechanisms.
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In ongoing research programmes towards the
development of biologically active compounds from
sugars, glycosylated amino acid derivatives have been
shown to possess various biological activities including
parasitic DNA topoisomerase-II, as well as gluta-
thione-S-transferase inhibitory, antitubercular and
immunomodulatory activities [25,27,48,49]. Recog-
nition of certain glycosylated amino acid derivatives by
merozoites of the malarial parasite [50], which divide
in the red blood cells of the host, has also been
reported. The role of sugars in drug targeting and their
good pharmacokinetic properties [51] as well as the
chelating ability of hydroxamates [52] has prompted
the synthesis of certain glycosylated hydroxamic acids
and their evaluation for antimalarial activities.

It has been shown that certain sugar derivatives
possess very good activity against filarial glutathione
metabolizing enzymes i vitro [48,53,54]. These
compounds possess immunomodulatory activity [50]
and i wvirro antifilarial activity too. As sugars are
known to offer better pharmacokinetics, better
transport and above all less toxicity to drugs [55-—
57], it is presumed that amino acid analogs if grafted
on a sugar backbone may serve as substrate for GSH
biosynthesis and may hamper its de novo synthesis. C-
nucleosides having a C—C linkage instead of a C—N
linkage between the aglycone and the sugar moiety are
known mainly for their anticancer [57], antiviral [58]
and antileukemic [59] activities. A C—C bond
between the sugar and aglycone makes the nucleosides
more stable towards enzymatic degradation, and
therefore their half-lives in the body are far greater
than the corresponding N-nucleosides. In addition,
sugar derivatives are known to offer better stability,
better pharmacokinetic parameters, facilitate the
transport of drugs and at the same time are less
toxic. Keeping in view the above facts, the above
mentioned compounds were synthesized and evalu-
ated for their effect on GSTs from Plasmodium
yoelit/Plasmodium falciparum.

Conclusion

In conclusion, the present study lists the effect of 83
synthetic compounds on crude GST from Plasmodium
yoelii and 41 compounds on recombinant GST from
Plasmodium falciparum. The present study will
determine the potential for selective inhibition/stimu-
lation of malarial GST, prove whether or not
modulation of GST activity in malarial parasites has
any drastic consequences on their survival and also
determine whether or not the effective modulators of
malarial GST enhance the antimalarial activity of the
presently available antimalarial drugs when used in
combination. If the present strategy i.e. modulation of
GST activity in malarial parasites, affects the survival
of the parasites or helps in the enhancement of
antimalarial activity of presently available antimalarial

Modulators of malarial glutathione-S-transferase 341

drugs, it will help in the design of new target-based
chemotherapeutic agents which will benefit millions of
people suffering from this widespread disease.
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