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Abstract

Heme as well as protein biosynthetic pathways of malaria parasite Plasmoduum falciparum have been identified by us
as cructal for the survival of the parasite Intervention of either of the two pathways results i the death of the parasite,
basically due to the prvotal role played by heme i these pathways
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1 Introduction

Human malaria 1s caused by one of the four species of Plasmodum, P falciparum, P vivax, P
malariae or P ovale While vivax malaria 1s most common 1n tropical regions with typical
symptoms of recurrent fever and shivering, falciparum malaria 1s the most fatal as it causes
cerebral malana Cerebral malana 1s due to the adherance of the parasite to the endothelium of
the capillanies and the venules of the brain and other organs resulting n anoxia Due to the re-
sistance of P falciparum to antmalarial chloroquine and the mosquitoes to insecticides, the
development of more effective newer drugs 1s urgently needed For developing newer drugs it
15 essential to understand the biology and biochemustry of the parasite with focus onp metabolic
pathways of the parasite which was neglected over the years as all attention was focused on
vaccine development only Keeping this in muind, we have identified two biochemical pathways
which can be used as targets for drug development The pathways are (1) protein synthesis and
(11) heme biosynthesis

11 Life cycle of the parasite

Infection commences with the bite of an infected mosquito to a healthy human As a result,
sporozoites are released nto circulation, which mvade the hepatocytes of the liver Within 10~
15 days, after mutlple asexual schizogony, thousands of merozoites are released from the
hepatocytes and nvade the host RBC, where they undergo second asexual schizogony The
mtraerythrocytic stages of the paiasite are rings, trophozottes, schizonts and merozoites Some
of the parasites during their erythrocytic schizogony develop into male and female gameto-
cytes These gametocytes are taken up by the feeding mosquito, followed by zygote formation
m the mudgut of this vector The subsequent formation of sporozoites in the mosquito com-
pletes the cycle

FText of lecture dehvered at the Annual Faculty meeting of the Jawaharlal Nehru Centre for Advanced Scientific Re-
search at Bangalore on October 21, 1999
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2 Food vacuole and digestion of host hemoglobin

During the mtraerythrocytic cycle the host-cell cytoplasm 1s consumed and an estimated 80%
of the hemoglobin 15 degraded ' The food vacuole of Plasmodium 18 a very unique organelle
and 18 considered the metabolic headquarter of the parasite It 1s equivalent to the lysosome of
higher orgamisms with a pH of 4 54 9 and contains many hydrolytic enzymes Two major
activities, hemoglobin degradation and hemozom formation, take place in the food vacuole

21 Hemoglobin degradation

Two aspartic proteases, plasmepsins I and I1, and one cysteme protease, falcipamn are responsi-
ble for hemoglobin degradation > Aspartic protease makes a single cleavage m the o chaim of
host hemoglobin between Phe 33 and Leu 34 residues These residues hie 1n the hinge region of
hemoglobin and are critical for the maintenance of the integrity of the structure of hemoglobin
None of the hundreds of the characterised hemoglobin variants have a homozygous defect in
this 1egion’, thus providing evidence to the fact that the parasite has evolved a smart strategy to
evade the host’s immune system After imitial cleavage, globin 1s further degraded by a cys-
tewne protease into anune acids which are utihzed by the parasite for its protein synthesis

22 Hemozow formation

The heme generated fiom hemoglobin degradation gets converted mto a nontoxic moiety—the
malaria pigment, hemozom The conversion of heme to hemozom according to Slater and Ce-
rami* 1s brought about by a specific enzyme, the heme polymerase, but others like Dorn et al ’
consider 1t a nonenzymatic process

23 Mechansim of chloroquine (CQ) action

Although the antimalarial chloroquine has been 1n use for almost 200 years, the mechamsm of
its action 1s still a topic of debate Some of the proposed mechantsms are (1) Interaction with
DNA According to this theory, CQ 1ntercalates with DNA and mhibuts 1ts synthesis ® Thus
theory 1s not acceptable as 1t considers millimolar concentrations of drug to be sufficient for
the purpose, while micromolar quantittes of CQ are required for therapeutic effect (2) Increase
m vacuolar pH This theory proposes an accumulation of CQ 1n the food vacuole Due to 1ts
weak base property, CQ raises the pH of the food vacuole, leading to the death of the parasite
However, 1t has been suggested that alkahmzation of the vesicles per se 15 not adequate to ex-
plai the toxicity of chloroquime ” ® (3) Inhlbmon of heme polymerase causing accumulation of
free heme which 15 toxic to the parasite * The more recent theories consder, (4) CQ formng a
complex with heme which caps the growing heme-polymenzmg moieties, thus mhibiting he-
mozoin formation’ and (5) Inhibition of protein synthesis'® by the drug

3. Protemn synthesis and mechamsm of chloroquine action

We observed that chloroquine at therapeutic doses of 1-3 1M hibits parasite protein synthe-
s1s A cell-free translation system was standardized 1n order to study translation intiation 1n
detail Jt was also noted that 10~15 uM heme stimulates proten synthesis by three fold i the
parasite lysate and chloroquine mhibits this process (Fig 1) A 50-60% inlubition of total
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Fig | Inhibition of heme-dependent protein synthesis
by chloroquine 1n rabbit reticulocyte lysate Protemn
synthesis was assayed as described in the text The reac-
tion muixures (25 pl), which contamed the following,
were ncubated at 30°C and processed 20 UM hemn
added at 0 mun (e), 20 M hemun added at 10 min (A), 20
UM hemun plus 10 UM chlorquine added at 0 min (A), no
additions (O) (after Surolia and Padmanaban'®)

Fig 2 Effect of chloroquine in situ on [*S] methionine
incorporation mto total protems of the parasite The
ncorporation of {*°S] methionine nto parasite protemns
was determined by analyzing samples from control and
chloroguine-treated cultures on Na DodSO4/7 5% PAGE
tollowed by fluorography (A) Autoradiogram of parasite
proteins obtaned from normal (lane 1) and chloroquine
treated (lane 2) cultures Molecular mass 1s indicated n

kDa (B) Densitometric scan of lanes 1 and 2 1s shown
A The autoradiogram was scanned with LKB 22002
ultra scan laser densitometer (after Surolia and Padma-
naban'®)

parasite protein synthesis takes place mn the presence of 3uM concentrations of CQ (Fig 2)

When the cultures were mcubated in situ with CQ and the protemns of the cell-free system were
2P labeled for phosphorylation, parasite 1mtiation factor 20 (pIF-20;) gets hughly phosphory-
lated when compared to other protemns and also the pIF-20. kinase gets autophosphorylated It
was further confirmed that the parasite kinase as well as [F-200 were of parasite origin The
parasite IF-20 could be quantitatively immunoprecipitated by the eukaryotic homologue (Fig

3) Based on these results we proposed that CQ sequesters heme from the system using en-
hanced autophosphorylation of pIF-2cx kinase and pIF-2¢, which 1n turn results in mnhibition of
protein synthesis culmmating 1n the death of the parasite

We propose this as a primary and early major event Other proposed mechamisms make 1t
mmperative for CQ to reach the food vacuole, the site of hemoglobin degradation to act More
mmportantly, for other proposed mechanisms, the effects were observed only after 24 h of incu-
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bation with chloroquine, before the effect 1s observed In contrast, the inhibition of protem syn-
thesis by CQ 1s attaned within 10-15 mun of incubation with the drug

4 Electron microscope autoradiography

To prove that CQ 1s available to the ribosomes in the parasite cytoplasm, the site of protemn
synthesis, electron microscope autoradiography was carried out with [’H] CQ Labelled CQ
was mcubated with parasites for various time intervals after which the cells were prepared for
electron mictography Figure 4 shows the presence of [*H] CQ granules i the cytoplasm of the
parasite but not 1n the food vacuole at that pomnt of time proving that the protein synthesizing
machmery 1s one of the primary targets of chloroquine

These results firmly ndicate that the parasite protein synthesis 1s heme dependent and
chloroquine nhibits the heme-dependent protemn synthests The mitiation factor 2a plays an
impottant role 1n 1egulating parasite protein synthesis The parasite lysate from cultures treated
with therapeutic concentrations of chloroquine in siu for a very short period (30 min) results 1n
enhanced phosphorylation of IF-2¢ under conditions of cell-free protein synthesis, which s
inhibited by the addition of hemin to the lysate The addition of hemin, phosphorylated com-
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Fig 3 Effect of chloroquine treatment i situ on parasite eIF 2 phosphorylation 1 parasite lysate Parasite lysates (S-
30) were prepared trom control or chloroquime-treated cultures Lane 1, control lysate (no addition) lane 2 control
lysate (15 uM hemimn) lane 3 lysate from chloroquine-treated cultures (no addition), lane 4 lysate from chloroquine-
treated cultures (15 UM hemin) Blanks run with parastte lysate fiom control and chloroqume-treated cultures with

nommmune serum did not reveal any phosphorylated band correspondimg to elF-20. Molecular mass 1s mdicated 1n
KDa (atter Surolia and Padmanaban'®)
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Fig 5 Gencral scheme for heme biosynthetic pathway

pounds and IF-2 counteract the mhibited protem synthesis i the parastte lysate prepared from
the in-sutu chloroquie-treated cultures The studies also demonstrate the presence of pIF-2a
kinase m parasite lysate The presence of [*H] chloroqume granules mn the cytoplasm of the
parasite within 20 munutes of ncubation of labeled chioroquine with parasite cultures proves
our hypothesis that inhibition of protein synthesis by chloroquine 1s 2 major early event culmi-
nating 1nto the death of the parasite The enhanced autophosphorylation of pIF-2a kinase and
pIF-2¢ appears to result nto this inhibition of protein synthes1s

5 Heme biosynthesis by Plasmodum

From the protein biosynthesis data 1t 15 clear that heme 18 required for basal parasite protein
synthesis The question 15 whether the parasite 1s capable of synthesizing its own heme Ani-
mals utilize glycine, whereas for plants, glutamate 1s a precursor for heme synthesis The para-
site was found to utihize glycne and not glutamate as precursor for heme Figure 5 shows
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Table I
de-novo synthesis of heme by the human malarial parasite Plasmodium falciparum

Treatment [4 ¥C)ALA mcorporation  [2-"*C] Glycine incorporation

Unutihzed ALA  Heme ALA

(cpm/7 7 % 10° uninfected or
parasttized cells)

Uninfected culture 552 264 24
"+ SA 1336 76 49
Parasitized culture 248 7470 2090
"+ SA 2432 348 4912

Parasite cultures (trophozoites, 10% parasiterma) were treated with SA for 4 h before
incubating with [4-C] ALA (10pC/1 25 ml) or [2-"*C] glycine (25 pCy/1 25 ml) for 12
h Radiwactivity incorporation mnto heme, ALA and that remaining unutilized as ALA
were assessed as described 1n text SA-succinyl acetone (after Suroha and Padmanaban™)

the general scheme for heme synthesis The enzymes ALA synthase and ALA dehydiatase,
though present i very small amounts, were detected 1n the parasite (Table I) Further proof of
biosynthesis of heme 1 the parasite was obtained by using succinyl acetone, a very specific
inhibitor of ALA dehydratase Parasite heme synthesis was completely inhibited when succinyl
acetone was used (Table 1) Succinyl acetone, when 1njected 1n infected mice, was able to pro-
long their life span, thus proving that parasites do have a de-novo heme biosynthetic pathway

Subsequently, ALA synthase was cloned'' proving further the ability of the parasite to synthe-
size heme

6 Inhibitors of aspartic proteases

The crystal structure of Plasmodium aspartic protease 1s known Based on the structural mfor-
mation available for a typical inhibitor of aspartic protease’, small peptides were designed and
synthesized with the help of molecular modeling These peptides were tested n witro for therr
efficacy One peptide was found to have a very low IC-50

Thus, 1t 15 evident from these studies that despite the accumulation of large quantities of
heme derived from red cell hemoglobn, the parasite synthesizes heme de novo ALA dehy-

Table It
Detection of ALA synthase and ALA dehydrase activities m P falciparum
Sample ALA synthase ALA dehydrase
(ALA) (PBG)
(nmol/1 04 x 107 parasitized cells)
Red-cell supernatant ND 610
Parasite pellet 015 020

ND Not detectable The activities in the red cell supernatant were determined after saponin
lysis and 1solation of parasite pellet (trophozorte stage, 10% parasttemia) The enzyme
activities were assayed 1n the parasite pellet and the red cell supernatant The activity i the
red cell supernatant 1s calculated on the basis that only 10% of the red blood cells were
parasitized (after Suroha and Padmanaban')
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dratase 1s an attractive chemotherapeutic target, as mhibition of this enzyme by its specific
mhibitor succmyl acetone mhibits parasite growth 2 More importantly, succinyl acetone 1s
known not to bring about significant change 1n overall heme content of the host The design

and development of more potent hemoglobmase hibitors may be useful for a new class of
antimalarial compounds

7 Conclusions

The results obtamned from our studies on the mechanism of chloroquine (CQ) action, uptake of
[*H] chloroquine by the parasite, de-novo biosynthesis of heme by the parasite and on hemo-
globmase inhibitors clearly indicate that heme 1s a key regulatory molecule needed m vital
metabolic pathways A therapeutic ntervention 1 any of these pathways involving heme
would be deleterious to the parasite These studies also indicate that various enzymes/proteins
mvolved 1n these two pathways could be further explored as potential targets for the develop-
ment of novel and mote effective antimalarials
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