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Abstract 

Heme as well as protem blosynthet~c pathways of mdana parasite Pla~modirm fakiparum have been identified by us 
as crucial for the survival of the paraslte Intervention of either of the two pathways results m the dedth of the parasite, 
baslcaily due to the p~votal role played by heme in these pathways 
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Human malaria is caused by one of the four species of Plasmodium, P fnlczparum, P vlvar, P 
inalariae or P ovule Whrle w a x  malarra IS most common in troprcal regrons with typical 
symptoms of recurrent fever and shivering, falciparum malana is the most fatal as 11 causes 
cerebral malana Cerebral malana is due to the adherance of the parasite to the endothelium of 
the capillanes and the venules of the brain and other organs resulting in anoxia Due to the re- 
slstance of P falczparum to antimalarial chloroquine and the mosquitoes to insectic~des, the 
development of more effective newel drugs is urgently needed For developing newer drugs it 
is essential to understand the biology and biochemrstry of the parasite with focus 00 metabolic 
pathways of the parasite whch was neglected over the years as all attention was focused on 
vaccine development only Keeping this in mmd, we have identified two biochemical pathways 
whlch can be used as targets for drug development The pathways are (1) protein synthesis and 
(11) heme biosynthesis 

1 1 Llfe cycle of the paraszte 

Infection commences with the bite of an infected mosquito to a healthy human As a result, 
spoiozoites are released into circulation, which invade the hepatocytes of the liver W i h n  10- 
15 days, after mutliple asexual schizogony, thousands of merozoites are released from the 
hepatocytes and invade the host RBC, where they undergo second asexual schizogony The 
intraerythrocytic stages of the paasite are nngs, trophozoltes, schizonts and merozoites Some 
of the parasites dunng thelr erythrocytic schlzogony develop Into male and female gameto- 
cytes These gametocytes are taken up by the feeding mosquito, followed by zygote formation 
in the rmdgut of thls vector The subsequent formation of sporozoites in the mosquito com- 
pletes the cycle 

'Text of lecture dellyered 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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vacuole and d~gestnon of host 

Durlng the intraerythrocytic cycle, the host-cell cytoplasm IS consumed and an estimated 80% 
of the hemoglobin is deg~aded ' The food vacuole of Plasmodrum is a very unlque oiganelle 
and is considered the metabolic headquarter of the parasite It is equivalent to the lysosome of 
higher organisms with a pH of 4 5-4 9 and contains many hydrolytic enzymes Two major 
activrties, hemoglobin degradation and hemozoin formation, take place in the food vacuole 

2 1 Hemoglobzn degr adatzon 

Two aspartic proteases, plasmepsins I and IT, and one cysteine protease, falcipain are responsl- 
ble for hemoglobin degradation Aspartic protease makes a single cleavage m the a chain of 
host hemoglobin between Phe 33 and Leu 34 residues These residues lie in the hinge region of 
hemoglobin and are cntical for the mamtenance of the integrity of the structure of hemoglobin 
None of the hundreds of the charactensed hemoglobm variants have a homozygous defect in 
this legion3, thus providing evidence to the fact that the parasite has evolved a smart strategy to 
evade the host's mmune system After initial cleavage, globin IS further degraded by a cys- 
teme protease Into amino acids which are utilized by the parasite for its protein synthesis 

The heme generdted from hemoglobrn degradatron gets converted into a nontoxic moiety-the 
maldnd pigment, hemozoin The conversion of heme to hemozom according to Slater and Ce- 
ram4 is brought about by a specific enzyme, the heme polymerase, but others llke Dorn et a1 
cons~der it a nonenzymatlc process 

Although the antrmalar~al chlo~oquine has been in use for almost 200 years, the mechanism of 
~ t s  action is still a topic of debate Some of the proposed mechanisms are (1) Interaction wrth 
DNA Accordmg to th~s  theory, CQ mtercalates with DNA and inhiblts its synthesis  his 
theory 4s not acceptable as it cons~ders mlllmolar concentrations of drug to be sufficient f o ~  
the purpose, while micromolar quantltles of CQ are required for therapeutic effect (2) Increase 
in vacuolar pH Thls theory proposes an accumulation of CQ in the food vacuole Due to its 
weak base property, CQ rases the pH of the food vacuole, leading to the death of the parmte 
However, it has been suggested that alkalinization of the vesicles per se 1s not adequate to ex- 
plain the toxlclty of chloroquine ? ' (3) Inhibition of heme polymerase causlng accumulation of 
free heme whlch is toxic to the parasite The more recent theones cons~der, (4) CQ formmg a 
complex wlth heme which caps the growing heme-polymerizing moiet~es, thus inhibiting he- 
mozoin formationg and (5) Inhibition of protem synthesis10 by the drug 

3. Protein synthesis and mechannsm of chloroquine action 

We observed that chloroquine at therapeutic doses of 1-3 pM Inhibits parasite protein synthe- 
sis A cell-free translat~on system was standardzed m order to study translation initiation in 
detail It was also noted that 10-15 pM heme stimulates protein synthesis by three fold in the 
parasite lysate and chloroquine inhibits this process (Fig 1) A 50-60% inhibition of total 
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Fig 1 I n h ~ b ~ t ~ o n  of heme-dependent protein synthes~s 
by chloroqulne In rabb~t retlculocyte lysate Prote~n 
synthesis was assayed as descr~bed In the text The reac- 
tlon mlxureq (25 pl), wh~ch contamed the following, 
were incubated at 30°C and processed 20 ~.LM hemm 
added at 0 min (e), 20 pM hemm added at 10 mln (A), 20 
pM hemm plus 10 pM chlorqume added dt 0 mm (A), no 
additions (0) (aftel Surol~a and ~admdnaban") 

F I ~  2 Effect of chloroqume In s m  on [ 7 5 ~ ]  methionme 
lncorporatlon Into totdl proteins of the paraslte The 
lncorporatlon of 13%] methonine Into parasite proteins 
was determined by analyzing samples from control and 
chloroqu~ne-treated cultures on Na DodSO J7 5% PAGE 
followed by fluorography (A) Autorad~ogram of paraslte 
proteins obtained from normal (lane 1) and chloroqume 
treated (lane 2) cultures Molecular mass 1s mdicated In 
kDa (B) Denq~tometnc scan of lanes 1 and 2 1s shown In 
A The autoradiograrn was scanned w~th LKB 22002 
ultra scan laser densitometer (after Surol~a and Padma- 
naban'') 

parasite protern synthesis takes place in the presence of 3pM concentratlons of CQ (Fig 2) 
When the cultures were incubated in situ with CQ and the proteins of the cell-free system were 
' 2 ~  labeled for phosphorylatlon, parasite initiation factor 2a (pIF-2a) gets hlghly phosphory- 
lated when compared to other protelns and also the pIF-2a lunase gets autophosphorylated It 
was further confirmed that the paraslte lunase as well as IF-2a were of paraslte ongm The 
paraslte IF-2a could be quantltat~vely lmmunopreclpitated by the eukaryotrc homologue (Fig 
3) Based on these results we proposed that CQ sequesters heme from the system using en- 
hanced autophosphorylatxon of pIF-2a lunase and pIF-2a, wh~ch In turn results In l n h ~ b ~ t ~ o n  of 
protein synthesis culmmatlng in the death of the paras~te 

We propose this as a pnmary and early major event Other proposed mechanisms make it 
imperative for CQ to reach the food vacuole, the site of hemoglobin degradation to act More 
~mportantly, for other proposed mechanisms, the effects were observed only after 24 h of incu- 
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bat~on with chloroquine, before the effect is observed In contrast, the inhibition of protein syn- 
them by CQ 1s attained within 10-15 min oi incubation with the drug 

To prove that CQ is avdiiable to the ribosomes in the parasite cytoplasm, the site of protein 
\ynthesls, electron mlcroscope autorddiography was carrled out with ['HI CQ Labelled CQ 
was incubated with parasites for various time ~ntervals after which the cells were prepdred for 
electron mic~ography Figure 4 shows the presence of ["HI CQ granules in the cytoplasm of the 
parasite but not In the food vacuole at thdt polnt of time proving that the protein synthesizing 
machinery is one of the primary targets of chloroquine 

These results firmly indicate that the parasite protein synthesis is heme dependent and 
chloroquine inhiblts the heme-dependent protein synthem The lnltiation fact01 2a plays an 
important role rn regulating paraslte protem synthesis The paraslte lysate from cultures treated 
with thernpeutic concentrations of chloroquine a1 sltu for a very short period (30 min) results in 
enhanced phosphorylation of IF-20 under conditions of cell-free protein synthes~s, which 1s 
rnh~bited by the addition ot hemin to the lysate The addition of hemin, phosphorylated corn- 

Fig 4 ['HI CQ uptake by Plr~~modlurtl FV-food vacu- 
ole C cytoplasm 

I 
F I ~  3 Effect of chloroqume treatment 111 sztu on parasite eIF 2 phosphorylatlon 111 palaslte lysate P a ~ a s ~ t e  lysates (S- 
30) were prepared from control or chloroqume-treated cultures Lme  1, control lysate (no addit~on) lane 2 control 
lysate (15 pM hemm) lane 3 lysdte from chloroqu~ne-treated cultures (no addition), lane 4 lysate from chloroquine- 
treated cultures (15 pM hemin) Blanks run wlth parasite lysate fiorn control and chloroquine-treated cultures w ~ t h  
nonimmune serum did not reveal any phosphorylated band corresponding to eIF-2a Molecular mass is indicated In 
lcDa (niter Surolia and Padmanaban") 
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pounds and IF-2 counteiact the inhibited protein synthesis in the parastte lysate prepared from 
the m-sltir ~hloroquine-treated cultures The studies also demonstrate the presence of pIF-2n 
kinase in parasite lysate The presence of [ 3 ~ ]  chloroquine granules ~n the cytoplasm of the 
paraWe w~thin 20 minutea of ~ncubatton of labeled chloroquine w~th paras~te cultures proves 
om hypothes~s that lnhib~tion of protern synthesis by chloroqulne is a mador early event culml- 
natmg into the death of the parasite The enhanced autophosphorylat~on of pIF-2a kmase and 
pIF-2a appears to result into thls ~nhib~tlon of protein synthesis 

5 Heme brosynthesrs by Plasmodtum 

From the protein b~osynthesls data it is clear that heme is required for basal parasite protein 
synthesis The quest~on la whether the parasite is capable of synthesinng rts own heme Anl- 
ma19 utilize glycine, whereas for plants, glutamate 1s a precursor for heme synthesis The para- 
site was found to utilize glyc~ne and not glutamate as precursor for heme Figure 5 shows 
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Table I 
de-novo synthesrs of heme by the human rnalar~al parasite Plasrnodzurn falclparum 

Treatment [4 "CIALA incorporation [2-'"1 Glycine incorporation 

Unutilized ALA Heme ALA 

(cpml7 7 x 10' umnfected or 
parasitized cells) 

Uninfected culture 552 264 24 

" c S A  1336 76 49 
Parasitized culture 248 7470 2090 

" + S A  2432 348 4912 
- -- - - - - - - - 

Paras~te cultures (trophozo~tes, 10% parasitemla) were treated with SA for 4 h before 
mcubating with [4-14c] ALA (10pCill25 ml) or [2-I4c] glycine (25 yCd1 25 ml) for 12 
h Radtoact~vity incorporat~on into heme, ALA and that remmung unut~lized as ALA 
were assessed ds dewibed in text SA-succinyl acetone (after Surolia and ~ddmanaban") 

the general scheme for heme synthesis The enzymes ALA synthase and ALA dehyd~atase, 
though present in very small amounts, were detected in the palaslte (Table I) Further proof of 
b~osynthesis of heme in the pardsite was obtamed by using succ~nyl acetone, a very speclfic 
inhibitor of ALA dehydratase Parasite heme synthes~s was completely inhibited when succinyl 
acetone was used (Table 11) Succinyl acetone, when injected in infected mice, was able to pro- 
long their hfe span, thus provlng that parasites do have a de-now heme b~osynthetic pathway 
Subsequently, ALA synthase was cloned" proving further the ab111ty of the parasite to synthe- 
size heme 

The crystal structure of Plasvliodzum aspartic protease is known Based on the stlwtuial mfor- 
rndtion ava~lable for a typical inh~bitor of aspartic protease3, small pept~des were designed and 
synthesized w~th the help of molecular modelmg These pept~des were tested in vitro for their 
efficacy One peptide was found to have a very low IC-50 

Thus, it is ev~dent from these studies that desplte the accumulat~on of large quantitieq of 
heme derlved from red cell hemoglobin, the parasite synthesizes heme de novo ALA dehy- 

Table XI 
Detect~on of ALA synthase and ALA dehydrase actlv~t~es m P falczparum 

Sample ALA synthase ALA dehydrase 
W A )  (PJW 

(nmolll 04 x lo7 parasltlzed cells) 

Red-cell supernatant ND 6 10 
Parastte pellet 0 15 0 20 

ND Not detectable The act~vit~es m the red cell supernatant were determined after saponin 
lysls and isolation of parasite pellet (trophozo~te stage, 10% paraatemla) The enzyme 
activities were assayed m the parasite pellet and the red cell supernatant The activity in the 
red cell supernatant is calculated on the basis that only 10% of the red blood cells were 
parasmed (after Suroha and padmanaban") 
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dratase is an attractive chemotherapeutic target, as inhib~tion o f  thls enzyme by bs specific 
inhibitor succinyl acetone inhibits parasite growth l 2  More ~rnportantly, succinyl acetone is 
known not to bring about significant change 1n overall heme content of the host The design 
and development of m r e  potent hemoglobinase inhibitors may be useful for a new class of 
antimalarial compounds 

The results obtained from our studies on the mechanism of chloroqulne (CQ) actlon, uptake of 
[ 3 ~ ]  chloroquine by the parasite, de-novo biosynthesis of heme by the paraslte and on hemo- 
globinase inhibitors clearly rndicate that heme is a key reguldtory molecule needed in vital 
metabolic pathways A therapeutic interventm in any of these pathways involving heme 
would be deletenous to the parasite These studles also ind~cate that various enzyrneslprotein~ 
involved in these two pathways could be further explored as potential targets for the develop- 
ment of novel and mole effective antimalarials 

The research was supported m part by grants from the Department of Sc~ence and Technology 
(DST) and Council of Scientific and Industr~al Research (CSIR), Government of India, and 
Jawahalal Nehru Centre for Advanced Scientifx Research (JNCASR), Bangalore 
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