J @ tropical countries, is caused by

‘ tﬁw protozoa and transmitted by
“
the bite of infected “\\~ [l remains severe health

problem and maj it 1o &co! u n development due to the spread

of Plasmodium sistant 1o currently available

antimalarial drugs asites derive energy from

anaerobic glycolysisé" t _. <ot g2 Sout tricarboxylic acid cycle and

oxidative phosphorylat ."_‘-:‘ "of P. falciparum requires low Op
‘ ,W.u*'.t
tension as low 2s,0.598/OF its g wih! imal O, tension is 3% ( Scheibel

et_al,,1979 ). L the intr of kheir life cycle, it utilizes

oxygen, howevermt is not related to energy m’nducnon ( Sherman, 1979 ;

s P PSR T e

derive energy, but O may be used as elecucrn acceptor in simplified electron
e 45000 R Y993 H ) B oo i
or cnmple,xes each composed of several proteins. All components are
embedded in the inner mitochondrial membrane. Complex I ( NADH -
coenzyme Q reductase ) carries hydrogens from NADH to coenzyme Q. It
contains 26 polypeptides and the prosthetic group is composed of flavin

mononucleotide and six or seven nonheme iron sulfur clusters. Complex II
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( succinate - coenzyme Q reductase ) contains 4 polypeptides, including the
flavin adenine dinucleotide - dependent enzyme succinate dehydrogenase and
a few nonheme iron sulfur clusters, and passes electrons from succinate to
coenzyme Q. Complex III ( Coenzyme Q - cytochrome ¢ reductase ) carries
electrons from coenzyme Q to cytochrome c. It contains at least 6

polypeptides and two types of cytochromes. Complex IV ( Cytochrome ¢

act shuttles are also known as " mobile
carriers \\\\‘ mghl: hemoprotein, coenzyme
Q is a lipoidal qt;' ' majo '..“I. \\ the aerobic respiratory chain
of mammalian hosgfmi ndfialy (he)electre genic translocation of protons
out of the mitochongdr: : M ‘.;}' 10" generate the proton motive force that

derives ATP synthesi § of parasites tend to show greater

diversity in electron trar an those of host mammalian and

o~ R, A

many have expldited € Tespil ¥4 adaptation to their natural

habitats within mﬂ hosts. a

U3 VLN (pd IR
- &4 NPT ST ST By = o oo

system It has several particularly interesting properties; (1) it is a
membrane-bound dehydrogenase , a member of both the tricarboxylic acid
cycle and the electron transport system, (2) its activity is modulated by
several activators and inhibitors, (3) it is a complex enzyme containing

nonheme iron, acid labile sulfur and covalently bound flavin adenine



dinucleotide ( FAD ).

SDH is located in the cytoplasmic membrane in bacteria or in the
chromatophore membrane of photosynthetic bacteria ( Reddy and Weber,
1986; Kita et al., 1989; Moll et al.,, 1991 ) and on the matrix side of
mitochondrial inner membranes of eukaryotic cells ( Hatefi and Stiggall,

k» been purified from many species of

77, ; ‘Pelistedt, 1986 ; Kita et al., 1989 ;

1978 ; Tushurashvili
organisms ( Davis
Pennoyer et al., 19 releasing from the membrane
with nonionic deter he purified enzyme is water
soluble and has a 100,000 Da. It contains
covalently bound F Hegic Ayo AN :Ie sulfur and cytochrome b.
Its composition is
mitochondria ( Davisl ar Ushurashvili et al., 1985 ). Both
contain equimolar amousnfs of (wo subunits noncovalently bound to
each other. é?—_—_—'—’ {KDa, contains covalently

bound FAD, namey flavop e s@u subunit has M; about 25-

30 KDa, namelE jutem ( Ip ).aThe Fp and Ip subunits are hydrophilic

and form iﬂﬂ ’Jnj transfer the reducing
AW TN G ANy e
dichlofophenolindophenol, via SDH or from reduced methyl viologen to
fumarate via fumarate reductase. @~ Two small hydrophobic membrane
anchoring polypeptides, cytochrome b subunits, M; about 13 - 20 KDa, seem
to be essential for the interaction between the enzyme complex and quinone

species. Amino acid compositions of the SDH subunits of the both bacterial
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and mammalian enzymes are very similar, although the later is slightly
larger. The bacterial Ip is less polar than the mammalian Ip. Structural and
functional similarities between the two enzymes are also expressed in
reconstitution experiments of the mammalian succinate-Q reductase and
succinoxidase. The bacterial SDH can substitute for the mammalian

enzyme to form a hybrid reductase and oxidase, respectively. Both Fp and Ip

Ifur that, together with cysteinyl

residues, are the buildime-blac! of sulfur centers. These centers

The exact stoi ey, Iocalization, apd function of each iron sulfur
center in the mammaliall egzyme ar ently not known.The photosynthetic

bacteria also have similar &gt iof irc enters. The general view is that

the Fp subunit ; NS TWo FeIS7 ¢ ’ —:’ ated S-1 and S-2 center.

Center S-1 is redu¢cgd by succinate’ S-@s very low redox potential,
and it can be ucee‘idi ﬂ.&-ﬂ%j ﬁ ﬂ[ 'ﬁr%ably contains a FeySy
cluster desi ttyﬂ -3 isve tr e to destruction by O in
o TR N ST AT e <o e ¢
CLEAIKI e (k1A N

ferricydnide, and it is involved in the electron transport from succinate to

quinone in the succinate-Q reductase. The substrate binding site of SDH is
located in the Fp subunit. Reducing equivalents from the oxidation of
succinate are transfered via the FAD to iron sulfur center S-1, S-3, and

ultimately to quinone. Electron transport to quinone can be inhibited by 2-



thenoyltrifluoroacetone or carboxanilides, such as carboxin. Both inhibitors
block electron transfer between center S-3 and quinone, but they do not
affect the reduction of center S-3 by succinate. The cytochrome b of SDH,
with an amount nearly equimolar to flavin, is a new species of cytochrome b
discovered by Davis et al, ( 1973 ). It is not reducible by succinate, but
when reduced chemically ( diLh'Te ) it is rapidly oxidized by fumarate or

coenzyme Q.The reduce, sytochromeMfioes not react with carbon monoxide.

It is tmpnrn( *chamisms of electron transport system

asiethat is neccesary for parasite

and oxygen requiringsV<ién u 14
survival.  Recently gfficf's ./ . T ofmplex III & IV have been
demonstrated ( Fry agtd Begs & . ai et al., 1993 ), but studies
on complex II have g 2 g ese parasites. In malaria, SDH
might be in mitochondria is study enzyme SDH from

P. falciparum ( Tg isefd .l and characterized. The basic
:'f e development of new

antimalarial :a'i!‘.-.k nzyme in the fulire.

ﬂUEI’JVIEWIﬁWEI’]ﬂ‘i
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2 and 3, Aconitase; 4, Isocitrate dehydrogenase ;

5, Ct-Ketoglutarate dehydrogenase ; 6, Succinyl Co A
synthetase ; 7, Succinate dehydrogenase ; 8, Fumarase ;
9, Malate dehydrogenase.
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Figure 2. Electron transport chain in mammalian mitochondria.



component Beef heart
Pt Tushurashvili et al,
: i': (19RE (1985 )

FAD 6.0

non heme irog 53.0

acid labile sulf; 50.0

cytochrome b 3880~ 1.2

|
2 NR, o reporl:

Fl‘UEJ’JVIEWIﬁWEJ’]ﬂ‘i
ﬂﬁ?ﬂﬂﬂ‘imﬂﬁﬁ’mmaﬂ

Table 1. Composition of complex II among three organisms.



Biology and Biochemistry of Malaria

1. Life cycle

Eﬁnf development as it moves from

the arthropod vectogs mnsqultaes ) to the human host

Icip: 4 vivax, P. malarize and P. ovale )

undergoes over a dozens

and back again \ omplex life cycle is to consider
it in three distin s 4 A - lond phase and the mosquito
phase.

Depending on tages and species, malaria parasites can

ant.shaped, and can be ranged in

" parison, a normal red blood
I
!

be spherical, *:
size from 1 tﬁ'-
cell has a diametﬂ of about 7 microns.

ﬂ‘IJEl’J‘I’IEWlﬁWEJ’]ﬂi

Altholikh the four specz,ps of human malaria parasﬂes are closely related,

meaawn%a%ww%ﬂnw ﬁ most pathogenic of

the fuur species, has been found to be more closely related to avian
( P. lophurae, P. gallinaceum ) and rodent species ( P. berghei, P. yoelii,

P. chabaudi ) of Plasmodium than to the other primate and human species
( McCutchan et al., 1984 ).



10

1.1 Liver Phase

The liver phase of malaria begins when the female anopheline
mosquito injects the sporozoite stage of the parasite into the human host during

a blood meal. After just a few minutes, the sporozoites arrive at the liver and

O

dependi the speeies P@ud f as 1
epending on the ; ndergo a process O exua

spl process " ) that results in the

reproduction ( known 8" CinZel m

ver the course of 5 to 15 days,

7/

production of as many#s 30 }9 12 asites, namely merozoites. It is

the merozoites that, opfc #€€86d ¢ liyety, carry the malaria infection into

the red blood cell ( afytidr: Ytey v \

1.2 Blood Phase

When nierbzeiies—are—reicased—from-the ifver into the blood stream,
|.-
asexual bloud—stagg reprodt r e 'c schizogony, has begun.

Parasite invasion of fedwblood cells wafolds in four steps: attachment of the

merozoite t@llu m:&,] n;j ﬂﬂ;ﬂlﬂjf the red blood cell,

invagipati ¢ ~ - pevasite i attached and
ST TR,

subs::ﬂtﬁmre opﬂ:nt of the merozoite, and the WE}L the erythrocyte

membrane around the parasite ( Aikawa et al., 1978 ; Perkins, 1989; Bannister
and Dluzewski, 1990 ; Wilson, 1990).
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After invasion, the parasite lies within a membranous parasitophorus
vacuole, where it synthesizes nucleic acids, proteins, lipids, mitochondria, and
ribosomes and assembles these components into new merozoites ( Ginsburg,
1990b ). The entire erythrocytic asexual cycle takes between two and three
days to run its course, depending on the species. Once merozoite assembly is
completed, the erythrocyte ruptu i and merozoites are released into the
\
Some merozoites, for

forms of the parasit( The. fa : Ots that determine the sex of the

NN
P.vivax) and 10 da;y / ,_; ‘, P *\:\\ of merozoites precipitates

malaria's classical pa .>'v‘ dache, myalgia, and malaise.

v 1\
m£. A du

1.3 Mosquito BRas@iaa. - 22

plasma, where they attac ytes and begin the process anew.

ood, differentiate into the sexual

gametocylte are u pment takes between 2 days (for

When wf ':‘1 mosquito's blood meal, a

number of factor @'ncenuauans of oxygen and

carbondio ‘ai factor, are thought to
cunmbut:‘tﬁl H ﬂmﬂlﬁ éim ﬁcrngammes are released
QT IEI N T g -
single Fhicrogamete results in fertilization and the formation of the ookinete.
The ookinete migrates to the wall of the mosquito midgut, where it penetrates
the peritrophic membrane and epithelium and comes to rest on the external

surface of the stomach. Over a period of days, this stage of the parasite matures

into an oocyst containing up to 10,000 motile sporozoites. When the oocyst
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ruptures, the sporozoites enter the mosquito circulation and travel to the salivary
glands, where they are injected into the human host when the mosquito feeds.
The number of sporozoites that enter the human host during a single blood meal

is thought to be highly variable.

The life cycle of Plasmodiym in the mosquito and man is shown in

Fig.3

AUEINENINYIAS
RN ITUNNINGAY
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PIAATUAMINYAE

Figure 3. The life cycle of the malarial parasite.
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2. Biochemistry of Malaria

The red cell receptor for P. falciparum is probably located on the
glycophorin ( Pasvol, 1984 ).  After invasion infected cell undergoes
considerable morphological and metabolic changes. These changes

to parasite biochemical activities

involving the biosynthesis DNA and RNA, carbohydrate
: 7 1sms The relatively recently

1 itro has greatly expanded

£ T AM Ctabﬂllsm

The biochefisyfy fof Jidlliria paresites in the erythrocytic phase
has been extensiv By, esmdn ( 1979; 1983; 1984 ) and

2.1 Carbe B

Tﬂwwwmﬂ?‘m glycogen or other

reserve polySdccharides, theref‘pre they rely on host supphed glucose. In P.

i B804 FHHTAE Y B B8 st vt o
develnp in_vitro when another sugar, such as galactose, mannose, maltose or
ribose are substituted. ( Geary et al., 1985a ). The end products of glucose
catabolised vary with the species of Plasmodium: simian and rodent
malaria infected red blood cells convert 70-85% of glucose to lactate, whereas

in red blood cells infected with avian malarial parasites, CO2, organic, and
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amino acid as well as lactate are produced ( Sherman, 1979 ; Homewood,

1980).

All species of malaria appear to posses the glycolytic enzymes of
the Embden-Meyerhoft pathway. All of the glycolytic enzymes have
not been identified in a single species ( Roth et al,, 1988) and therefore it

is an assumption

Plasmodium.

The pentose N --5‘-\ on parasitisation of the red
blood cells. The exi 1ces D hate dehydrogenase ( G6PD),
ns\to be further elucidated
( Hempelmann and , Usanga and Luzzatto (1985)
reported that P. . s own enzyme which can be
expressed in the G6PD deficiei red However, the second enzyme in the
pathway,  6-php ’T"_ﬁﬁ consistently identified in

malarial parasites @:l is diffe that of l@t red cells ( Sherman, 1979;

1984; Home ﬁﬂﬁd afideNeame, 19804, Thel]rﬁn?ng enzymes in the

I uamnm
q W’mﬁﬂim URIINYIQY

The parasite has no complete cycle of tricarboxylic acid. The enzyme
of the tricarboxylic acid cycle identified with some degree of certainly in
avian, human and rodent malaria is malate dehydrogenase ( Sherman, 1984:
Unnasch, 1992) . But, it has been reported that some strains of P, berghei
lack of enzyme malate dehydrogenase ( Homewood and Neame, 1980 ).
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Isocitrate dehydrogenase has been identified in P. lophurae ( avian malaria)
P. falciparum ( human malaria ) ( Vander Jagt et al., 1989 ) and P. knowlesi
( simian malaria ) ( Sahni et al. , 1992 ), but can not be detected in P.
berghei ( rodent malaria ). Succinate dehydrogenase activity has been found

in P. gallinaceum and P. lophurae ( avian malaria ), but not in P. berghei

2.2 Amino -Wietabo sQein Synthesis
e:;; - " amino acids for the

\\\x synthesis from folate
.\\ CO» fixation , which can

only supply a limite 7 L ; ©.2. glutamic acid. Only one of

( Sherman, 1979 ).

There
intraerythrocytic E

mediated reaction

the enzymes in the l?{ =3 7 ithway, namely phosphoenolpyruvate
ghei A Siu, 1967 ), however, the
i
Y rﬂ o
Blum and Ginsburg 3‘1984) (3) The free amino acid pools of the blood

ps o 51| B) TS e s i

supplied exo?ennusly are necgssary for parasite growth,, probably because
hemoaqnag méﬂ ﬂaﬁiﬂ&ﬂ&ﬂﬁ%ﬁlﬂﬁ E:lreased uptake of

various amino acids by malaria infected red cells has been reviewed by

carboxylase, has

presence of V?b orted in P. falciparum by

Sherman (1977). However the detailed mechanism of uptake should be
further studied. (4) The host cell Hb. Hb is likely to be the major source of
amino acids for parasite protein synthesis. It is ingested via the cytostome and

then the food vacuoles at the base of the cytostome vacuole containing the
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protein are pinched off. The degradation of Hb in the food vacuole take
place by at least 2 catalytic enzymes : cathepsin D ( Sherman and
Tanigoshi, 1981 ) and aminopeptidase ( Vander Jagt et al.,1984 ). The food
vacuoles contain the degradative products of hemoglobin with electron
particle, namely malarial pigment ( or hemozoin). It has been suggested that

the food wvacuole is lysosomal,%

V}h (Sherman, 1983 ).
Wi

15 of dlalatiddppears to be typically eukaryotic: the

The protein ;

W

‘Whieh “hiave a sedimentation constant of

parasite has its ow

i |
A1

b

80S and can be disg ISy the synthesis is inhibited

by cycloheximide Ot “Choramphenicol or streptomycin

( Sherman, 1979 )4 Most preite alciparum are reported to be

L« e

synthesized by eveyl §ia gﬁé é unchanged the cycle through

to the ring stage ,.G_E_

mnvasion of the red cells. Some

proteins synthesizgd _a dent-on the stages of the parasite

( Myler et al,, 198895, Y

J U
STy
Q R AETBHU U W B E o s

change in the phospholipid to cholesterol ratio which is associated with
parasite membrane (Holz, 1977). It is found that malaria does not synthesize
cholesterol and fatty acids de novo ( Vial et al., 1984: Holz, 1977 ). In
falciparum malaria cholesterol is probably obtained preformed from the

host ( Vial et al,, 1984 ). The parasite obtains free fatty acids from the host
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plasma ( Holz, 1977; Sherman, 1979; Homewood and Neame, 1980 ). The
parasite shows its ability to synthesize phospholipid de novo from their
precursors such as palmitate, serine, choline, inositol and glycero - 3 -
phosphate in P.falciparum ( Vial et al., 1982a ) and in P. knowlesi ( Vial et
al., 1982b ). The metabolism of phospholipid in P. falciparum is a unique

pathway and may constitute a poteptially fruitful chemotherapeutic approach to

\\\:\1 ff
synthesize fatty acids @&=novo frome, but they can incorporate

malaria ( Vial et al., 198z gfugalso appear to lack the capacity to

iy Lhereby maintaining a lipid fartty

7 'j'\\\

exogenous fatty aci
acid composition disg ohl ( Vial et al., 1990 ).

2.4 Genon

Malaria parasites® ukaryotes which are haploid for
their life cycle, with_agbrief diploid ior to meiosis in the mosquito
vector. The 'l:r— &\ f' base pairs of DNA. It
is unusual that 1tma5 extremely low ( G+C ) cﬂﬂent P. falciparum |,

P. berghei aﬁ Pgﬁm ﬂ%lﬂ mﬂ Td P. fragile 30 %.

P. cynomolgigand P. vivax w1th multiple bands in addmon to the two major
s L) P DM B PR vitimson
al. ,(1985) reported that Pknowlesi has ( G+C ) content of 38 %. It was
also found that the repeat element is present in malaria DNA at a very high
copy number and appear to be distributed widely throughout the genome
( Goman et al., 1982; Guntaka et al,, 1985) as found in all of the eukaryotic

genome.
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There are three genomes in Plasmodium ( Wilson et al., 1991 ). (1)The
nuclear genome contains 14 chromosomes. The technique of pulse field gel
electrophoresis has allowed researchers to visualize the chromosomes,
which range in length from 600 to 3,500 kilobases. Genes for various

parasites proteins has been . ad on individual chromosomes ( Kemp_ et

itoch yéome, known as the 6 kilobase (Kb)

tandemly repeated -@iSHEic: ,-- genes of subunit I , III of

and fragmented rRNA genes.

al., 1985, 1987b ). (2)

cytochrome oxidase
(3) 35 Kb circular v all ribosomal RNA genes,
transfer RNA genegdfind’ o€ -b ﬁ, 7 e x and rpo C subunits of RNA
polymerase.
2.5 Pyrimidi Purine Salvage
There arest ‘3 e and pyrimidine bases,
nucleosides and nuEeaudes for nucleic acid syﬂ‘n&sls by the intraerythrocytic

parasite : S)FTIﬂsE]orJ WEI Wﬁﬁ ﬂlﬁ materials from outside

the cell. Malfdria parasites cannot symhes:ze purines dg_nﬂm and must obtain

oer Q18 B (35 3041) BB oBdines om s

host ;?lﬂsma and from adenosine metabolism ( involving 2 enzyme :
adenosine deaminase and purine nucleoside phosphorylase ), appears to be
the major purine base salvaged by P. falciparum ( Webster and Whaun, 1981a;
1981b ). The purine metabolism pathway in the malaria parasite is well

characterized, from hypoxanthine to both guanosine and adenosine nucleotides
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( Webster and Whaum, 1981a; 1981b; 1982 ). At least 6 enzymes involving
in purine metabolism have been identified in P. falciparum ( Reyes et al.,
1982 ). Some of the enzymes are well characterized e.g. adenosine
deaminase of P. falciparum ( Daddona et al., 1984 ) and of P. lophurae
(Schimandle et al., 1983), purine nucleoside phosphorylase of P. lophurae

( Schimandle et al,, 1985 ).

Malaria parasi : ke 1 exogenous pyrimidines, and
must synthesize them 1¢roan. :f-: Thymidylate (TMP ) is the
precursor of nucleicgfiCide 5 ,. precursor is in  turn
2 y necessary for the de novo
rchm extract ( Hill et al..
Reyes et al., 1982; Scott gt
e novo pyrimidine biosynthetic
pathway is well defined 1o - } abolic_pathway in P. falciparum
(Hammond et _al.. srm—’?‘g phosphoribosyltransferase

and oroditylate dx:c xylase, are well characterized in P. falciparum (Rathod

17121 )3 e L p e
aoQ HARLASDI 1N INY 1A 8

2.6 Energy Transformation and Mitochondria

There has been considerable debate about whether the erythrocytic

stages of mammalian malaria parasite posses mitochondria, the energy
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B ey 51
producing organelles essential for all life forms. The falciparum parasite uses
glucose as its primary energy source. In fact, glucose utilization is
significantly greater in the infected erythrocyte than in the uninfected cell.
Progress has been made in characterization of all enzymes involved in
glycolysis in P. falciparum ( Roth et al., 1988; Roth, 1990 ). However, there

is no evidence supporting the presence of a tricarboxylic acid cycle, a key

energy producing process

The presenc ondria il the ST¥throcytic asexual stages of P.
falciparum has receny > actual function is not well
understood ( Divo ¢ es in the molecular biology of

the mitochondria DNg help to untravel the role

of the mitochondria ey ;- —al 1988)). Antibiotics used to trear
R 2 \
falciparum infection, sugh dsiths. et ines, clindamycin, and erythromycin,

ent of parasite mitochondria

appear to work by bloeking e de
( Prapunwattana @w—_—:’ this regard is the recent

finding that mltuchEdna ONA of P falciparumgncodes an RNA polymerase

mmmmﬁ o —
‘“‘&Wﬁﬁ%ﬂ‘im um'mma g

The erythrocytic stages of many mammalian malaria parasites appear
not to derive their metabolic energy through classical electron transport.
The mitochondria may participate in ion transport, but the role of the organelle

in metabolism is unclear. It is not known whether components analogous to



22

those present in the mammalian terminal electron transport system function in
the malaria parasite, and for what purpose, since the organism, like many other
parasitic protozoans and all parasitic worms so far studied has rather limited
terminal respiration ( Scheibel, 1988 ). Mammalian malaria parasites are
aerobic fermenters, capable of partially decomposing metabolic substrates to

fermentation products, but are ugable to oxidise them completely to carbon
\|

dioxide and water. Since A !; nnt completely metabolised, it

m@ absent or rate limiting in the

§ fhegyiew that malaria parasites are

heibel et al., 1979 ).

would appear that tegg
parasite.  Available

microaerophilic, horg

ﬂ‘IJEJ’JVIEWI?WEJ’]ﬂ‘i
Qﬁﬂﬁ\ﬂﬂ‘imuﬁﬂﬂmﬁﬂ



AIM OF THE THESIS

In this thesis, the enzyme succinate dehydrogenase in P. falciparum

AULINENINYINS
AR TN TN
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