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Abstract Malaria remains a major parasitic disease in the tropical and sub-tropical
countries mainly due to dramatic increase in parasite lines resistant to commonly
used anti-malarials. Characterization of novel metabolic pathways in the parasites
and understanding their functional role is a prerequisite to design new anti-malarial
strategies. Parasite proteases play key role in growth and differentiation of all the
developmental stages across the parasite life cycle and present the most promising
targets to develop new drugs against malaria. In Plasmodium falciparum genome
database a total of 123 proteases are identified; these proteases belong to five differ-
ent clans: Cysteine, Aspartic, Serine, Metallo-, and Threonine. Some of the most
studied parasite proteases are those that are functional in the asexual blood stage
cycle. Starting with the processing of key parasite ligand in merozoite, the invasive
form of blood stage parasite, degradation of host hemoglobin in food-vacuole, regu-
lation of levels of key metabolic pathways in cytosol and cellular organelles, degra-
dation of misfolded and unused proteins, and rupture of host membrane for egress
of daughter merozoites is mediated by these proteases. Here we discuss roles of
some of the parasite proteases involved in various steps of the parasite intra-
erythrocytic cycle.
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1 Introduction

The phylum Apicomplexa includes various protozoan pathogens causing major par-
asite diseases in the developing world; the most important of these diseases is malaria
which causes about 1 million deaths globally per year [1]. Malaria is caused by five
different species of genus Plasmodium: P. falciparum, P. vivax, P. malariae, P.
ovale, and P. knowlesi; among them P. falciparum is responsible for the most deadly
form of malaria infections. Plasmodium has a complex life cycle which is completed
in three major phases in two host systems. Infection in humans begins with a bite of
infected female Anopheles mosquito that injects invasive form of the parasite, spo-
rozoites, which reaches to liver hepatocytes. The sporozoite enter and exits several
hepatocytes by ripping through the plasma-membrane before finally infecting one of
the host cell. In the infected hepatocytes the parasite resides in a parasitophorous
vacuole (PV), undergoes multiple rounds of mitotic nuclear division and organelle
division and subsequently large number of merozoites are formed which are released
into the blood stream. Merozoites are the blood stage invasive forms that initiate the
asexual blood stage cycle. These merozoites invade the host erythrocyte and reside
in the parasitophorous vacuole, wherein it develops into a ring stage form which then
subsequently grows to develop into trophozoite and then divides many times to
develop into schizont, which then ruptures releasing the newly formed merozoites
into the blood stream to continue the cycle. During the asexual cycle some of the
parasites differentiate into male and female gametocytes which are taken up by the
mosquito during blood-meal. Within the mosquito mid-gut, the gametocytes develop
into male and female gametes which undergo fertilization; the zygote formed subse-
quently develops into motile ookinete. The ookinete burrows itself into the mid-gut
wall and encyst on the basal lamina. The oocysts undergoes meiosis and divide to
form large number of sporozoites that then invade salivary glands from where they
can be again injected into human host. The blood stage asexual cycle is responsible
for all the clinical symptoms and pathogenicity in humans; therefore the blood stages
of the parasites are the target of most of the drug/vaccine development programs.

In light of rapid increase in parasite populations that have multi drug resistance,
there is a need to develop new drug targets against the malaria parasite. Recent devel-
opments in the fields of genomic, proteomics and metabolomics research have helped
to identify new drug targets. Since it is possible to develop specific inhibitors for
proteases that can target the defined active sites, the malarial proteases are among the
leading potential targets for developing new modes of chemotherapy [2—4]. The
detailed genomic studies have identified a total of 123 proteases in P. falciparum
genome [5, 6]. A number of these proteases are shown to be involved in the media-
tion of processes within the erythrocytic cycle; these processes include: rupture of
host erythrocyte and egress of merozoites; invasion of merozoites into host erythro-
cytes; degradation of host hemoglobin etc. Functional importance of parasite prote-
ases have been highlighted by detailed studies, which supported their potential as
drug targets. Indeed a number of inhibitors have been designed against cysteine and
aspartic protease of the malaria parasite with aim to develop as new anti-malarials.
These studies identified lead compounds that can block in vitro parasite development
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Fig. 1 Asexual erythrocytic cycle of malaria parasite: major developmental stages are depicted
and important roles of parasite proteases during these steps are indicated

at nanomolar concentrations and have cured malaria in animal models [7-9]. In this
chapter we summarize the role of proteases in the Plasmodium asexual life cycle and
their potential scope to be developed as drug targets. Two major steps in the asexual
life cycle of Plasmodium that are majorly dependent on proteases are merozoite inva-
sion and their egress from host erythrocyte; in addition, degradation of host hemo-
globin in food vacuole, an essential step in establishment and growth of parasite in
the host erythrocyte, is also depends upon various classes of parasite proteases.
Proteases in specific cellular organelle and in the cytosol of the parasite also play
important role in regulating a number of metabolic pathways and cell cycle (Fig. 1).

2 Role of Proteases During Merozoite Invasion
into Host Erythrocyte

Invasion of red blood cells by the malaria merozoite is the first and essential step in
the asexual blood stage life cycle of the parasite. The molecular details of invasion
of apicomplexan parasite into host cells are only recently becoming understood, and
each of these steps is considered as targets of new drug and vaccine development.
On coming in contact with the host erythrocyte, P. falciparum merozoite re-orients
itself such that the apical pole of the parasite points towards and interacts with the
host erythrocyte membrane. Two different sets of protein play important role during
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interaction of host erythrocyte and merozoites: proteins on the surface of the mero-
zoite that are possibly involved in weak initial attachment with the RBCs; and pro-
teins that are released from the apical secretory organelles of the merozoite, the
rhoptries, micronemes, exonemes and dense granules, which are involved in sec-
ondary interactions [10]. After merozoite reorientation, the apical organelles release
their protein content in sequential manner in response to a calcium-mediated signal
[11, 12], most of these released proteins are mobilized to the parasite surface. On
the surface, these parasite proteins make high affinity interactions between the para-
site and host surfaces. A tight junction forms between the parasite and host, which
translocates towards the rear of the parasite via interactions between the microneme
proteins’ cytoplasmic tails and a cortical parasite actin-myosin system [13, 14]. The
role of parasite proteolytic enzymes in these critical steps in the life cycle of
Plasmodium has been studied extensively. The bulk of the evidence indicates a
prime role for serine proteases of the subtilisin and rhomboid families in these steps;
these proteases act primarily as maturases and ‘sheddases’, which are required to
process, activate and ultimately remove ligands involved in interactions with the
host cell. Processing of some of the major merozoite surface and apical proteins,
which play key role in invasion, is mediate by different proteases which points
towards the importance of proteases in invasion process. Processing and maturation
of some of these important proteins is described here (Fig. 2) (Table 1).

2.1 Merozoite Surface Proteins

The Merozoite Surface Protein-1 (MSP-1), is a GPI anchored protein present in a
large protein complex on the surface of Plasmodium merozoites [15]. It is suggested
to be involved in initial low-affinity binding of the parasite to the host cell, and has
been long considered to be a good vaccine candidate. MSP-1is initially expressed as
a protein precursor of ~195 kDa, and is subjected to primary processing which is
thought to take place whilst the parasites are developing within the host cell rather
than during invasion itself. After signal peptide removal and GPI anchor modifica-
tion, primary processing in P. falciparum results in the full length gene product
being cleaved into four subunits known as MSP- 153, MSP-15y, MSP-155, and MSP-1,,
(in order from the N- to C-terminus of the original gene product and so named based
on their molecular weights) [16]. These fragments are bound together non-covalently
in a complex, the MSP-1,, fragment remains attached on the surface of the merozo-
ite anchoring the complex in the membrane via its GPI anchor. During invasion
MSP-1y, is proteolytically cleaved into two fragments (called MSP-13; and MSP-1,9)
in what is known as secondary processing. This processing result in the release of
the MSP-1 complex from the parasite surface-an event which appears to be impor-
tant, as only the post-processing stub (MSP-1,¢) appears to be able to penetrate the
moving junction and still be localized to the parasite surface after invasion is com-
plete. The role of proteases in MSP-1 processing as well as shedding has been the
subject of intense studies. The first step towards identification of the MSP-1 shed-
ding protease was the observation that this activity is calcium dependent; sensitive
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Fig. 2 (a) Structure of the Merozoite, the invasive form of asexual erythrocytic cycle of the
malaria parasite, showing specialized apical organelles involved in invasion. (b) Structure of
Trophozoite stage of the parasite in the host erythrocyte; different sub-cellular organelle of the
parasite are shown

to the serine protease inhibitors PMSF and DFP, and also that the protease respon-
sible is bound to the parasite plasma membrane when the processing event occurs
[17]. Two other important merozoite surface proteins, MSP-6 and MSP-7, also get
processed in the parasite. The precursor MSP-6 protein is N-terminal processed to
generate MSP-6;4. Similarly the precursor MSP-7 protein is N-terminal processed
to generate MSP-7;;. The MSP-7;; gets further cleaved to generate MSP-7,, and
MSP-7,; fragments [18, 19].

2.2 Merozoite Apical Proteins

The P. falciparum apical membrane antigen-1 (AMA-1), another long-time vaccine
candidate in Plasmodium is also shed during invasion and, as for MSPI, anti-AMA-1
antibodies and small peptide based inhibitors that block this processing impede
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Table 1 Important parasite proteases involved in processing of merozoite proteins at the time of
invasion into host erythrocyte

Protease  Possible important substrates ~ Localization of substrate in the parasite  Reference
Subtisin-1 (PfSUB1)
MSP-1 Merozoite surface [31]
MSP-6 Merozoite surface [31]
MSP-7 Merozoite surface [31]
MSP-9 Merozoite surface [31]
SERA4 Parasitophorous vacuole [31]
SERAS Parasitophorous vacuole [32]
SERA6 Parasitophorous vacuole
RAPI Apical-rhoptries 31]
Rhop3 Apical-rhoptries [31]
Subtilisin-2 (PfSUB2)
MSP-1 Merozoite surface [34]
AMA-1 Apical-microneme [34]
PTRAMP Apical-microneme/merozoite surface [35]
Rhomboid protease-1 (PfROM1)
AMAL1 Apical-microneme [55]
Rhomboid protease-4 (PfROM4)
MTRAP Apical-microneme/merozoite surface [55]
EBA-175 Apical-microneme [56]
BAEBL Apical-microneme [55]
JESEBL Apical-microneme [55]
MAEBL Apical-rhoptries [55]
Rh1 Apical-rhoptries [55]
Rh2a Apical-rhoptries [55]
Rh2b Apical-rhoptries [55]
Rh4 Apical-rhoptries [55]

merozoite invasion [20, 21]. While analyzing the activity responsible for PFAMAI
shedding, Howell et al. discovered that PFAMAI is shed by a protease with the same
characteristics and inhibition profile as that responsible for MSP-1 shedding [22, 23].
They concluded that the same protease, named Merozoite Surface Sheddase
(MESH,) (which was later defined as Subtilisins) is responsible for the shedding of
the two proteins (Fig. 3).

2.3 Role of Subtilisin-Like Serine Proteases During Invasion

The vital role of MESH during invasion of RBCs by the merozoites led investigators
to search for candidate proteases in Plasmodium. The subtilisin-like family of pro-
teases emerged as primary candidates owing to their calcium dependent serine pro-
tease activity and late stage expression pattern; characteristics’ similar to that of a
putative MESH. Three P. falciparum genes encoding products belonging to the
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Fig. 3 Primary Structure and processing of P. falciparum merozoite surface/apical proteins:
MSP-1, MSP-6, MSP-7 and AMA-1. The primary precursor MSP-1 protein contains a number of
variable, conserved and semi-conserved regions. Primary processing of this protein generate frag-
ments of different sizes labelled as MSP-1g3, MSP1-3,, MSP1-33 and MSP1-4,; during invasion the
MSP1-4, gets further cleaved into MSP1-;; and MSP1-4 [16]. The precursor MSP-6 protein is
N-terminal processed to generate MSP-64. Similarly the precursor MSP-7 protein is N-terminal
processed to generate MSP-7;;. The MSP-7;; gets further cleaved to generate MSP-7,, and MSP-
711 fragments [18, 19]. AMA-1 is expressed as 83 kDa precursor protein consisting of N-terminal
pro-sequence and a C-terminal trans-membrane region. In the micronemes the pro-sequence is
cleaved off leaving 66 kDa protein containing three domains (/, /I and /II) attached to the mem-
brane and is released on the merozoite surface. The 66 kDa is shed by juxtamembrane cleavage
releasing 48 kDa fragment; further processing of this 48 kDa within the Domain /II generate
44 kDa fragment which remains attached to the small polypeptide comprising the remainder of
domain //] via a intra-molecular disulfide bond [22, 23]

superfamily of subtilisin-like serine proteases, or subtilases, have been identified.
Two of these genes, pfsub-1 and pfsub-2, were discovered and their gene products
partially characterized some time ago [24, 25], whereas the presence of a third gene,
pfsub-3, was revealed only by the P. falciparum genome project [26]. Both PfSUB-1
and PfSUB-2 are expressed in asexual blood stages and the mature enzymes accu-
mulate in the apical regions of the merozoite. PfSUB1 is localized in special apical
secretory organelles, the exonemes, and gets released in response to a calcium
dependent signal into the parasitophorous vacuole just prior to schizont rupture and
merozoite release [27, 28]. Selective inhibitors of PESUB-1 do not inhibit shedding
of MSP-1 or AMA-1, formally ruling out any involvement of PfSUB-1 in this
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process [29]. However, this inhibits egress of blood-stage P. falciparum, suggesting
that PESUB-1 is essential for parasite growth. The major role of PESUBI is process-
ing of another protease PEFSERAS which is essential for parasite egress (as discussed
later in this chapter). Nevertheless, it was later shown that PfSUB1 is required for
pre-processing of MSP-1 along with MSP-6 and -7 prior to schizont rupture [30].
Global proteomic studies also identified several of merozoite surface and apical
proteins [31] Overall, these and subsequent studies showed that the PESUB1 thus
plays an important role not in the actual invasion process but in priming the mero-
zoites for invasion prior to their release from the schizont [29, 32, 33].

Another plausible candidate for a MESH, that is PfSUB2; a type I integral mem-
brane protein, was identified by two research groups simultaneously [24, 25].
PfSUB2 represents a different sub class of eukaryotic pro-protein convertases as its
deduced active site sequence resembles more with the bacterial subtilisins.
Molecular modeling studies of PfSUB2 catalytic domain co-related with its pro-
posed substrate specificity [24]. Further, PfSUB2 localization to the dense granules
in merozoites made it an ideal candidate protein to function as MESH [23, 24].
Later it was shown that PfSUB2 localizes to the micronemes and is released just
after schizont rupture to relocate to merozoite plasma membrane. In the same study
it was shown that PfSUB2 specific peptide based inhibitor derived from its pro-
domain can block MSP-1 and AMA-1 shedding [31]. Another study has shown that
apart from MSPland AMA-1, the PfSUB2 also mediate shedding of another inva-
sion related protein, PTRAMP [34, 35]. Like PfSUB-1, PESUB2 appears essential
for blood-stages of the parasite as attempts to disrupt the sub2 gene in the rodent
malaria P. berghei have been unsuccessful [36]. Recently Alam et al. have charac-
terized PfSUB3 from Plasmodium falciparum [37].

2.4 Other Invasion Related Proteases: SERA-5,
ABRA and Rhomboids

Another important protease family that plays important role in parasite invasion is
the Serine repeat antigen (SERA) family. The human malarial parasite Plasmodium
falciparum possesses nine SERA proteins, which belongs to cysteine protease fam-
ily. Of these nine SERA proteins, six contains serine at active sites (serine-type)
(SERA1 to SERAS and SERAY) and three have cysteine at the active sites (cysteine-
type) (SERAG to SERAS8) SERAs. Miller et al. tried knocking out eight of the nine
SERAs located as a cluster on chromosome 2, the peripheral genes SERA-2, -3, -7
and -8 were dispensable the central genes, SERA-4, -5 and -6 remained refractory
to deletion [38]. Joanne E. McCoubrie et al. then later tried knocking out four “ser-
ine type” SERA proteins; SERA1, SERA4, and SERA9 knockout lines were gener-
ated successfully, while SERAS, the most strongly expressed member of the SERA
family, and SERAG6 remained refractory to genetic deletion [39]. Serine repeat anti-
gen-5 (SERA-5), also referred to simply as SERA, was initially identified as an
abundant component of the PV that was shed in a soluble form at merozoite release.
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Fig. 4 Primary Structure and processing of SERAS during egress of P. falciparum merozoites
from host erythrocytes. The precursor SERAS5 (P126) is localized in the parasitophorous vacuole.
Cleavage by PfSUB1 at two sites releases P56 which contains a central protease domain. The other
two terminal fragments generated (P47 and P18), remain attached with each other due to disulfide-
bond; this complex gets attached to the merozoite surface. The P56 fragment plays a proteolytic
role during egress; later the P56 fragment is truncated by an unknown cysteine protease to modu-
late its function, perhaps by inactivation [11]

This and subsequent work [11] indicated that SERAS was subjected to complex
proteolytic processing, and that antibodies against it could interfere with merozoite
release and erythrocyte invasion [40]. The central region of the molecule shared
homology with the papain-like cysteine protease family, with the significant differ-
ence that the residue at the position of the active-site cysteine was replaced in
SERAS with a serine [41]. It is suggested that SERAS can act as a protease despite
its unusual active-site serine; recent studies showed that recombinant SERA-5 pos-
sesses autolytic activity, as well as chymotrypsin-like protease activity in trans
against peptide substrates (Fig. 4) (Table 2) [42].

The probable role of SERAS in invasion process is pointed out by processed pro-
teolytic fragments derived from the N- and C-terminal regions of SERA-5, which
associate with the merozoite surface [43, 44]. The significance of this is unclear, but
it has been suggested that SERA-5 may play a role predominantly in merozoite
release rather than invasion [42]. Later studies have linked the processing PESERAS
in the parasitophorous vacuole and rupture of PVM during egress [33, 45]. Indeed,
inhibition of processing of SERAS shown to block the rupture of schizonts and
release of merozoites [28]. Another member of this family, SERA-6 is also localized
in the parasitophorous vacuole also gets processed by PfSUB1 to become active pro-
tein; SERAG is also associated with egress and is essential for parasite survival [46].
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Table 2 Important parasite proteases that play critical role in different steps of the asexual
erythrocytic life cycle

Class/name Localization Reference
Invasion
Subtilases
SUB2 Microneme [35, 36]
SUB3 * [37]
Rhomboids
ROM1 Microneme [55]
ROM4 Merozoite surface [55]
SERAS Parasitophorus vacuole [38]
ABRA Merozoite surface/PV [50]
Falcipainl Dense granules [60]
Egress
SUBI Exoneme [29]
DPAP3 *(PV) [32]
Plasmepsin 11 Food vacuole/PV [64]
Falcipain 2 Food vacuole/PV [66]
Hemoglobin degradation
Plasmepsins
Plasmepsin I Food vacuole [71]
Plasmepsin 11 Food vacuole/PV [64]
Plasmepsin IV Food vacuole [71]
Histo aspartic protease Food vacuole [71]
Falcipains
Falcipain 2 Food vacuole/PV [66]
Falcipain 2’ Food vacuole [74]
Falcipain 3 Food vacuole [74]
Falcilysin Food vacuole/apicoplast/mitochondrion [78]
DPAPI Food vacuole [156]
Aminopeptidases
MIAAP Food vacuole/PV [103]
MI17AAP Cytosol [101]
MI18AAP Cytosol [105]
Organelle proteases
Mitochondrial proteases
ClpQ Mitochondria [116]
Falcilysin Food vacuole/apicoplast/mitochondrion [78]
Apicoplast proteases
ClpP Apicoplast [30]
Falcilysin Food vacuole/apicoplast/mitochondrion [78]
Stromal processing peptidase Apicoplast [128]
ER
Plasmepsin V ER [155]
Signal peptide peptidase ER [152]
Other cellular proteases
Proteasome Cytoplasm
UCHL3 Cytoplasm [140]
UCH54 Cytoplasm [140]

*The localization of that protease in the parasite is not known
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Another P. falciparum merozoite peripheral surface protein proposed to mediate
serine protease activity is known as acid basic repeat antigen, or ABRA. P. falci-
parum ABRA is a protein of about 100 kDa in size that accumulates during schizont
maturation in the PV in a soluble form, but is also bound to the merozoite surface.
Its name is derived from the presence within its sequence of two regions of highly
charged tandem peptide repeats. The primary structure does not contain recogniz-
able sequence motifs characteristic of major serine protease clans. The first suspi-
cions that ABRA might be a protease came from the observation that the purified
parasite protein consistently exhibited chymostatin-sensitive protease activity [47].
Recombinant ABRA produced in bacteria also appeared to possess proteolytic
activity and the catalytic region was mapped to the N terminal domain of the protein
that contains a serine residue, Ser317, previously proposed on the basis of sequence
comparisons to be the active-site serine [47—49]. Possible role of ABRA has been
suggested in erythrocyte binding during invasion [50]; however, importance of the
predicted active-site Ser317 is not very clear. Clear orthologues of ABRA have been
identified in P. vivax and two simian malarias [51] but an alignment of these
sequences with that of ABRA shows that Ser317 is not conserved across species,
being replaced by Glu in all the other sequences. It was found that disruption of the
gene encoding MSP-3 resulted in the expression of truncated protein, which pre-
vented trafficking of both MSP-3 and ABRA to the parasitophorous vacuole and
merozoite surface [52]; however the resulting transgenic parasites lacking surface
forms of both MSP-3 and ABRA were still capable of in vitro growth, which sug-
gest that ABRA may not be playing a direct role in merozoite invasion.

As mentioned above, shedding of at least some Toxoplasma tachyzoite micro-
neme proteins is mediated by a protease activity with the characteristics of rhom-
boids, which cleave within the TMD of integral membrane proteins [53]. Genes
encoding rhomboid-like proteins are evident in the annotated P. falciparum genome
[5, 6]. Earlier studies indicated that an activity of this nature may be present at the
merozoite surface [54]. Later detailed studies using mammalian expression system
showed that Plasmodium falciparum rhomboid protease PFROM-1 may be involved
in cleavage of PFAMA-1 whereas PFROM-4 may be also involved in cleaving diverse
adhesins including TRAP, CTRP, MTRAP, EBA-175, BAEBL, JESEBL, MAEBL,
Rh1, Rh2a, Rh2b, and Rh4 [55, 56]; it was also shown that this cleavage relied on the
adhesin transmembrane domains. However, later ROM-1 was shown to play role in
sporozoite stage invasion and establishment of parasite into host hepatocyte [57, 58].

Another important parasite protease for which experimentally demonstrated link
with invasion was shown is the Falcipain-1, an important cysteine protease of the
parasite. Falcipain 1 was the first identified member of a small family of papain-like
Plasmodium cysteine proteases; it was originally characterized as being primarily
involved in haemoglobin catabolism during intra-erythrocytic growth [59]. However,
studies with a radiolabelled cysteine protease chemical probe demonstrated, con-
trary to what would be predicted of a haemoglobinase, the Falcipain-1 expression
peaks in merozoite and ring (the newly invaded parasite) stages of the erythrocytic
cycle [60]. Indeed the enzyme was also localized at the apical end of the merozoite
[60]. Treatment of cultures with falcipain 1 inhibitors derived from a positional
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scanning peptidyl epoxide library had no effect on intracellular growth of the para-
site but appeared to very effectively prevent invasion by released merozoites, lead-
ing to the proposal that this protease has an important role in invasion. Some doubt
was cast on this interpretation, however, by the recent demonstration that disruption
of the P. falciparum falcipain-1 gene has no detectable effect on replication of asex-
ual blood-stage parasites [61]. Although it is possible that up-regulation of other
proteases may have compensated for the absence of Falcipain-1 in the knockout
parasites, this work however proves that Falcipain-1 is not absolutely essential for
replication of the asexual blood-stage parasite. As a result—and although its func-
tion remains obscure—the protease is unlikely to be considered a good target for
anti-malarial drug development.

3 Role of Proteases During Rupture of Host Erythrocyte
and Merozoite Egress

Rupture of host erythrocyte membrane and egress of merozoite into host milieu is a
complicated process involving many steps; role of several and different classes of
parasite proteases is suggested among these steps. In the early 1980s, the role of pro-
teases in the mechanism of egress was pointed by Banyal et al. [62]. A number of
serine and cysteine inhibitors have been studied for their effect on the egress of
P. knowlesi merozoites. It was observed that mature schizonts accumulated upon
treatment with a mixture of leupeptin, Chymostatin, antipain (a serine and cysteine
protease inhibitor) and pepstatin (an aspartic protease inhibitor). Detailed studies
showed that the process of egress is a two-step process, involving primary rupture of
the parasitophorous vacuole membrane followed by a secondary rupture of the eryth-
rocyte plasma membrane [63]. Using specific inhibitors and transgenic lines express-
ing GFP in different compartment of the infected erythrocyte, it was shown that the
each step is mediated by distinct proteases; the primary vacuolar lysis step can be
inhibited by cysteine protease inhibitors E-64 whereas the leupeptin and antipain can
inhibit secondary erythrocyte rupture step [63]. Overall the egress may involve sev-
eral proteases and their sequential processing by other enzymes. Proteases that have
been implicated in parasite egress are: (1) aspartic proteases e.g. Plasmepsins and
histo-aspartic proteases [64] (2) cysteine proteases e.g. falcipains [65, 66] (3) dipep-
tidyl peptidase 3 (PfDPAP3) [32] (4) Serine Repeat Antigens (SERAs)[38, 67]; and
(5) serine protease subtilase 1 (PfSUB1) in the subtilisin S8 family [29].

The Plasmodium aspartic and cysteine proteases (plasmepsins and falcipains
respectively) have been shown to function primarily as hemoglobinases in the para-
site food vacuole as discussed later in this chapter. However, some evidence points
towards their dual functionality as some members being also involved in the process
of parasite egress from the host erythrocytes. The ability of Plasmepsin II to digest
the host RBC cytoskeletal proteins like spectrin and actin and its localization in the
host RBC cytosol outside the parasite provided the first indication towards this dual
functionality and the possible involvement of food vacuole protease in the process of
egress [64]. Similarly, Falcipain-2 was also demonstrated to be able to digest ankyrin
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and protein 4.1 at neutral pH [68, 69]. Further Dhawan et al. were able to inhibit the
activity of recombinant Falcipain-2 using a peptide based on the cleavage site in
ankyrin [65]. Transient silencing of Falcipain-2 also caused inhibition or merozoite
egress in P. falciparum [70]. Subsequent gene disruption studies have shown that
neither Plasmepsin II nor falcipain 2 is essential in asexual blood stages, and the
knockout lines showed no defect in parasite egress from the host RBC [71-74].
However, the loss of falcipain2 was accompanied by an increased transcription of
another similar gene falcipain 2’ [72]. The role of these proteases in egress cannot be
completely ruled out but it is clear that there is some degree of redundancy involved
which requires further attention. DPAP3 is a cathepsin-like cysteine protease identi-
fied as an important protease required for egress in an inhibitor based screening [32].
In the same study it was found that the inhibition of DPAP3 caused loss of
PfSUB lindicating that it may be playing a role in PESUBI1 folding and activation
and the inactive forms of PfSUB1 might be rapidly degraded. As described above,
PfSUBI is released from the exonemes just prior to schizont rupture in response to
a calcium dependent signal into the PV where it carries out cleavage of SERA-5
along with other SERA proteins [29] which subsequently play key role in egress.

In addition to the parasite proteases, a host calcium-dependent protease,
Calpain-1, is also required for efficient parasite egress of Plasmodium and
Toxoplasma [75]. A cysteine protease inhibitor (DCG04) does not affect the parasite
growth but prevents the release of parasite from the host cell. Selective extraction of
treated cells identified host Calpain-1 as the target of this inhibitor. Calpain-1 is
shown to be present in the cytoplasm of the infected host cell until the schizont stage
of parasite growth, subsequently it shift to the membrane, indicating calcium bind-
ing and activation. Calpain-1 removal from erythrocytes prevented parasite egress
and led to the growth arrest in the schizont stage, whereas reconstitution with
recombinant calpain-1 could restore normal growth development.

4 Hemoglobin Degradation: Food Vacuole Proteases

Plasmodium parasite possesses a limited capacity for de novo synthesis of amino
acids; the cellular amino acid pool in these parasites is thus derived from host cell
hemoglobin after its degradation in a specialized form of lysosome called the ‘food
vacuole.” Apart from being a nutrient source degradation of hemoglobin is also
important to maintain the osmotic integrity of the infected red blood cell. The food
vacuole is an acidic compartment with pH around 5.2. Hemoglobin degradation is
carried out by several vacuole-located proteases in a semi-ordered fashion. The pro-
cess starts with an attack on the native hemoglobin. Enzymes capable of such attack
include the aspartic proteases plasmepsin-I and plasmepsin-II, which cleave the
alpha chain of hemoglobin, breaking the structure and exposing several other sites
making it prone to other proteases’ attack. Further degradation process is carried out
by the aspartic protease plasmepsin 4 (a histo-aspartic protease) and three falcipain
proteins (falcipain 2, falcipain-2’ and falcipain-3), resulting in peptides that are
larger than 20 amino acids in length. It has been suggested that falcipain 2 and 3 are
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also capable of attacking the native hemoglobin so may participate at the very first
step [61, 70, 72, 76, 77]. These peptides in turn are degraded by other peptidases
that breaks these peptides to smaller ones, around 5—8 amino acid in length. One of
the candidate protease for this step is falcilysin, a zinc metalloprotease localized to
multiple parasite compartments and proposed to play diverse function [78]. The
final step within the food vacuole is catalyzed by dipeptidyl aminopeptidase 1, an
enzyme that produces dipeptides.

4.1 Plasmepsins

The P. falciparum genome harbours ten aspartic protease genes (PM I, II, and IV-X
and HAP) [71, 73, 79, 80] Out of these, three Plasmepsin (PM VI, VII and VIII) are
not expressed in asexual blood stages. Rest all of the Plasmepsins are expressed in
asexual stages at different locations. PM I and II are localized in the food vacuole
and are considered to be the major players required at the very first step in the pro-
cess of heamoglobin degradation [73, 81] Plasmepsin I and II carries out the first
attack on the hemoglobin alpha chain opening up the structure for further protease
cleavage It can then acted upon by other proteases including another plasmepsin, PM
IV and Histo-aspartic protease (HAP) [73]. As in case of many of the parasite prote-
ase, Plasmepsins I and II are synthesized as pro-enzymes. Removal of the pro-
domain is required to release the mature enzyme. Activation can be blocked with two
tripeptide aldehyde compounds of low specificity, but the identity of the pro-
plasmepsin processing enzyme has not been established yet [79]. The pro-plasmepsin
convertase has been suggested as a promising target for new antimalarial drugs, since
its blockage would inhibit the formation of all four food vacuole plasmepsins [82].
Malarial parasites, in vitro and in vivo, can be killed by specific inhibitors of
Plasmepsins, indicating that these proteases are viable as drug targets. Analysis of
substrate preferences and active site mutations has provided insight into the binding
specificities of these different plasmepsins. Design of compounds able to inhibit
several plasmepsins could be favorable, not only for efficient killing of the parasites,
but also to impede the development of parasite resistance. HIV-1 protease inhibitors
has provided a large pool of compounds, successfully utilized in the search for
Plasmepsin inhibitors [83—-86]. Some of the HIV-1 protease inhibitors currently on
the market have demonstrated activity against Plasmepsin II as well as activity in
P. falciparum infected erythrocytes [87, 88]. In addition these HIV-1 protease
inhibitors have shown anti-parasitic activity in a murine malaria model [89].

4.2 Falcipains

There are three falcipains present in food vacuole; Falcipain-2 Falcipain-2’ and
Falcipain-3. These cysteine proteases play a major role in degradation of
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hemoglobin and thus are most important protease present in food vacuole. Possible
role of Falcipain-1 in merozoite invasion and gene deletion studies are discussed
earlier in the chapter [60, 61]. FP2 and FP3 are the major hemoglobinases expressed
in trophozoite stage, localize to the food vacuole, and degrade hemoglobin [66, 90, 91].
FP2’ is biochemically very similar to FP2, and share high sequence homology with
FP2 [76]. Gene knockout and transient silencing analyses have revealed that
Falcipain-2 is the major hemoglobinase as its disruption lead to low degradation
rate of hemoglobin [70, 72]. Transient silencing of Falicpain-2 homologue, berghe-
pain-2, in mouse malaria model caused inhibition of parasite growth [70, 92]. It is
recently shown that FP-2 exists as a component of large protein complex consisting
of several other proteases and heme-detoxification protein (HDP), and it is sug-
gested that all these components work in a cooperated manner [77]. Falicpain-3
could not be disrupted which points towards essential role of FP3 in parasite [74].
Being most important of all Falicpains, FP-2 remained as first choice of all against
which inhibitors were designed. Several studies are been done to develop lead com-
pounds against FP-2. Different compounds ranging from peptide fluromethyl
ketones, peptide vinyl sulfones, peptide aldehydes and a-ketoamides lot of chemical
scaffolds have been used to develop inhibitors against FP-2 [93, 94]. In addition,
A number of groups have been involved in developing falcipain-2 inhibitors using
peptidomimetic approaches [95-98].

4.3 Aminopeptdiase

P. falciparum genome encodes nine exo-aminopeptidases, four of these enzymes
are annotated as methionine aminopeptidases function in the catalytic removal of
N-terminal initiator methionine during protein synthesis. The remaining five amino-
peptidases are potential candidate enzymes for the release of free amino acids from
hemoglobin-derived peptides [99]. The intra-erythrocytic stages of the human
malaria parasite P. falciparum express two neutral metallo-aminopeptidases that
are believed to be involved in the terminal stages of host hemoglobin digestion,
an M1 alanyl aminopeptidase (PfIM1AAP) and an M17 leucine aminopeptidase
(PfIM17LAP) [100, 101]. The M1 aminopeptidase harbors a trans-membrane
domain and so thought to be a membrane protein. However, it was shown to be
processed and thus being a soluble protein localized to parasite cytosol and around
the food vacuole [102, 103]. Dalal and Kemba later showed using YFP-tagged
transgenic line that PIM1AAP is localized to food vacuole and nucleus and not in
cytosol [104]. In the same study it was also shown that PIM1AAP is essential as it
cannot be knocked out in the parasite along with two other APs; PIM17LAP and
aminopeptidase P (PfAPP). PIM18AAP, with highest expression levels in rings, is
another member of aminopeptidase family. Functionally active recombinant
enzyme, rPfM18AAP, and native enzyme in cytosolic extracts of malaria parasites
are 560-kDa octomers that exhibit optimal activity at neutral pH and require the
presence of metal ions to maintain enzymatic activity and stability [105]. As in case
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of human aspartyl aminopeptidase, the exopeptidase activity of PfIM18AAP is
exclusive to N-terminal acidic amino acids, glutamate and aspartate, making this
enzyme of particular interest and suggesting that it may function alongside the
malaria cytosolic neutral aminopeptidases in the release of amino acids from host
hemoglobin-derived peptides. Whereas immune-cytochemical studies using trans-
genic P. falciparum parasites show that PEIM18AAP is expressed in the cytosol,
immunoblotting experiments revealed that the enzyme is also trafficked out of the
parasite into the surrounding parasitophorous vacuole. Antisense-mediated knock-
down of PEM18AAP results in a lethal phenotype as a result of significant intracel-
lular damage and validates this enzyme as a target at which novel antimalarial drugs
could be directed. The importance of parasite aminopeptidase in hemoglobin degra-
dation has made these proteases as potent drug targets against Parasite. A number of
structural and bioinformatic studies have been carried out to develop new antima-
larial targeting aminopeptidases of P. falciparum [106-110].

5 Organelle Proteases and Cell Cycle Regulation

The malaria parasite Plasmodium possesses two essential organelles, which have
prokaryotic origin, the mitochondrion and the relict plastid apicoplast. Both the
organelles are essential for parasite survival and plays essential role in maintenance
of parasite cell cycle. The metabolic pathways in the mitochondrion and the apico-
plast may represent suitable drug targets in the parasite. Selected antibiotics such as
doxycycline and clindamycin which target some of these prokaryotic metabolic
pathways have already been shown to possess antiparasitic efficacies and are used
in malaria treatments [111-115].

5.1 Mitochondrial Proteases

Plasmodium harbours a single mitochondrion during its asexual cycle which divides
just before cytokinesis and is distributed equally as single organelle per progeny.
Mitochondrion in Plasmodium is a validated drug target as the known antimalarial
drug atovaquone acts on the respiratory chain complex III in mitochondrion. The
only known proteases to be localized in P. falciparum mitochondrion are ClpQ [also
called HslV (Heat shock loci V)] [116, 117]. In addition, Falcilysin is shown to have
multiple localization in the parasite and only partially localized to mitochondrion
while it is majorly involved in haemoglobin degradation in food vacuole and also in
transit peptide degradation in the apicoplast [80]. The ClpQ protease is a mitochon-
drial resident protease machinery having ClpY [also called HslU (Heat shock loci
U)] as the ATPase partner. ClpQY is the prokaryotic predecessor of the eukaryotic
proteasomal machinery; in the ClpQY machinery the ClpY is the ATPase partner
forming a hexameric head over the two hexameric core assemblies of ClpQ protease
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either on one or both sides [118]. The ClpQY machinery seems to play an essential
role in the growth and survival of the parasite at least during the asexual blood stage
as the disruption of the machinery by blocking ClpQ and ClpY interaction leads to
parasite death with the death phenotype resembling apoptosis in eukaryotic cells
[119]. The ClpQY machinery is essential in regulation of replication of mitochon-
drial genome in Trypanosoma brucei [120] knockdown of ClpQY results in over
replication of minicircle DNA and abnormal segregation of kinetoplast leading to
formation of large kDNA networks which ultimately blocks cell division. Further,
the absence of a homolog in the human host leads to the conclusion that ClpQY
protease machinery could be a promising drug target in all apicomplexan parasites.
Indeed functional importance of ClpQY in P. falciparum is clearly shown. Disruption
of ClpQY machinery in P. falciparum by using small peptide based inhibitors
caused dysfunctioning of mitochondria and inhibited parasite growth [119] further,
this initiated a cascade of protease and nuclease activation that caused apoptosis like
cell death of the treated parasites [119]. Further, trans-expression of mutant inactive
CIpQ protein caused dominant negative effect in the parasite which disrupted mito-
chondria development and caused parasite death [121]; these studies thus support
the essentiality of the ClpQY protease machinery for parasite survival and candida-
ture of ClpQ as a promising target for developing new anti-malarial.

5.2 Apicoplast Proteases

The discovery of the apicoplast in the Plasmodium spp. in 1996 instantly made it a
key target for the development of new therapies against these pathogens owing to its
prokaryotic origin and hence availability of various organelle pathways absent from
the human host that could be targeted. The apicoplast is a reduced cyanobacterial
plastid in the parasite and was acquired by the apicomplexan protozoans by second-
ary endosymbiosis. It plays an important role in biosynthesis of haem, isopenteny]
diphophate and fatty acids [122], thus the apicoplast is considered to be crucial for
parasite survival. Antibacterial agents such as ciprofloxacin, rifampicin and thio-
strepton that target DNA replication, transcription and translation of the apicoplast,
respectively, have been also shown to kill the parasite [123-126]. It is recently
showed that the critical and essential function of the apicoplast is in isoprenoid
precursors synthesis, and it possible to generate apicoplast minus parasites in vitro
by chemically rescue using isoprenoid precursors supplemented media [127].
Apicoplast is a four membrane bound structure having a 35 kb genome; however
about 95 % of its proteins are nuclear encoded which are imported via a complex
protein translocation pathway which is yet to be fully elucidated. Since, majority of
the proteins of the organelle depend on this pathway to be correctly delivered to their
respective site of action to carry out their required function it is understandable that
any perturbation in this pathway will lead to chaotic situation inside the apicoplast
and hence may be lethal for the parasite. The protein import to the apicoplast makes
use of a bipartite N-terminal extension of the protein; the first part of this sequence
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targets the protein into the secretory pathway while the second part called the transit
peptide (TP) region takes the protein through the four surrounding membranes of the
organelle. Two proteases have been proposed to take part in this process; the stromal
processing peptidase (SPP) is considered to take part in the import process directly
by being responsible for cleavage of the transit peptide to yield the mature protein
[128] while the second protease falcilysin is indirectly linked with the process and is
proposed to be the enzyme responsible for degradation of transit peptide [80].

Another protease localized to the apicoplast is ClpP, a serine type protease func-
tioning in conjunction with an ATPase to form the complete protease machinery as
in case of ClpQY. The parasite genome codes for four Clp ATPases termed as
ClpB1, ClpB2, CIpC and ClpM and also an inactive version of the CIpP protease
termed ClpR [129]. Three of these ATPases, ClpB1, ClpC and CIpM are localized
to the apicoplast as did ClpR while ClpB2 localizes to the parasitophorus vacuole
[129]. The ClpP protease is localized to the apicoplast and is proteolytically active;
a specific inhibitor of CIpP can block apicoplast development caused significant
inhibition of parasite growth in-vitro [130]. ClpP is thus a promising drug target and
its inhibitor can be developed as lead anti-malarials.

6 Other Cellular Proteases

A number of cellular pathways employ proteases that do not directly distinguish
their substrates but instead utilize a post-translational modification of the protein as
the recognition signal. This includes complex multi-meric ATP dependent protease
system, Proteasome.

6.1 Proteasome

The 20S proteasome is a multimeric self-compartmentalising protease machinery
essential for the survival of every eukaryotic cell. The machinery consists of two
central rings formed by the p subunits capped on both sides by a subunit rings. The
diversity of the individual subunits varies among different organisms, ranging from
a single subtype for each in archae-bacteria to seven subtypes of each in human.
Apart from the basic proteolytic core complex, proteasome also has the 19S regula-
tory subunit which helps in substrate recognition and unfolding of the substrate
driving it through the central proteolytic chamber. The functions of the proteasome
range from simply degradation of misfolded proteins destined so by polyubiquitina-
tion, to regulation of the cell cycle by maintaining the levels of respective proteins
such as cyclins and various transcription factors.

Protista, particularly the pathogenic protists are by far the only known eukary-
otes to possess both 26S proteasome in addition to its prokaryotic predecessor
ClpQY as described earlier [131]. In-silico studies have identified all the 14
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subunits of 20S proteasome along with the subunits of the 19S regulatory particle
[5, 132, 133]. However, given the degree of conservation and essentiality of the
ubiquitin proteasome pathway it is surprising that despite the sequencing of several
parasite genomes so little is known about its specific functional role in any of the
parasites. Increasing evidence suggest essentiality of the proteasome machinery for
the malaria parasites and hence it being a plausible drug target [134]. The irrevers-
ible inhibitor of the proteasome, lactacystin, could stall the growth of P. bergei
parasite in-vitro as well as in-vivo. Also, the inhibitory effect of lactacystin on
P. falciparum parasite was found to be cell cycle specific, the drug being able to kill
parasite only if applied prior to initiation of DNA replication and not afterwards. A
range of proteasome inhibitors have thus far been tested for their efficacy against the
malarial parasite. These inhibitors including, lactacystin, salinosporamide A,
MG132, epoxomicin, Thiostrepton and bortezomib were reported to inhibit parasite
growth in vitro at low nanomolar concentrations [133-137].

6.2 Ubiquitination and Deubiquitinations

Ubiquitination is by far the best characterised post translational modification target-
ing the proteins for degradation, i.e., by the Proteasome. However, evidence that it
also plays a key role in regulation of several other cellular pathways is mounting,
wherein it serves as any other protein modification (such as phosphorylation)
required for proper functioning or targeting of the protein. Several other ubiquitin
like protein (Ubl) have been identified in eukaryotes, homologs for six of which
have been found in Plasmodium including, Nedd8 (neural precursor cell expressed
developmentally down-regulated 8) [138], small ubiquitin-related modifier (SUMO)
[139], Hubl, ubiquitin-related modifier 1 (Urm1) [138], and autophagy-8 (Atg8)
[140]. In P. falciparum, in silico studies identified four predicted sources of ubiqui-
tin moieties. The polyubiquitin gene PFL0O585w (contains five conserved ubiquitin
repeats), two ubiquitin fusion proteins PfUBS27a and PfUBL40 (contain a ubiqui-
tin moiety at their N-terminus) and PfsUb which is targeted to apicoplast [140-142].
Ubiquitin is removed by selective proteases known as Deubiquitinating proteases
(DUBSs) that selectively hydrolyse the isopeptide linkage. Two independent studies
identified 18 and 29 Deubiquitinating enzymes (DUBSs), respectively, in Plasmodium
[139, 141]. DUBs are involved in removal of ubiquitin chain from proteins.
Homologs of human UCH37, PfUCHS54; and of UCHL3, PfUCHLS3, are the only
DUBs to be characterised so far and shown to exhibit deubiquitinating and deNed-
dylating activities [138, 143]. DUBs have been classified into at least five distinct
subfamilies based on their sequence similarity and likely mechanisms of action
including: (1) UBP (Ubiquitin specific processing protease). (2) OTU (Ovarian
TUmour) related proteases. (3) UCH (Ubiquitin C-terminal hydrolases) and (4)
Machado-Joseph disease protease (MJD). Of these, the first three are cysteine
proteases, while the last one is a novel group of zinc-dependent metalloprotease.
A bioinformatics approach to identify components of the ubiquitin mediated
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pathway in apicomplexan parasites identified three OTU family proteins in P. falci-
parum [144]. Additionally, the presence of a functional Deubiquitinating enzyme
PfUCH54 has been shown by [145]. The deNeddylating activities of PFUCH54 and
PfUCHL3 might be of particular interest for drug design, since such activity is not
known for the mammalian homologs of the two DUBs.

Protein modification by SUMO is also found in P. falciparum; however, its role
in the regulation of the parasite life cycle is poorly understood. SUMOlyated pro-
teins are widely distributed in parasite and PfSir2 is one of the targets along with
several other putative targets [146]. Functional studies of a SUMO-specific protease
(SENP) of P. falciparum, PfSENP1 demonstrated that this protease has unique
cleavage sequence preference relative to the human SENPs [139]. In addition, a
small molecule inhibitors of this protease can inhibit P. falciparum replication in
infected human blood.

6.3 Signal and Transit Peptide Cleaving Proteases

To survive in the host erythrocyte the parasite has evolved a powerful protein secre-
tion system responsible for trafficking of protein to sub-cellular organelles, host
erythrocyte cytosol, host erythrocyte membrane, and secretion into the host milieu.
The key player in secretion and trafficking of parasite proteins are the signal pepti-
dase that are involved in cleaving the signal sequence from the target proteins, after
this processing the proteins are released from the membrane and then routed to their
destination. A total of five signal peptidases have been identified in P. falciparum
that may be involved in formation of a signal peptidase complex (SPC) [5, 147, 148].
Another processing protease is Signal Peptide Peptidase that is an aspartyl family
protease and is involved in cleavage of remnant signal peptides after their release by
signal peptidase. The P. falciparum SPP was earlier suggested to be involved in
invasion of merozoite by targeting a possible substrate, Band-3 [149, 150]; however
later studies established its localization in parasite ER its role in growth of the asex-
ual stage parasite [151, 152]. As mentioned above a number of nuclear encoded
proteins are trafficked to mitochondria, apicoplast and other organelles in the para-
site depending upon the presence of specific targeting sequences. Upon reaching the
organelle membrane these transit peptide sequences are cleaved off from the pro-
teins. Not many proteases are identified to be involved in processing of these transit
sequences in different parasite organelles, only Falcilycin is implicated in process-
ing of transit peptide in these organelles [78, 80].

To modify the host erythrocyte and to evade the host immune response, the para-
site exports large number of proteins beyond the parasitophorous membrane. Most
of these proteins contain an N-terminal signal sequence responsible for entry into
ER as in case of other secreted proteins; in addition, these proteins also contain a
motif termed PEXEL (Plasmodium EXport ELement) which is responsible for traf-
ficking of these proteins beyond parasitophorous membrane. The PEXEL motif is a
pentameric sequence RXLXE/Q/D that is processed after the conserved leucine in
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the ER and then gets N-aceylated, this cleavage is suggested to be essential for traf-
ficking of target proteins beyond parasite boundaries [153, 154]. An aspartic prote-
ase Plasmepsin V which resides in ER is shown to be responsible for cleavage of
PEXEL and facilitating trafficking of the proteins [155].

7 Conclusion

In view of the development of resistance of the parasite to frontline antimalarials,
evolution of insecticide-resistant mosquitoes and unavailability of a vaccine, there
is an urgent need to identify new drugs targets in the malaria parasite and develop
novel anti-malarials, In the future, antimalarial therapy must combine several fea-
tures that are still far from being ideal, including: minimal toxic side effects, high
efficacy against resistant strains of P. falciparum, activity against several
Plasmodium species, optimal pharmacokinetic profile, and low cost of therapy.
Protease seems to be important players in lot of mechanism of survival for the para-
site and thus seems to be wonderful target for developing new anti-malarials.
Protease like Subtilisins and SERAs are good drug targets are they play essential
roles in egress pathway of parasite; food vacuole protease will remain the best
choice as drug targets as they are involved in hemoglobin degradation, one of most
important pathways for parasite survival. Recent work on organelle proteases has
also shown them to other plausible targets for drug development. There is need of
combined effort from protein structural studies, computational biology and syn-
thetic chemistry to develop more potent antimalarials.
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