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ABSTRACT 

There are evidences indicating that cysteine proteases 
play an essential role in malaria parasites; therefore, 
an obvious area of investigation is the inhibition of 
these enzymes to treat malaria. Small cysteine prote- 
ase inhibitors of malaria are well studied, but mac- 
romolecular nature of inhibitor is a new field to ex- 
plore. In malarial cysteine proteases, there are mac- 
romolecular endogenous inhibitors playing important 
roles in regulation of the cysteine protease activity of 
parasite and host. Recent studies suggested that there 
are known and characterized endogenous inhibitors 
like falstatin present in P. falciparum, PbICP (inhibi- 
tor of cysteine protease in P. berghei), PyICP (inhibi- 
tor of cysteine protease in P. yoelli), and other mac- 
romolecular inhibitors which are the prodomain of 
enzyme itself regulating the activity of the mature 
enzyme. All the known macromolecular endogenous 
inhibitors are using specific loop-like structure to in- 
teract with malarial cysteine proteases. The majority 
of macromolecular inhibitors are competitive in na- 
ture, and block access to the active site of their target 
protease, but do not bind in a strictly substrate-like 
manner. They rather interact with the protease sub- 
sites and catalytic residues in a non-catalytically com- 
petent manner. In future, designing inhibitors based 
on these protein-protein interactions will be a new ap- 
proach in the field of malaria. Since macromolecular 
inhibitors can gain potency through the burial of a 
large surface area and specificity through contacts 
with secondary binding sites critical for inhibition, 
and could be less prone to drug resistant mutation. 
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1. INTRODUCTION 

Proteolytic enzymes are present in all organisms and 
constitute ~2% - 4% of encoded gene products [1]. En- 
dogenous cysteine protease inhibitors have been descri- 
bed in a number of eukaryotic systems. In mammalian 
and plant cells, endogenous polypeptide inhibitors from 
the cystatin superfamily regulate lysosomal cysteine 
proteases. One member of this family, Cystatin C, is 
known to regulate the cell surface expression of MHC 
class II molecules in dendritic cells. Another one, an en- 
dogenous inhibitor of calpain known as calpastatin, also 
regulates its calpain activity. Proteases are critical for 
diverse biological processes such as blood clotting, di- 
gestion, pathogenic infection, host defense, microbe de- 
fense, and viral replication, wound healing. Since prote- 
ases activate an irreversible event so their activity must 
be tightly controlled. Since cysteine proteases have broad 
specificity but viral cysteine proteases are exceptional. 
The TEV protease is a highly site-specific cysteine pro- 
tease that is found in the Tobacco Etch Virus (TEV, [2]). 
It is important to regulate the activity of malarial cys- 
teine proteases for the survival of the parasites. Misregu- 
lated proteolytic activity causes a disruption in the lots of 
biological activity, and homeostatic balance, and other 
infections. For that purpose, nature has developed a 
number of strategies to control proteolysis, including 
zymogen activation, protease degradation and the inhibi- 
tion of active proteases by its macromolecular inhibitors. 
These macromolecular inhibitors of proteolytic enzymes 
regulate proteolysis and prevent the pathological effects 
of excess endogenous or exogenous proteases. 

Cysteine proteases are a large and diverse family of 
enzymes found throughout the plant and animal king- 
doms, and represent the dominant protease family in in- 
vertebrates. Disturbance of the equilibrium between cys- 
teine proteases and their natural inhibitors is a key event 
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in the diseases like cancer, rheumatoid arthritis, osteo- 
porosis, and emphysema. There is a recent general re- 
view regarding mechanism of macromolecular inhibitors 
[1], but this review will survey available information on 
macromolecular inhibitors of malarial cysteine proteases.  

Plasmodium cysteine proteases (falcipains; P. falcipa- 
rum, vivapains; P. vivax, berghepains; P. Berghei, yoeli- 
pains; P. yoelii) play important roles during activation of 
pro-enzymes, hemoglobin degradation and egress of pa- 
rasites from red blood cells, erythrocytes rupture [3-7]. 

Cysteine protease inhibitors blocked the invasion of 
hepatocytes by P. falciparum [8,9] as well as blocked 
invasion of red blood cells [10] and the disruption of 
cysteine protease gene of Plasmodium berghei which 
prevented sporozoite egress from oocytsts [9] indicating 
that cysteine protease plays an important role in both ery- 
throcytic stage and non-erythrocytic stage parasites. Sin- 
ce malarial cysteine proteases have broad specificity, it is 
important to regulate their activity for the survival of the 
parasite and host. In human malaria parasite, falcipain-2, 
falcipain-3, and vivapain-2, vivapain-3, vivapain-4 are 
major hemoglobinases [11]. This review will discuss the 
macromolecular inhibitors of these hemoglobinases.   

2. MACROMOLECULAR INHIBITORS 
OF CYSTEINE PROTEASES 

Endogenous macromolecule inhibitors are polypeptide in 
nature, which are generally present inside the organisms. 
These endogenous cysteine proteases inhibitors have 
been described in a number of eukaryotic systems. Cys- 
tatins inhibit a wide range of papain-family cysteine pro- 
teases with high affinity (Figure 1(a)). In case of pro- 
karyote, chagasin is a cysteine protease inhibitor that was 
first identified in Trypanosoma cruzi as the physiological 
regulator of cruzain (or cruzipain), the major cysteine 
protease of this protozoan parasite [12]. Cystatin and 
chagasin both inhibit cysteine protease in a similar fash- 
ion (Figures 1(a) and (b)) [1,13,14]. It was found that 
falcipain-2 and cystatin (Source; chicken egg white), 
formed 1:1 complex, shown by solving the crystal struc- 
ture of their complex [13,14]. The inhibitory constant (Ki) 
of cystatin for falcipain-2 and falcipain-3 are 6.5 and 100 
nM, respectively [14]. It is noticeable that cystatin is 
more potent inhibitor (~14 times) of falcipain-2 than 
falcipain-3, which indicate that cystatin regulate both the 
falcipains with different rate. It might be important bio- 
logically; since their timing of expression is slightly dif- 
ferent as discussed in earlier report [15,16]. The crystal 
structure of falcipain 2-chagasin also demonstrates 1:1 
binding with falcipain-2 [13]. The protease binding loops 
(BC, DE, and FG) in chagasin form an aligned wedge 
that fills the active site groove of falcipain-2 to obstruct 
substrate binding [12] (Figures 1(b) and 4(a)). The struc- 
ture study demonstrates that the BC loop is one of the  

 

 

Figure 1. a) Active-site inhibitors of proteases (Competitive). 
Inhibitors bind in the active site, but not in a substrate-like 
manner. Peptide extensions of macromolecule inhibitor bind in 
specificity subsites, and can interact with the catalytic residues 
shown in rectangle [1]; b) Structure of falcipain-2 and chagasin 
complex. Structure of falcipain-2-chagasin complex: overall 
structure of chagasin with falcipain-2, chagasin in red and fal- 
cipain-2 in gold. Key binding interactions between chagasin 
and falcipain-2 can be seen in BC loop or L2 loop [13]. 
 
three signature motifs that contribute mainly in inhibiting 
the cysteine protease (Figures 1(b) and 4(a)).  

2.1. Inhibition of Falcipains by Macromolecules 

There are two major classes of cysteine protease inhibitor, 
small inhibitors like leupeptin, vinyl sulfones, E-64, and 
another class known as macromolecular inhibitor. Pub- 
lished literature suggested that malarial cysteine prote- 
ases have broad specificity, it is important to regulate 
their activity for the survival of the parasite; therefore 
parasite harbors these macromolecular inhibitors. These 
endogenous cysteine protease inhibitors have been de- 
scribed in a number of eukaryotic systems. This review 
will discuss known macromolecular inhibitors, and the 
recent update of four (prodomain, falstatin, PbICP, Py- 
ICP) endogenous inhibitors of cysteine proteases of ma- 
laria parasites and their mode of regulation.  

2.1.1. Prodomain as a Macromolecular Inhibitor  
Prodomain act as an inhibitor and does not alter the 
catalytic behavior of falcipain-2 [17,18]. Earlier it had 
been shown that prodomain involved in folding of cys- 
teine proteases of higher animal. But in case of malarial 
cysteine proteases, prodomain act as an inhibitory do- 
main of catalytic enzyme, and not involved in folding of 
enzyme, unlike human cysteine proteases, cathespsin K, 
L, B [18]. Later Pandey et al., identified a C-terminal 
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segment (Leu155-Asp243) of the prodomain, including two 
conserved motifs (ERFNIN and GNFD, and conserved 
Phe residues) that are conserved in cathepsin L sub-fam- 
ily and papain family proteases, as the mediator of pro- 
domain inhibitory activity [19]. Modeling of the falci- 
pain-2 prodomain suggests that the prodomain covers the 
enzyme active site, and thereby inhibits activity by pre- 
venting substrate access [19].  

Our recent data suggests that the prodomain-mature 
domain of falcipain-2 (Figure 2(a)) and falcipain-3 (Fig- 
ure 2(b)) interacts via salt bridges and hydrophobic in- 
teractions [20]. Mutations of specific residues of falci- 
pain-2 and falcipain-3, which are involved in these in- 
teractions are evaluated and tested for their ability to 
undergo auto processing. Mutagenesis result showed that 
two salt bridges (Arg185-Glu221, Glu210-Lys403) in falci- 
pain-2, and one salt bridge (Arg202-Glu238) in falcipain-3, 
play crucial roles in the activation of these enzymes. 
Further study revealed that hydrophobic interactions 
present both in falcipain-2 (Phe214, Trp449 Trp453) and 
falcipain-3 (Phe231 Trp457 Trp461) also play important 
roles in the activation of these enzymes (Figure 2) [20]. 
The prodomain-mature domain interactions are necessary 
for the auto-activation of falcipain-2 and falcipain-3 [20]. 
Disruptions of these forces may be allowed to block the 
processing and activity of enzyme, and this study may be 
helpful towards the development of anti-malarial chemo- 
thepeutic target.  

The falcipain-2 prodomain also efficiently inhibited 
other papain family proteases, including cathepsin K, 
cathepsin L, cathepsin B, and cruzain, but it did not in-
hibit cathepsin C and dipeptidyl aminopeptidase, because 
these enzymes have exo-peptidases activity [20]. A 
structural model of pro-falcipain-2 was constructed by 
homology modeling based on crystallographic structures 
of mature falcipain-2, procathepsin K, procathepsin L, 
and procaricain, offering insights into the nature of the 
interaction between the prodomain and mature domain of 
falcipain-2 as well as into the broad specificity of inhibi- 
tory activity of the falcipain-2 prodomain [20]. Many 
cathepsin L sub-family propeptides act in trans to inhibit 
related proteases [21]. However, selectivity has been 
observed, and it has been demonstrated that the prodo- 
main of cathepsin L and cathepsin K are unable to inhibit 
cathepsin B [22]. Explanations for this observation in- 
clude the following: First, cathepsin B lacks the ERFNIN 
motif, so that the protease lacks most of the α2 helix 
found in cathepsin L sub-family proteases. Second, 
cathepsin B contains a large occluding loop insertion, 
conferring dipeptidase activity, but preventing propep-
tides containing the ERFNIN motif from binding due to a 
steric clash between the occluding loop and the prodo- 
main residues connecting α1 and α2. Interestingly, selec- 
tivity for prodomain inhibition was broader for falci- 
pain-2, as the prodomain of falcipain-2 markedly inhib- 

 
(a) 

 
(b) 

Figure 2. a) Predicted interactions between the prodomain and 
the mature domain of falcipain-2 and falcipain-3. Close up of 
predicted interactions between the mature enzyme and the 
ERFNIN and GNFD motifs of the prodomain (Arg185-Glu221, 
and Phe214-Trp449/Trp453, Glu210-Lys403). Blue dashed lines in- 
dicate presumed stabilizing interactions between residues in 
falcipain-2 [20]; b) Blue dashed lines indicate presumed stabi- 
lizing interactions (Arg202-Glu238 and Phe231-Trp457/Trp461) be- 
tween the residues in falcipain-3 [20]. 
 
ited cathepsin B.  

2.1.2. Falstatin as a Macromolecular Inhibitor 
In case of malaria, falstatin has been recognized as a first 
endogenous cysteine protease inhibitor in P. falciparum 

Copyright © 2013 SciRes.                                                                       OPEN ACCESS 



K. C. Pandey / J. Biomedical Science and Engineering 6 (2013) 885-895 888 

[23]. Erythrocytic P. falciparum parasites express fal- 
statin, a potent inhibitor of falcipains and many other 
cysteine proteases [23]. But it is unknown how falstatin 
regulate the P. falciparum cysteine proteases. It has re- 
cently been shown that falstatin is unique compare to its 
homologues, and only BC loop is required for inhibition 
of malarial cysteine proteases (Srinivasan et al., 2013, 
pers. comm.). The stage-specificity of falstatin expres- 
sion and the effects of anti-falstatin antibodies on para- 
site development suggest that this inhibitor facilitates a 
process that also requires proteolytic activity, the inva- 
sion of erythrocytes by P. falciparum merozoites. Fal- 
statin is a competitive (Ki = 0.028 nM ) and reversible 
inhibitor of falcipains, as demonstrated by increasing 
calculated Km values but similar Vmax values with in- 
creasing concentrations of falstatin [23]. It can also in- 
hibit other cysteine proteases of malaria and human, ex- 
cept cathepsin B, cathepsin C and dipeptidyl aminopep- 
tidase 1. To evaluate the mechanism of inhibition of cys- 
teine proteases by falstatin, Pandey et al. tested the abil- 
ity of active site-inhibited falcipain-2 to compete with 
active falcipain-2 for binding with falstatin. In contrast to 
results with the prodomain, the inhibitory effect of fal- 
statin was not affected by the presence of active site in- 
hibited falcipain-2 [23]. Thus, the binding of falstatin to 
falcipain-2 appears to be via interaction with the enzyme 
active site. Both prodomain and falstatin seems to inhibit 
falcipain-2 by getting closer to the active site and block 
the access of substrate, but their binding pattern look like 
different. Since there is no solved structure of falstatin- 
falcipain-2, but structure of chagasin and PbICP (berghei 
homologue of falstatin) with falcipain-2 explained that 
BC loop as well as other loops play crucial role in bind- 
ing [24]. Our mutation data also suggests that the BC 
loop interact with active site of falicipain-3 and vivapain- 
2 via hydrophobic and salt interactions (Srinivasan et al., 
2013, pers. comm.). It may be possible that DE and FG 
loops are not required for direct inhibition but play im- 
portant role in stability of inhibitor-cysteine protease 
complex. Unlike PbICP (Inhibitor of cysteine protease of 
P. berghei), falstatin blocks proteolytic activity of cas- 
pase and calpain in micro molar range concentration. 
Possible reasons may be besides it multimeric form fal- 
statin structure is closer to serpins family and falstatin 
seems to have more flexible loops compare to PbICP. 
Since falstatin structure appears as different form com- 
pare to PbICP, and may interact with caspases and cal- 
pain differently. Inhibition of caspases and calpain-1 by 
falstatin may be helpful in programmed cell death and to 
protect the exposed merozoite from host proteases like 
caspases and calpain. 

In contrast to both cystatin and chagasin, however, 
falstatin did not inhibit three human cysteine proteases 
with exopeptidase activity, cathepsin B, cathepsin C, and 
dipeptidyl aminopeptidase 1. Further, Hansen et al., 2011, 

suggests that there is steric repulsion between the two 
loops (L3 and L4) of PbICP and the occluding loop of 
cathepsin B, which inhibit the interaction between prote- 
ase and inhibitor [24]. 

It has been showed that an active falcipain-2 lacking a 
C-terminal hemoglobin-binding domain was nearly as 
well inhibited by falstatin as the wild type enzyme, indi- 
cating that, unlike the inhibitory prodomain, falstatin 
does not require the C-terminal domain of falcipain-2 for 
interaction [23,25]. The maximal expression of falstatin 
was demonstrated in late schizonts, and no apparent ex- 
pression in trophozoites (Figure 3(a)). This expression 
data suggested that there may be a strong regulation, 
because when the maximal expression of cysteine prote- 
ases that time presence of falstatin is absent and vice-  
 

 
(a) 

 
(b) 

Figure 3. a) Immunolocalization of falstatin; Immunofluores- 
cence microscopy of erythrocytes infected with synchronized 
3D7 or W2 parasites were collected every 8 h, stained with 
DAPI and anti-falstatin antibodies and FITC-second antibody 
[23]; b) Effect of anti-falstatin antibodies on cultured parasites; 
Purified schizonts were incubated for 20 h with PBS, control 
pre immune serum (50 µg/ml), rat anti-serum against P. falci- 
parum farnesyl pyrophosphate synthetase (control Ab; 50 
µg/ml), or the indicated concentrations of antibodies (Ab; 
µg/ml) in PBS with or without preincubation for 10 min with 2 
µg falstatin (F). Errors bars indicate standard deviations from 
means of two different assays, each done in triplicate. PI, 
pre-immune serum [23]. 
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versa. Falstatin contains a typical signal sequence, but 
the importance of this sequence for its targeting is uncer- 
tain. Control of papain-family cysteine protease activity 
is important, as this class of enzymes typically exhibits 
rather non-specific activity [26]. Indeed, the prototype 
for this family, papain is used in many industrial applica- 
tions due to its nonspecific action against protease sub- 
strates. Activity against a range of peptide bonds seems a 
desired feature of enzymes responsible for bulk prote- 
olysis, as exemplified by hemoglobin hydrolysis by 
plasmodial trophozoites. It seems logical that falstatin 
functions to limit the activities of parasite and/or host 
cysteine proteases. The principal cysteine protease he-
moglobinases, falcipain-2 and falcipain-3, vivapain-2, 
vivapain-3, vivapain-4 are expressed by trophozoites, 
and hydrolyze hemoglobin in the acidic food vacuoles of 
human malaria parasites [3,4,10]. Importantly, falstatin 
expression is not apparent in trophozoites. Presumably, 
control of the action of trophozoite food vacuole cysteine 
proteases by a parasite inhibitor is not needed.  

There was experimental evidence indicated that fal- 
statin released from infected erythrocytes [22]. Falstatin 
was not detected in media from intact mature schizonts, 
but it was detected after schizont rupture. Since it was 
secreted during rupture of schizonts, antibodies raised 
against falstatin blocked the inhibitory action of this mo-
lecule. Inhibition of falcipain-2, falcipain-3, and the cys-
teine protease activity of trophozoite extracts was 
blocked by purified antibodies in a dose-dependent fash- 
ion [22]. The blocking effects of the antibodies were 
overcome by increasing concentrations of falstatin (Fig- 
ure 3(b)). The biological role of falstatin was further 
demonstrated by using it antibody in invasion assay 
(Figure 3(b)). When incubated with erythrocytic para- 
sites at the ring, trophozoite, or schizont stage, no effects 
of the antibodies were seen during the course of a single 
erythrocytic cycle. This result is not surprising, as anti-
bodies would not be expected to access intracellular fal-
statin. It was of greater interest to assess the impact of 
anti-falstatin antibodies on the rupture of mature infected 
erythrocytes or the subsequent invasion of erythrocytes 
by merozoites. This effect was reversed by pre-incuba- 
tion of the antibodies with falstatin (Figure 3(b)). Thus, 
falstatin activity is required for efficient invasion of 
erythrocytes by merozoites (Figure 3(b)). Falstatin ho- 
mologues are present in P. vivax and P. berghei, and pre- 
sumably involved in the same functions. Recent study 
suggests that falstatin is confined to the parasitophorous 
vacuole during liver-stage development, and may also 
have important role in liver stage [27].  

2.1.3. PbICP as a Macromolecular Inhibitor 
As discuss earlier, P. falciparum expresses an endoge- 
nous cysteine proteases inhibitor, falstatin, suggesting a 
role for control of parasite and/or host protease activity, 

and invasion of red blood cells. Similarly, an endogenous 
inhibitor has also been found in P. berghei (PbICP). 
PbICP, homologue of falstatin, is known to play a crucial 
role in sporozoite invasion and regulates the programmed 
cell death by cysteine proteases in liver stage [9]. The 
expression profile of PbICP suggested that this inhibitor 
expressed in all stage of parasite (blood stage, sporo- 
zoites, liver stage), and can potentially control parasite 
and host cell derived proteases [9]. The structure studies 
of chagasin-falcipain-2 and PbICP-falcipain-2 explained 
that all three loops BC and DE and FG get close to the 
active site of enzyme (Figure 4) [13,24]. But structure of 
chagasin-falcipain-2 suggests that BC loop is more im-
portant for inhibition, although two other loops also 
make wedge like structure and inserted close to the ac-
tive site, and important for stability of enzyme-inhibitor 
complex [13]. 

PbICP is secreted by sporozoites prior to and after he-
patocyte invasion, localizes to the parasitophorous vacu-
ole as well as to the parasite cytoplasm in the schizont 
stage and is released into the host cell cytoplasm at the 
end of the liver stage [9]. Evidences are there to support 
that PbICP is secreted by P. berghei sporozoites to facili-
tate host cell invasion [9]. Similar to chagasin, PbICP 
also have three loops, L2 (BC), loop L4 (DE) and L6 
loop (FG) (Figure 4(a)). The C-terminal of chagasin, 
PbICP, falstatin is required for inhibition, and all these 
loops are present at C-terminal (Figure 4(a)). At C-ter- 
minal the overall architecture of PbICP and falstatin were 
different from chagasin, the insertion of ~28 aa is miss-
ing in chagasin. This insertion polypeptide segment is 
highly flexible and not defined by electron density, hence 
it role is not clear yet. Kinetic studies show that PbICP, 
falstatin, chagasin are effective competitive inhibitor (Ki 
values in the nano molar range) of falcipain-2 and falci-
pain-3 and other homologues of malaria cysteine prote-
ases. The structure of PbICP-falcipain 2 indicated that 
protease-binding loops (L2, L4 and L6) in PbICP form a 
well-aligned wedge that fills the active site groove of 
falcipain-2 to obstruct substrate binding (Figure 4(b)) 
[24]. According to chagasin-falcipain-2 structure the BC 
loop is one of the three signature motifs that contribute 
motely to the inhibition of the cysteine protease [13]. 
This is confirmed by a synthetic peptide corresponding 
to the BC loop of the chagasin like protein from E. his- 
tolytica, which specifically blocked the activity of cys-
teine proteases [28].  

In case of PbICP-falcipain 2 complex, BC loop binds 
to the primed subsites S1 and S2 of the substrate binding 
cleft of falcipain 2 that blocks access to the active site 
[24]. S1 is occupied by residues Ala230 and Gly231, and 
S2 subsite accommodates the side chain of Thr232 (Fig- 
ure 4(b)). In PbICP-falcipain 2, BC is place by a hydro- 
gen bond between the Gly231 and the Trp206 indol nitro- 
gen. Comparing both the structure of PbICP and cha-  
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(a) 

 
(b) 

Figure 4. a) Alignment of macromolecular inhibitors of malaria parasite; A multiple sequence alignment of falstatin was 
performed using ICPs from other parasites as template. This alignment has predicted three important regions; BC (L2), 
DE (L4) and FG loops (L6); b) Structure of the PbICP-falcipain-2 Complex; The complex of PbICP (C terminal with 
ribbon representation) and falcipain-2 (with surface representation, gray). The top panel displays the L0, L2, L4, and L6 
loops on the surface of falcipain-2 with S1 and S2 sites indicated (orange). The interactions between L0, L2, L4, L6, and 
falcipain-2 are shown as insets. The Interacting residues of PbICP and falcipain-2 are indicated and shown as sticks; hy-
drogen bonds are shown as dashed lines (24). 

 
gasin, DE loop is highly mobile like structure in E-64, 
strong irreversible inhibitor of cysteine protease. The 
C-terminal inhibitory domain of PbICP binds with falci- 
pain-2 in a 1:1 complex like chagasin, and the solved 
structure suggests that PbICP is a member of the I42 
class of chagasin-like protease inhibitors. The BC loop 
can adopt two alternative confirmations that both enable 
efficient inhibition of various target proteases. The 

PbICP-falcipain-2 indicates that MQLLGG (DE loop) 
bind to the active site cleft of the protease (Figure 4(b)). 
The Gly311 of PbICP interacts with Asn173 of enzyme by 
hydrogen bond, and the side chain of Leu310 of inhibitor 
is located in the hydrophobic S2 specific pocket, which 
forms two hydrogen bonds with Gly 83 of enzyme (Fig-
ure 4(b)). The structure study further suggests that the 
FG loop of PbICP is dominated by Arg336, which reaches 
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to the active site and accommodates P4 or P5 residues of 
substrates. The Arg336 of FG loop served the two impor-
tant functions; it forms strong salt bridge with Asp35 of 
enzyme and contribute overall stability of complex 
(Figure 4(b)) [24]. Although the mutagenesis study of 
falstatin FG loop, where conserved Phe397 had no effect 
on inhibition, further suggest that it might be important 
for overall stability of the complex only and not for inhi-
bition. The peptides study based on DE and FG loops of 
falstatin suggests that only BC loop is required for the 
inhibition of malarial cysteine proteases (Srinivasan et 
al., 2013, pers. comm.).  

2.2. PyICP as a Macromolecular Inhibitor 

Macromolecular cysteine proteases inhibitor of P. yoelii 
(PyICP) localized to vesicles within the asexual blood- 
stage parasite cytoplasm, and the parasitophorous vacu- 
ole (Figure 5(a)) [27]. PyICP also express in sexual 
stage of sporozoite rhoptries (Figure 5(b)). The gene 
similarity between PyICP and PbICP is 85%, but very 
less (38%) with other orthologous, falstatin (Figure 4(a)). 
PyICP is proteolytically processed in the blood stage 
parasite, further, using PyICP antibodies, recombinant 
E.coli-expressed PyICP also identified as two protein 
species (55 kDa and 30 kDa) showing that PyICP is si- 
milarly processed during expression in E. coli [27]. It has 
been also shown that PbICP and falstatin are post-trans- 
lationally processed in blood stage, but in case of recom- 
binant falstatin, no processing has been seen [23]. The 
IFA also suggest that the expression of PyICP in mos- 
quito stage parasites. The detail cell biology further con- 
firmed that PyICP is expressed in sporozoite rhoptries 
and is not secreted prior to host cell invasion [27]. Ying 
Pei et al. showed that both falstatin and PyICP are ex-
ported from the parasite compartment into exo-mem- 
brane structures during intraerythrocytic development 
but are released into the infected hepatocyte only after 
PVM breakdown in late liver-stage infection. In vivo 
study using co-imumoprecipatation assay with PyICP 
antibody indicated that PyICP interacts with the cysteine 
protease of P. yoelii, yoelipain-2, the orthologue of falci- 
pain-2 and other cysteine proteases. In pre-erythrocytic 
stages, PyICP differed from PbICP in that it was local- 
ized in sporozoite rhoptries and was not deposited in 
trails during gliding motility [27].  

To study the importance of ICP during the parasite life 
cycle, PyICP gene was deleted in blood-stage parasites 
using a double-crossover recombination strategy. How- 
ever, it was not successful to obtain transfected parasite. 
The other alternative is to disrupt the PyICP open read- 
ing frame using a single-crossover recombination strat- 
egy, but again this strategy was also unsuccessful and no 
recombinant parasites were obtained. Finally, the disrup- 
tion of PyICP could not be achieved, but the gene was 

replaced with a tagged functional copy, indicating that 
this gene is essential for erythrocytic parasites. In the 
liver stage release of these macromolecule inhibitors to 
the host hepatocyte may allow inhibiting host cell prote- 
ases and thus saving from proteolytic attack once the 
parasite comes into direct contact with the host cell cyto- 
plasm [27]. Our work on falstatin also shown that re- 
combinant molecule can inhibit both host-derived cathe- 
psins and caspases in vitro [23], suggested that these ma-
cromolecule inhibitors inhibiting host proteases, and may 
be protecting surface molecules of merozoite and hepa-
tocyte, which are crucial for interactions. The other po-
tential role of these macromolecule cysteine proteases 
inhibitors may be during late liver-stage development is 
in exo-erythrocytic merozoite egress from hepatocytes, 
which is similar like egress from red blood cell. The 
knock out and gene replacement studies suggested that 
ICP appears to be essential for blood-stage parasite sur- 
vival by regulating protease activities in the parasite- 
derived intra-erythrocytic membrane network. In case of 
liver-stage development, ICP remains within the PV, and 
ruling out a role in regulating host hepatocyte apoptosis. 
Once PV breakdown ICP released into the host hepato- 
cyte cytoplasm, allowing it to potentially inhibit host 
proteases. 

3. CONCLUSIONS AND OUTLOOK 

In summary, all the known macromolecular inhibitors, 
falstatin, PbICP, PyICP, Chagasin and Cystatin, bind to 
almost similar region within the substrate binding cleft of 
falcipain-2. Like other cysteine proteases in various pa-
rasitic organisms, cysteine proteases of Plasmodium spe-
cies play a crucial role in parasite development both at 
liver stage and blood stage. The sequence of events par-
ticipated by these proteases is tightly regulated by a class 
of inhibitors known as inhibitor of cysteine proteases 
(ICPs). This class of cysteine protease inhibitor adopts an 
immunoglobulin β-fold structure sharing no significant 
sequence similarity with known classes of cysteine pro-
tease inhibitors including the cystatin family. The struc-
ture studies of chagasin-falcipain-2 and PbICP-falci-
pain-2 explained that all three loops BC and DE and FG 
make interactions with enzyme. But structure of cha-
gasin-falcipain-2 explained that BC loop is more im- 
portant for inhibition, although two other loops also 
make wedge-like structure and inserted close to the ac- 
tive site, and are important for stability of enzyme-in- 
hibitor complex. Our mutagenesis study also confirmed 
that falstatin BC loop is crucial for inhibition, and further 
explained that DE and FG loops are not important for 
inhibition of malarial cysteine proteases (Srini et al., 
2013, pers. comm.). 

The PbICP shares very little sequence and structural   
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Figure 5. a) PyICP expression and localization in blood stages. The expression of PyICP in blood stages was 
visualized using IFA. PyICP-myc schizonts were imaged with antibodies to c-myc (red), MSP1 (A, green) or the 
rhoptry neck marker RON4 (B, green). (C) PyICP-myc merozoite invading a RBC. Merozoites were stained with 
antibodies against c-myc (red) and MSP1 (green). (D-F) WT blood-stage parasites at the ring (D) or trophozoite 
(E-F) developmental stages were imaged with antibodies to PyICP (red) and the PVM marker Hep17 (green). Ve-
sicular structures associated with the PV (Hep17 positive) are indicated by white arrows (D-F), or in 
Hep17-negative structures with yellow arrow in (E). DNA was imaged with DAPI. Scale bar: 5 µm [27]; b) PyICP 
expression and localization in sporozoites; (A) Isolated sporozoites were fixed on slides and PyICP-myc was lo-
calized by IFA with an anti-myc antibody and sporozoites were co-stained with anti-CSP [26]. Microneme secre-
tion. The secretion was induced by incubation of PyICP-myc sporozoites with RPMI with 20% FCS for 30 min 
prior to fixation. Sporozoites were then stained with antibodies to myc and the micronemal protein, TRAP [27]. 

   
similarity with falstatin (30% and 38% respectively). 
Moreover, the secondary structure predicted indicated a 
highly flexible loop in falstatin compared to PbICP. This 
may be a reason for inhibiting caspases in micro molar 
range by falstatin unlike PbICP. The literature suggests 
that a wide range of cysteine proteases is inhibited by 
chagasin, falstatin and PbICP. The distinct concept of 
potent competitive inhibition due to a high degree of 
homology in the active site, substrate-like binding mostly 

leads to inhibitors that can potently inhibit more than one 
target protease. This indiscriminate nature is evidenced 
by the fact that there are more proteases than their in-
hibitors present in the parasites. Further, it may be pos- 
sible that protein inhibitors of cysteine proteases may 
have evolved more than once on non-homologous scaf- 
folds to inhibit a wide range of cysteine proteases. As 
mentioned before, unlike PbICP, falstatin blocks prote- 
olytic activity of caspase and calpain in micro molar 
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range concentration. Possible reasons may be that the 
falstatin structure is closer to serpins family and has 
more flexible loops compared to PbICP, and further 
unlike its homologues, falstatin is active in multimeric 
form. The significance of inhibition of caspases and cal- 
pain-1 by falstatin may be useful in programmed cell 
death, which further needs to be explored. 

The majority of macromolecular inhibitors are com- 
pletive inhibitor, and block access to the active site of 
their target protease, but do not bind in a strictly sub- 
strate-like manner. They interact with the protease sub- 
sites and catalytic residues in a non-catalytically compe- 
tent manner. This mechanism differentiates them from 
standard inhibitors (small competitive inhibitor). How- 
ever, like standard mechanism inhibitors, they get most 
of their potency from interactions within the protease 
active site, and tend to potently inhibit many related pro- 
teases. The classic example is like inhibition of cysteine 
proteases by cystatin (Figure 1(a)). The two hairpin 
loops of cystatin bind to the prime side of the active site 
of cysteine protease, which provides the majority of the 
binding energy for the interaction. Thus, the prime and 
nonprime sides of the active site are occupied, but still no 
interactions are actually made with the catalytic machin- 
ery of the enzyme.  

The literature suggests that a wide range of cysteine 
proteases is inhibited by chagasin, falstatin and PbICP. It 
may be possible that protein inhibitors of cysteine pro- 
teases may have evolved more than once on non-ho- 
mologous scaffolds to inhibit a wide range of cysteine 
proteases. 

Small protease inhibitors tend to compete with sub- 
strate binding, either through direct competition or de- 
formation of the protease active site, and they primarily 
gain potency through interactions with the catalytic ma- 
chinery, while macromolecular inhibitors can gain po- 
tency through the burial of a large surface area and 
specificity through contacts with secondary binding sites 
outside the active site that are critical to inhibition.  

4. FUTURE OF MACROMOLECULAR 
INHIBITORS 

Designing inhibitors based on macromolecular inhibitor- 
enzyme complex (protein-protein interactions; PPIs) is a 
new approach. Earlier this approach has deliberately 
been avoided by small molecule drug developers, largely 
because of technological hurdles. Daniela Cardinalea et 
al. suggested that protein-protein interface-binding pep-
tides can inhibit the cancer therapy targeting enzyme and 
human thymidylate synthase [29]. Furthermore, resear- 
chers aimed to block the interactions of two monomers, 
and prevented it from forming the active dimer interface, 
and developed the first small-molecule inhibitor of a 
herpes virus protease that blocked PPIs [30]. Currently, 

macromolecular inhibitors have started to make their 
way into the clinic. The serpins α1-anti-trypsin and anti- 
thrombin III, which were purified from human plasma, 
are used as replacement therapies for patients deficient in 
those proteins [31]. 

Recently, our group also focused on interactions cru- 
cial for activation of enzyme [10]. Another target is the 
C-terminal insert of falcipain-2, which specifically binds 
to hemoglobin, a natural substrate of falcipains [22]. 
Since the C-terminal motif of falcipain-2 acts as a he- 
moglobin binding domain, and the disruption of C-ter- 
minal motif-hemoglobin interaction should offer a novel 
means of inhibition of parasite development. Continued 
research on macromolecular inhibitors and its role in 
Plasmodium development will help to further our under- 
standing of protease and protease inhibitor functions 
during malaria parasite infection. A drug design view- 
point targeting in protein-protein interactions, which is 
opposed to an enzyme active site could be an interesting 
field in drug discovery. Targeting “hot-spot” in protein- 
protein interaction could be less prone to drug resistant 
mutation. This is because acquiring a drug resistance 
point mutation will not be companied by the right com- 
pensatory mutations, which are less likely to be tolerated 
by a complex protein-protein interface.   
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