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Metabolic enzymes have been known to carry out a variety of functions besides their normal housekeeping roles known as
“moonlighting functions.” These functionalities arise from structural changes induced by posttranslational modifications and/or
binding of interacting proteins. Glycolysis is the sole source of energy generation for malaria parasite Plasmodium falciparum,
hence a potential pathway for therapeutic intervention. Crystal structures of several P. falciparum glycolytic enzymes have been
solved, revealing that they exhibit unique structural differences from the respective host enzymes, which could be exploited for
their selective targeting. In addition, these enzymes carry out many parasite-specific functions, which could be of potential interest
to control parasite development and transmission. This review focuses on the moonlighting functions of P. falciparum glycolytic
enzymes and unique structural differences and functional features of the parasite enzymes, which could be exploited for therapeutic
and transmission blocking interventions against malaria.

1. Introduction

Malaria caused by protozoan parasite Plasmodium is a major
human health burden with almost half of the world pop-
ulation at risk [1]. Despite the availability of drugs against
malaria, development of resistance against commonly used
antimalarials necessitates the search for novel therapeutic tar-
gets and drugs against the disease [2]. Parasite-specific pro-
cesses such as hemoglobin degradation, parasite egress from
the host cell, and host cell invasion by the parasite have been
the focus of drug discovery efforts against malaria [3]. In
addition to these pathways, one attractive pathway for drug
development is parasite’s energy producing machinery. A
compound targeting parasite’s ATP-generating machinery
could be a potential antimalarial.

2. Review

2.1. P. falciparum Glycolysis. Glycolysis is an ancient conser-
ved metabolic energy producing machinery, which converts
glucose to pyruvate and lactate under aerobic and anaerobic

conditions, respectively. It has been an established fact that P.
falciparum solely depends on glycolysis for energy generation
and fulfills its energy needs by anaerobic metabolism of glu-
cose to lactate as the parasite and the red blood cells (RBCs)
both are devoid of functional Kreb’s cycle [4].The rate of glyc-
olysis in P. falciparum-infected erythrocytes is 20–100 times
higher than uninfected erythrocytes [5, 6]. A study by Roth
Jr. et al. (1988) demonstrated that nearly all the glycolytic
enzymes were upregulated in P. falciparum-infected RBCs,
whichwas proportional to the parasitemia level.The enzymes
particularly upregulated were hexokinase, aldolase, enolase,
pyruvate kinase, and adenosine deaminase [7]. Several P. fal-
ciparum glycolytic enzymes, although being homologous to
their human counterparts, possess distinct structural and
biochemical features [8–14]. To selectively target parasite
glycolytic enzymes, these differences between the host and
parasite enzymes could be exploited. This review focuses on
the potential of unique structural and functional properties
of malarial glycolytic enzymes as targets of antimalarial drug
discovery.
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2.2. Moonlighting Functions of Glycolytic Enzymes and Unique
Structural and Functional Properties of Malarial Glycolytic
Enzymes. In prior years, it was believed that a single gene
encodes a single polypeptide and was generally expected to
carry out a single function [15, 16] but later it was found that a
single protein could carry outmultiple functions.This pheno-
menon was termed as “moonlighting” by Jeffery and referred
to unrelated functions of glycolytic enzymes and many other
metabolic enzymes exhibit within or outside the cell [17].

Moonlighting functions in proteins may arise due to
structural changes occurring in the proteins due to differen-
tial binding partners and/or posttranslational modifications
(PTMs). This phenomenon is involved in pathologies rel-
ated to many cellular and infectious diseases; hence an
improved understanding of moonlighting proteins will pro-
vide opportunity to selectively target these functions [18].The
first example of moonlighting proteins was cytokine neu-
roleukin, secreted by lectin-stimulated T cells that induce
immunoglobulin secretion by cultured human peripheral
blood mononuclear cells. This cytokine was also found to
have phosphoglucose isomerase activity, which converts glu-
cose 6-phosphate to fructose 6-phosphate during glycolysis
[19–21]. In the metabolic map of glycolysis, 7 of the 10 gly-
colytic enzymes exhibit moonlighting activities. In addition,
other metabolic enzymes closely linked to glycolysis (e.g.,
glycerol kinase and fructose-1,6-bisphosphatase) also possess
moonlighting functions. Seven of the eight enzymes of tricar-
boxylic acid cycle have also been supposed to possess moon-
lighting functions [22]. Some of the major moonlighting
functions of glycolytic enzymes are transcriptional regula-
tion (hexokinase-2, lactate dehydrogenase-A, and enolase 1),
apoptosis (hexokinase and glyceraldehyde 3-phosphate dehy-
drogenase), and cell motility (glucose 6-phosphate iso-
merase) (reviewed by Kim and Dang 2005) [23]. Examples of
moonlighting functions of glycolytic enzymes in various
organisms are listed in Table 1.

P. falciparum glycolytic enzymes are significantly diver-
gent from their human homologs (Table 2) and several of
these enzymes possess unique structural and functional fea-
tures. Sequence identity and similarity of P. falciparum
glycolytic enzymes with their human homologs are listed
in Table 2. Crystal structures of P. falciparum glycolytic
enzymes aldolase (PfALDO) [11], triosephosphate isomerase
(PfTPI) [12], glyceraldehyde 3-phosphate dehydrogenase
(PfGAPDH) [13], lactate dehydrogenase (PfLDH) [14], glu-
cose 6-phosphate isomerase (PfGPI) (Gileadi et al. 2011,
details unpublished), phosphoglycerate kinase (PfPGK) [24],
and phosphoglycerate mutase (PfPGM) [25] have been
solved. Distinct structural differences have been identified
between some of these enzymes and their human homologs,
which could be exploited for their selective targeting. Gener-
ally, the active sites of enzymes or subunit interfaces in case of
multimeric enzymes are targeted by inhibitors [26, 27]. Since
the active site residues of parasite and host glycolytic enzymes
are highly conserved, targeting the active site residues is not
feasible. However, the unique structural differences andmut-
ations at the subunit interfaces and the moonlighting func-
tions arising from these structural differences could be
specifically targeted for selective inhibition. Moonlighting

functions of glycolytic enzymes and unique structural and
functional properties of P. falciparum glycolytic enzymes are
summarized below.

2.2.1. Hexokinase. In yeast, two hexokinases (HXK1 and
HXK2) are found. HXK2 has been shown to exhibit nuclear
localization [28]. Yeast can utilize different carbon sources,
although glucose is the preferred substrate. In yeast glucose
itself represses the expression of genes involved in glucose
metabolism (glucose repression) through transcriptional reg-
ulation [29, 30]. In contrast, mammalian hexokinases have
not been implicated in transcriptional regulation. Hexoki-
nase 2 (HK2) localizes to the mitochondria and uses intrami-
tochondrial ATP to phosphorylate glucose [31, 32] suggesting
the efficient coupling of oxidative phosphorylation to the gly-
colytic pathway viamitochondrial-bound hexokinase. Type-1
and -2 hexokinases also participate in the apoptotic pathway,
suggesting that mitochondrial hexokinase activity is required
for growth-factor-induced cell survival. In addition, mito-
chondrial hexokinase activity was found to be inhibitory to
apoptosis in various experimental systems [32, 33].

P. falciparum hexokinase (PfHK) is highly divergent from
its vertebrate homologs and neither monoclonal nor poly-
clonal antibodies against PfHK cross-reacted with vertebrate
hexokinases [34]. PfHK exhibits 32% sequence identity with
human erythrocytic hexokinase (Table 2). Two analogues
of the substrate glucose, 2-deoxy-D-glucose (2-DG) and
2-fluoro-2-deoxy-D-glucose (2-FG), showed antiplasmodial
effects suggesting the potential of PfHK as a drug target [35–
37]. A P. falciparum strain overexpressing PfHKwas found to
be less susceptible to inhibition by 2-DG, further validating
the potential of PfHK as a drug target [38]. In an attempt to
identify selective small molecule PfHK inhibitors, a library of
small molecule hexokinase inhibitors was screened against
PfHK. Isobenzothiazolinones were identified as a class of
noncovalent, reversible PfHK inhibitors, some of which with
50% inhibitory concentrations (IC50s) of<1𝜇M[39], demon-
strating the feasibility of specific targeting of PfHK.

2.2.2. Glucose 6-Phosphate Isomerase. Mammalian glucose 6-
phosphate isomerase (GPI) exhibits the activity of a neu-
rotrophic factor called neuroleukin that was purified from
mouse salivary gland, molecularly cloned and expressed in
monkeyCOS cells [19–21]. GPI also acts as an autocrinemoti-
lity factor (AMF) in Gc-4 PF murine fibrosarcoma cells,
which is a tumor-secreted cytokine. GPI has been indepen-
dently implicated in cellmotility and also used as amarker for
cancer progression [40]. GPI is also known to act as dif-
ferentiation and maturation mediator for human myeloid
leukemia cells [41].

P. falciparum glucose 6-phosphate isomerase (PfGPI) is
also highly divergent from its human homologs (32% sequ-
ence identity with human GPI isoform 2) (Table 2) and
antiserum raised against recombinant PfGPI specifically inhi-
bited parasite enzyme with no effect on host enzyme activity
[42] suggesting the feasibility of its specific targeting. A high-
resolution structure of PfGPI has been solved by Gileadi et al.
2011 (PDB ID: 3QKI) but its details are unpublished.
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Table 1: Examples of nonglycolytic functions of glycolytic enzymes in various organisms.

Enzyme Normal glycolytic function Moonlighting functions

Hexokinase Conversion of glucose to glucose
6-phosphate

(i) Transcription regulation [29, 30]
(ii) Apoptosis [31, 33]

Phosphoglucoisomerase Conversion of glucose 6-phosphate into
its isomer fructose 6-phosphate

(i) Cytokine neuroleukin (a nerve growth
factor) [19–21]
(ii) Autocrine motility factor [40]
(iii) Differentiation and maturation
mediator [41]

Phosphofructokinase Conversion of fructose 6-phosphate to
fructose 1,6-bisphosphate

(i) Vacuolar degradation of peroxisomes
(microautophagy) [43]
(ii) Plasminogen binding [44]
(iii) RNA processing [45]

Aldolase
Splitting of fructose-1,6-bisphosphate
into two sugar isomers dihydroxyacetone
phosphate and glyceraldehyde
3-phosphate

(i) Motility in Toxoplasma gondii [49, 50]
(ii) Cell adhesion in Neisseria
meningitidis [51]
(iii) Regulation of
WASP/Arp2/3-stimulated actin dynamics
[52]

Triosephosphate isomerase Interconversion of dihydroxyacetone
phosphate and glyceraldehyde phosphate

(i) Defense against pathogens via
contact-mediated killing by commensal
organisms [58]
(ii) Plasminogen binding [44]
(iii) Aggregation causes neurological
disorders [59]

Glyceraldehyde-3-phosphate dehydrogenase Conversion of glyceraldehyde
3-phosphate to 1,3-bisphosphoglycerate

(i) Plasminogen-binding protein [61]
(ii) Transcription regulation [62]
(iii) Iron metabolism [63]
(iv) Apoptosis [64]

Phosphoglycerate kinase Conversion of 1,3-bisphosphoglycerate to
3-phosphoglycerate

(i) Plasminogen binding [67]
(ii) Actin binding and streptococcal
invasion of epithelial cells [68]

Phosphoglycerate mutase Conversion of 3-phosphoglycerate to
2-phosphoglycerate Plasminogen binding [44]

Enolase Conversion of 2-phosphoglycerate to
phosphoenol pyruvate

(i) Plasminogen receptor [69]
(ii) Transcription regulation [70, 72]
(iii) DNA methyltransferase DNMT2
inhibitor [71]

Pyruvate kinase Conversion of phosphoenol pyruvate to
pyruvate

(i) Salivary mucin binding [77]
(ii) Transcriptional regulation [82]
(iii) Apoptosis [83]

Lactate dehydrogenase Conversion of pyruvate to lactate Epsilon crystalin [85]

2.2.3. Phosphofructokinase. In yeast Pichia pastoris, the alpha
subunit of the phosphofructokinase (PFK) enzyme complex
encoded by PFK1 gene is the glucose-induced selective
autophagy 1 (GSA1) protein that is responsible for selective
autophagy of peroxisomes [43]. PFK was found to bind with
plasminogen in clinical isolates of oral streptococci from
dental plaque and inflammatory lesions [44]. In Bacillus
subtilis, PFK was found to be associated with several proteins
supposed to be involved in RNA processing and degradation
(RNase J1, Rny, and polynucleotide phosphorylase) [45].

Two putative P. falciparum phosphofructokinase (PfPFK)
genes are found on P. falciparum chromosomes 9 (PfPFK9)
and 11 (PfPFK11), respectively, out of which only PfPFK9
gene possesses all the catalytic features required for enzyme

activity.These enzymes also contain plant-like pyrophosphate
(PPi) dependent phosphofructokinase alpha and beta sub-
units making them remarkably distinct fromATP-dependent
erythrocytic phosphofructokinase that is a heterogeneous
mixture of five isozymes [46]. However, the recombinant
PFK9 and the parasite extract exhibited only ATP-dependent
enzyme activity, and no activity was seen with PPi [47]. In
rodent malaria parasite Plasmodium berghei, phosphofruc-
tokinase differs fromhuman enzymewith respect to allosteric
regulation.AMPknown to be a potent activator ofmanyphos-
phofructokinases caused only a marginal increase in enzyme
activity. However, phosphoenolpyruvate, known to inhibit
phosphofructokinase activity, efficiently activated the para-
site enzyme, whereas no activation by ADP was observed
[48].
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Table 2: Percent identity and percent similarity of P. falciparum glycolytic enzymes with their major human homologs. Percent identity
and percent similarity were calculated by alignment of sequences using National Center for Biotechnology Information’s BLAST server
(http://blast.ncbi.nlm.nih.gov/Blast.cgi/).

P. falciparum enzyme Human homolog Percent identity Percent similarity 𝐸-value

Hexokinase (PfHK) Hexokinase, isoform 2
(erythrocyte) 32 50 2𝑒 − 64 (residues 9–458),

1𝑒 − 55 (residues 461–906)
Glucose 6-phosphate isomerase
(PfGPI)

Glucose 6-phosphate
isomerase, isoform 2 32 52 4𝑒 − 124 (residues 53–543),

4.5 (residues 518–543)

Phosphofructokinase 9 (PfPFK9) 6-Phosphofructokinase,
muscle type, isoform 1 26 39

3𝑒 − 08 (residues 18–232),
1𝑒 − 04 (residues 459–635),
2𝑒 − 04 (residues 377 to

574), 0.65 (residues 296 to
341)

Phosphofructokinase 11
(PfPFK11)

6-Phosphofructokinase,
muscle type, isoform 1 27 41 0.022 (residues 438–497)

Aldolase (PfALDO) Aldolase A 54 66 4𝑒 − 126 (residues 2–364)
Triosephosphate isomerase
(PfTPI)

Triosephosphate isomerase,
isoform 2 43 60 4𝑒 − 76 (residues 4–247)

Glyceraldehyde 3-phosphate
dehydrogenase (PfGAPDH)

GAPDH isoform 1,
liver-specific 64 77 9𝑒 − 163 (residues 1 to 333)

Phosphoglycerate kinase
(PfPGK)

Phosphoglycerate kinase
isoform 1 61 76 0.0 (residues 3–416)

Phosphoglycerate mutase 1
(PfPGM1) Phosphoglycerate mutase 1 56 72 2𝑒 − 100 (residues 1 to 253)

Phosphoglycerate mutase 2
(PfPGM2) Phosphoglycerate mutase 2 26 51 0.019 (residues 2–66)

Enolase (PfENO) Alpha enolase 67 79 0.0 (residues 3–429)
Pyruvate kinase 1 (PfPK1) Pyruvate kinase L, R 45 61 8𝑒 − 136 (residues 75–573)

Pyruvate kinase 2 (PfPK2) Pyruvate kinase L, R 30 49 3𝑒 − 43 (residues 301–556),
6𝑒 − 26 (residues 91–302)

Lactate dehydrogenase (PfLDH) LDH-A 29 54 5𝑒 − 41 (residues 70–368)

2.2.4. Aldolase. Host cell invasion in apicomplexan parasites
is dependent on the interactions between cell surface adhe-
sins and parasite cytoskeleton. Aldolase in Toxoplasma gondii
interacts with several adhesins belonging to thrombospon-
din-related anonymous protein (TRAP) family [49] and acts
as a bridge between parasite adhesins and cytoskeleton [50].
Despite lacking an identifiable signal sequence, aldolase has
been located on outer membrane of Neisseria meningitidis
apart from its cytosolic location.Mutational analysis and fun-
ctional complementation revealed that an aldolase-deficient
mutant, although not affected in its ability to grow in vitro,
showed a significant reduction in adhesion to human brain
microvascular endothelial and HEp-2 cells [51]. Aldolase
interacts with many cytoskeletal proteins that are known to
interact with actin. It interacts both in vitro and in cells with
Wiskott-Aldrich Syndrome Protein (WASP), a protein having
role in controlling actin dynamics. Knockdown of aldolase
resulted in a decreased cell motility and spreading that are
WASP-dependent processes [52].

P. falciparum aldolase (PfALDO) shares 54% sequence
identity with human aldolase A (Table 2) but possesses many
distinct structural and functional properties. Immunization
with PfALDO provided protective immunity to malaria in
monkeys suggesting its potential as a vaccine candidate [53].

In addition to its expected cytosolic location, PfALDO also
associated with P. falciparum surface via glycosylphosphati-
dylinositol anchor, validating its protective property [54].
PfALDO showed very high affinity in vitro binding to the
cytosolic domain of the erythrocyte membrane band 3 pro-
tein. A 19-residue synthetic peptide corresponding to the bin-
ding domain sequence of band 3 protein abrogated this bind-
ing and in vitro PfALDO enzyme activity. Another 19-residue
peptide with similar sequence motif from P. falciparum actin
II was also an inhibitor of PfALDO in vitro enzyme activity.
These binding studies suggest that PfALDO associates with
the cytoskeleton of the parasite or of the host [9]. A peptide
derived from P. falciparum 𝛼-tubulin also competitively
inhibited PfALDO enzyme activity [55]. PfALDO has been
identified a component of the apicomplexanmotilitymachin-
ery of the parasite known as “glideosome” and implicated in
RBC invasion [56].

PfALDO is a homotetramer with one 80 kDa dimer per
asymmetric unit. Comparison of PfALDO crystal structure
with that of human aldolase revealed the presence of a unique
hydrophobic pocket on the surface of PfALDO, resulting
from some amino acid changes and a single residue deletion
compared to human aldolase. Another unique feature was
that the overall quaternary structure of the PfALDO tetramer
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Figure 1: Unique structural differences between P. falciparum (PfTPI) (a) and human TPI (HsTPI) (b). Unique residues in PfTPI and their
counterparts in HsTPI are labeled. PDB IDs of PfTPI and HsTPI are 1YDV and 1WYI, respectively. Structures were visualized by molecular
visualization software PyMOL (DeLano Scientific).

buried lesser surface area than human aldolase [11]. These
structural differences could be exploited for specific targeting
of PfALDO.

2.2.5. Triosephosphate Isomerase. It has been reported that
contact-mediated killing of Cryptococcus neoformans takes
place with bacterium Staphylococcus aureus [57].The interac-
tion between these organisms involved adhesion between tri-
osephosphate isomerase (TPI) and 𝛼-(1A 3)-mannooligosac-
charides larger than triose in S. aureus and C. neoformans,
respectively [58]. TPI was one of the identified proteins that
bound with plasminogen in clinical isolates of oral strepto-
cocci from dental plaque and inflammatory lesions [44]. In
case of Alzheimer’s disease amyloid𝛽-peptide-induced nitro-
oxidative damage promotes the nitrotyrosination of the trios-
ephosphate isomerase in human neuroblastoma cells. Nitro-
triosephosphate isomerase bound to tau monomers and
induced tau aggregation to form paired helical filaments that
are the characteristic of Alzheimer’s disease brains [59].

P. falciparum triosephosphate isomerase (PfTPI) shows
43% sequence identity with its human homolog but also
exhibits distinct structural differences. The crystal structure
of PfTPI has been solved based on the structure of trypanos-
omal triosephosphate isomerase. Comparison of PfTPI stru-
cture with human triosephosphate isomerase (HsTPI) revea
led unique differences. The conserved Glu-184 is replaced
with Leu in PfTPI that is surface exposed and may be
involved in binding to the erythrocyte membrane. In addi-
tion, Ser-97 near the active site of human HsTPI has been
replaced with Phe-102 in PfTPI (Figures 1(a) and 1(b)) [12].
PfTPI contains four cysteine residues at positions 13, 126,
196, and 217 per subunit. Among these, Cys-13 present at the
dimer interface is replaced bymethionine inHsTPI.Mutation
of Cys-13 in PfTPI with Asp resulted in a 7-fold reduction
in the enzymatic activity [60]. These unique substitutions in
PfTPI make it an attractive candidate for selective targeting.

2.2.6. Glyceraldehyde 3-Phosphate Dehydrogenase. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was found
to be present on the surface and in the extracellular medium
of anthrax pathogen Bacillus anthracis. Out of the three

isoforms of GAPDH, isoformAwas present on the surface of
B. anthracis and in the extracellular medium. Human plas-
minogen interacted with isoform A in a lysine-dependent
manner [61].

Oct-1 is a transcription factor involved in cell cycle regu-
lation. S phase-specific cofactor(s) bind to Oct-1 and regulate
the S phase-specific H2B transcription. Oct-1 coactivator
OCA-S is essential for S phase-dependent histone H2B tran-
scription. The p38 component of OCA-S which represents
a nuclear form of GAPDH directly binds to Oct-1 and is
essential for S phase-specificH2B transcription [62]. GAPDH
is expressed on human and murine macrophage cell surface,
regulated by the availability of iron in the medium. GAPDH
interacts with transferrin and the GAPDH-transferrin com-
plex is internalized into the early endosomes suggest-
ing the transferrin uptake and regulation mechanisms in
macrophages [63].

Cellular distribution of GAPDH in central nervous sys-
tem (CNS) derived cells (neuroblastoma mNB41A3), in non-
CNS derived cells (R6 fibroblast), and in an apoptosis-
resistant Bcl2 overexpressing cell line (R6-Bcl2) was investi-
gated. Induction of apoptosis and oxidative stress enhanced
the nuclear translocation of endogenous GAPDH in all the
cell types, indicating that nuclear translocation of GAPDH
may play a role in apoptosis and oxidative stress [64].

P. falciparum glyceraldehyde 3-phosphate dehydrogenase
(PfGAPDH) shows 63.5% sequence identity with human ery-
throcytic GAPDH and expressed in all developmental stages
of cultured P. falciparum blood-stage parasites [65] but accu-
mulated at the apical region of merozoites during schizogony
[66]. Besides its cytosolic localization, it is also present in the
parasite membrane fraction. In vitro studies using HeLa cell
microsomal membranes showed that PfGAPDH was recru-
ited to the membrane, which was dependent on the mam-
malianGTPase Rab2, indicating a probable role of PfGAPDH
in vesicular transport and apical organelle biogenesis [66].

The crystal structure of PfGAPDHwas determined based
on rabbit GAPDH. PfGAPDH is a tetramer with each mono-
mer consisting of an NAD-binding-domain containing the
classical Rossman fold (residues 4–152, 320–337) and a cata-
lytic domain (residues 153–319).The catalytic domain consists
of eight beta strands connected by short loops and helices.
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Figure 2: Unique structural differences between PfGAPDH and HsGAPDH. (a) Tetrameric structure of PfGAPDH (PDB ID: 2B4R). NAD-
binding domain (Rossman fold) is shown in grey and catalytic domain is shown in cyan with S-loop shown in blue (i). Zoomed image of
PfGAPDH showing the residues Ser-193 and His-42 that are unable to make hydrogen bonds (ii). (b) Tetrameric structure of HsGAPDH
(PDB ID: 1ZNQ). NAD-binding domain is shown in grey and catalytic domain is shown in cyan with S-loop shown in blue (i). Zoomed
image of HsGAPDH showing the hydrogen bonding between residues Ser-192 and His-42 (ii). (c) Alignment of single subunits of PfGAPDH
and HsGAPDH. NAD-binding domains of PfGAPDH and HsGAPDH are shown in green and cyan, respectively, and catalytic domains of
PfGAPDH and HsGAPDH are shown in blue and magenta, respectively. Bound NAD is shown in orange. PfGAPDH loop containing the
Lys-Gly insert (shown as sticks in blue) constricts the opening of the NAD-binding cavity more as compared to the HsGAPDH loop (shown
as sticks in magenta). Structures were visualized by molecular visualization software PyMOL (DeLano Scientific).

Upon comparison of crystal structures of PfGAPDH (PDB
ID: 2B4R) with the human liver GAPDH (HsGAPDH) (PDB
ID: 1ZNQ), some unique differences were observed. A ridge
in GAPDH structures known as S-loop separates the NAD-
binding cavities of adjacent subunits. A two-residue (Lys-Gly)
insert is found in this loop in PfGAPDH (residues 192–197
being Pro-Ser-Lys-Gly-Gly-Lys) compared to HsGAPDH, in
which only four residues (19-Pro-Ser-Gly-Lys-194) are found
(Figures 2(a) and 2(b)). The Lys-Gly in the S-loop structure
creates a bulge that lines the NAD-binding cavity. This insert
along with the adjacent Lys-197 creates a more constricted
opening than found in HsGAPDH (Figure 2(c)). In case of
HsGAPDH, Ser-192 of the insertmakes a hydrogen bondwith
Tyr-42 (Figure 2(b)). In PfGAPDH Tyr-42 is replaced with

His-42, whose side chain is unable to make hydrogen bond
with Ser-193 (Figure 2(a)). Instead this histidine was found to
hydrogen bond with water molecules bound to PfGAPDH,
which in turn hydrogen bonded with the carbonyl oxygens of
Gly-191 and Trp-199 [13]. Thus this Lys-Gly insert imparts
distinct hydrogen bonding properties to PfGAPDH, which
could provide differential functional properties to PfGAPDH
as compared to HsGAPDH suggesting that PfGAPDH could
be selectively targeted.

2.2.7. Phosphoglycerate Kinase. Phosphoglycerate kinase
(PGK) of group B streptococci (GBS) is expressed on the GBS
cell surface. It has been shown that group B streptococcal
phosphoglycerate kinase (GBS-PGK) binds to plasminogen
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and actin [67]. The internalization of GBS into eukaryotic
cells is an actin-dependent process. In an attempt to identify
host cell and/or bacterial factors involved in the process, bin-
ding of 𝛼-actinin, an actin-binding protein closely associated
with cytoplasmic F-actin in the eukaryotic cell, was observed.
Western blot analysis revealed that anti-𝛼-actinin antibodies
bound to a 42 kDa protein that was identified as GBS-PGK.
Treatment of epithelial cells with PGK prior to performing
an invasion assay inhibited GBS internalization suggesting
the role of PGK in host cell invasion [68].

The crystal structure of P. falciparum phosphoglycerate
kinase (PfPGK) has been solved, which did not show any
unique feature other than the binding of another sulfate ion at
the basic patch where the 3-phosphate of the substrate 1,3-
biphosphoglycerate normally binds [24].

2.2.8. Phosphoglycerate Mutase. Phosphoglycerate mutase
(PGM)was also found to be a plasminogen binding protein in
clinical isolates of oral streptococci from dental plaque and
inflammatory lesions [44].

In P. falciparum genome, two phosphoglycerate mutases
(PfPGM1 and PfPGM2) are found. Crystal structure of
PfPGM2 has been solved. Sequence and structural compari-
son of PfPGM2with PfPGM1 and phosphoglycerate mutases
(PGMs) from other organisms revealed a distinct conforma-
tion of the catalytic residues, not found in other known PGM
structures. Characterization of PfPGM2 enzyme activity
established that PfPGM2 acted as a phosphatase with a resid-
ual level of mutase activity indicating the role of PGM2 in the
phosphate metabolism or regulatory functions in parasite life
cycle [25].

2.2.9. Enolase. Plasminogen-binding sites on nucleated cells
were identified using U937 monocytoid cells as a model.
Affinity chromatography was used to isolate candidate plas-
minogen receptors from U937 cells, which identified a major
protein of Mr 54,000 that was found to be 𝛼-enolase by
immunochemical and functional studies. Cell surface 𝛼-
enolase was capable of binding plasminogen in ligand blot-
ting analyses [69]. 𝛼-Enolase plays an important role in regu-
lation of c-myc protooncogene promoter activity in the form
of an alternative translation product of Myc-binding protein-
1 (MBP-1) [70]. In Entamoeba histolytica, enolase exhibits
both cytosolic and nuclear localization and was found to act
as a cytosine-5 methyltransferase 2 (Dnmt2) inhibitor [71].
In Toxoplasma gondii two isoforms of enolase (TgENO1 and
TgENO2) are found. TgENO2 is targeted to the nucleus of
actively replicating parasites and regulates the transcription
of a number of genes [72].

P. falciparum enolase (PfENO) shows 67% sequence
identity with human 𝛼-enolase (Table 2). The unique feature
of PfENO is the presence of a pentapeptide insert that is also
found in other Plasmodium species and plant enolases [8]. P.
falciparum exhibits diverse subcellular localization in blood
stage parasites apart from its normal cytosolic location
(nucleus, merozoite surface, food vacuole, and cytoskeleton)
[73]. Plasmodium enolase plays a crucial role during ookinete
invasion ofmosquitomidgut, an essential step inPlasmodium

life cycle in mosquito. Enolase lines the ookinete surface and
anti-enolase antibody inhibited the development of both P.
falciparum and P. berghei ookinetes. Enolase captures mam-
malian serine protease plasminogen that assists in midgut
invasion by ookinetes, suggesting that enolase may act as an
invasion ligand [74]. In an attempt to identify the ookinete
ligands binding to the mosquito midgut surface, a phage
display screen identified a consensus peptide sequence (Pro-
Tyr-Tyr-Pro) on phages that bound to P. berghei ookinete
surface. The phages expressing these peptides bound actin
and enolase in overlay assays of ookinete protein extracts
suggesting the presence of actin and enolase on ookinete sur-
face [75]. Immunofluorescence assay further confirmed the
presence of enolase on P. falciparum ookinete surface.
Plasmodium enolase recruits human plasminogen from the
ingested blood via its lysine motif (277-Ala-Lys-Ser-Leu-
Val-Lys-282) [74]. The peptide Ala-Lys-Ser-Leu-Val-Lys was
found to be inhibitory to oocyst development [76]. These
studies strongly suggest that PfENO is a promising target for
transmission blocking of the parasite.

2.2.10. Pyruvate Kinase. Pyruvate kinase (PK) was identified
as one of the salivary mucin-binding proteins present in the
SDS extract of Streptococcus gordonii cell surface proteins
[77]. Four isoforms of pyruvate kinase (M1, M2, L, and R) are
expressed in mammalian cells. Mutually exclusive alternative
splicing of the PKM2 pre-mRNA produces the pyruvate
kinases M1 (PKM1) and M2 (PKM2) isoforms [78]. Expres-
sion level of PKM2 is upregulated in human cancer cells [79–
81], where it directly regulates gene transcription by histone
modification that is essential for tumorigenesis [82]. PK is
converted to a less active dimer form of PKM2 isoenzyme
during oncogenesis. In response to different apoptotic agents,
PKM2 is translocated to the nucleus that is sufficient to induce
caspase-independent cell death of tumor cells [83].

Two isoforms of pyruvate kinase (PfPK types I and II)
are found in P. falciparum genome. Type I PfPK is the
typical glycolytic enzyme, while type II PfPK is localized
to apicoplast and involved in type II fatty acid synthesis
suggesting its potential to be selectively targeted [84].

2.2.11. Lactate Dehydrogenase. Duck heart lactate dehydro-
genase (LDH-B

4
) acts as a 𝜀-crystallin (a member of water-

soluble vertebrate lens proteins) in duck lens, [85].
P. falciparum lactate dehydrogenase (PfLDH) is essential

for the anaerobic lifestyle of Plasmodium and a potential
drug target [86]. PfLDH inhibitors have been designed,which
reduce parasite growth in vitro in P. falciparum culture and in
vivo in P. berghei [87]. Since lactate dehydrogenases (LDHs)
have highly selective substrate specificities, LDH activity is
also routinely used for malaria diagnosis and Plasmodium
species identification based on its substrate specificity that is
capable of differentiating between falciparum and nonfal-
ciparum malaria [88]. PfLDH is divergent from human
lactate dehydrogenase (HsLDH) in some unique biochemical
features. In contrast to HsLDH, PfLDH is not inhibited at
high concentrations of pyruvate [6] and shows a very high
activity on a synthetic coenzyme 3-acetylpyridine adenine
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dinucleotide (APAD) at 0.5M lactate concentration that is
the basis of the parasitemia test in infected human blood.
PfLDH is also highly sensitive to inhibition by gossylic nitrile
diacetate (GNDA) compared to HsLDH [89].

In the crystal structure of PfLDH, a significant shift in the
position of the NADH cofactor frommammalian enzymes is
observed accounting for the unusual biochemical properties
of this enzyme.There are two distinct regions of unique struc-
tural differences where PfLDH departs from mammalian
LDHs. The antigenic loop (residues 205–221) in PfLDH
adopts a different conformation than vertebrate LDHs, which
may be responsible for the antigenic discrimination. Besides,
the substrate specificity loop (residues 97–112) has a five-
residue insert that is absent in mammalian LDHs. The insert
creates a distinct cavity in the surface adjacent to the catalytic
region. These structural differences could be exploited for
selective targeting of the parasite enzyme [14, 90]. Overlay of
PfLDH and human LDH-A subunit B highlighting the struc-
tural differences is shown in Figure 3.

2.3. Role of Posttranslational Modifications in Multifunction-
ality. Posttranslational modifications (PTMs) are a common
means to impart alternative conformations and hence alter-
native functions to proteins [91]. PTMs change protein mass,
charge, and conformation, which in turn modify protein’s
activity (in case of enzymes), binding affinity, and hydropho-
bicity [91]. Eukaryotic systems being multicompartmental,
localization of proteins to different compartments is a com-
plex process and takes place through binding partners.
Localization pattern is dependent on the availability and the
concentrations of the binding partners, regulated by their
expression levels and PTMs [18]. For example,multifunction-
ality of GAPDH is dependent on PTMs like phosphorylation,
nitrosylation, and acetylation [92]. Nuclear localization of
GAPDH is dependent on its nitrosylation-dependent binding
to Siah1, an E3 ubiquitin ligase [93]. PTMs are responsible for
tremendous increase in the complexity of the proteome in
the form of different variants of proteins (approximately 1.8
million protein variants from 30,000 open reading frames in
humans). Proteins can undergo a single or multiple modifi-
cations at several sites, producing the variants with unique
properties [94]. Role of PTMs in malaria and other diseases
have been extensively reviewed byChung et al. [95] andKarve
and Cheema [96]. Some important PTMs associated with
malaria and other diseases are discussed below.

Proteolytic processing of proteins to produce their vari-
ants with altered activities is a major form of PTM [95]. Pro-
teases are a major group of Plasmodium protein, which
undergo proteolytic processing by auto- or trans-proteolysis
to achieve the active state [97]. Parasite-specific proteases
are involved in many crucial processes necessary for parasite
survival and replication (hemoglobin degradation, parasite
egress, and invasion) [3]. A number of parasitophorous
vacuolar and surface proteins known to have role in egress
and invasion achieve their active conformation by proteolytic
processing [98–100]. Proteases are activated under specific
physiological conditions in a temporally regulated manner;

Substrate specificity loop

Antigenic loop

HsLDH-A subunit B

PfLDH

Figure 3: Unique structural differences between P. falciparum LDH
(PfLDH) (a) and human LDH-A (HsLDH-A) (b). Aligned PfLDH
(green) and HsLDH-A subunit B (cyan). Substrate specificity loop
of PfLDH is shown in blue with 5-residue insert in red and that of
HsLDH-A subunit B is shown inmagenta. Antigenic loops of PfLDH
and HsLDH-A are shown in blue and magenta, respectively.

hence therapeutic agents interfering with these conditions or
targeting the enzyme activity could be potential antimalarials.

Phosphorylation is the reversible addition of a phosphate
group to an amino acid residue by a group of proteins known
as protein kinases (PKs). It is one of the extensively studied
PTMs in eukaryotic cells and implicated in regulation of a
variety of cellular processes. Several kinase inhibitors have
been found to inhibit various Plasmodium developmental
stages. Inhibitor studies have suggested that protein phos-
phatases, enzymes, which carry out dephosphorylation of
amino acids, are also essential for parasite life cycle and may
be considered as potential drug targets [95]. Targeting of
kinases and phosphatases is considered a potential strategy
for treatment of cancer and inflammatory diseases [101, 102].

Ubiquitination is an enzymatically catalyzed covalent
attachment of a small regulatory protein, ubiquitin (Ub) to
proteins, which targets the ubiquitinated proteins for protea-
somal degradation [103]. In addition to protein degradation,
ubiquitination is implicated in regulation of a variety of cel-
lular processes (e.g., cell signaling, cell stress-response, intra-
cellular trafficking, etc.) [104]. A few inhibitors of ubiquiti-
nation are used as drugs against cancer and neural diseases
[105]. In Plasmodium, several studies have demonstrated the
essentiality of proteasomal protein turnover for cell cycle
progression and proteasomal inhibitors have been shown to
be inhibitory for parasite growth [106–109].

In silico analysis of PTM sites in P. falciparum and
human glycolytic enzymes revealed differential PTMs in the
parasite and host enzymes. Figures 4(a) and 4(b) show the
differential PTMs in P. falciparum and human enolase and
GAPDH enzymes. It may be speculated that these differential
PTMs may account for their diverse subcellular localiza-
tion and nonglycolytic functions. Study of PTMs associated
with parasite-specific moonlighting functions of parasite
glycolytic enzymes is an interesting area of research andneeds
extensive proteomic and functional characterization.
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Figure 4: Differential posttranslational modifications in P. falciparum and human enzymes, enolase (a) and GAPDH (b). PfENO,
HsENO1, PfGAPDH, and HsGAPDH represent P. falciparum enolase, human enolase 1, P. falciparum GAPDH, and human GAPDH,
respectively. Residues predicted to be modified are shown in boxes. Posttranslational modification sites were predicted by using
online available tools. (Phosphorylation with NetPhos 2.0 (http://www.cbs.dtu.dk/services/NetPhos/), methylation with BPB-PPMS
(http://www.bioinfo.bio.cuhk.edu.hk/bpbppms/intro.jsp), and ubiquitination with UbiPred (http://www.ubpred.org/), resp.)
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3. Conclusion

Despite the availability of therapeutic and prophylactic drugs,
malaria remains a major concern for human health because
of the emergence of resistant parasites against available drugs.
Keeping in mind the ability of the parasite to develop resis-
tance, rational designing of drugs based on known targets is
an urgent priority. Glycolysis, being the sole source for
parasite energy requirements, presents an attractive parasite
pathway to be targeted. Although it is not feasible to develop
antimalarial targeting the active sites of malarial glycolytic
enzymes due to strong homology with human enzymes,
unique structural and functional properties of these enzymes
could be exploited for antimalarial development. Unique fea-
tures and feasibility of selective targeting have been described
for many parasite glycolytic enzymes and reviewed in this
paper.

Identification of compounds specifically targeting para-
site enzymes remains an area to be extensively studied and
could potentially lead to development of novel antimalarials.
In this direction, attempts to identify small molecule inhi-
bitors against PfHK have identified isobenzothiazolinones
as a class of noncovalent, reversible PfHK inhibitors as lead
compounds [39]. In another study, virtual screening of
NADH analogs against PfLDH followed by in vitro inhibition
studies has identified three lead compounds (itraconazole,
atorvastatin, and posaconazole) that were effective inhibitors
of P. falciparum growth in vitro [87].

In addition to development of antimalarial drugs, trans-
mission blocking of the parasite is an effective means of
controlling the spread of malaria. PfENO is an interesting
transmission-blocking candidate present on the parasite
ookinete surface and assists in ookinete invasion of midgut
epithelium by recruiting human serine plasminogen through
a lysine motif (277-Ala-Lys-Ser-Leu-Val-Lys-282) [74]. This
lysine motif peptide was found to be inhibitory for oocyst
development [76]. Nonpeptide stable compounds targeting
the interaction between enolase and plasminogen could be
potential transmission-blocking agents.

The present state of knowledge about the malarial gly-
colytic enzymes suggests that their unique properties could
be exploited for the development of potent future antimalari-
als. In addition to the above-mentioned approaches, study of
differential PTMs in various malarial glycolytic enzymes
from the host enzymes may open novel avenues for drug
discovery efforts against malaria. Although the feasibility of
targeting PTMs has been demonstrated in malaria and other
diseases, their role in malarial glycolytic enzymes needs to be
explored.
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[65] C. A. Daubenberger, F. Pöltl-Frank, G. Jiang, J. Lipp, U. Certa,
and G. Pluschke, “Identification and recombinant expression
of glyceraldehyde-3-phosphate dehydrogenase of Plasmodium
falciparum,” Gene, vol. 246, no. 1-2, pp. 255–264, 2000.

[66] C. A. Daubenberger, E. J. Tisdale, M. Curcic et al., “The N󸀠-
terminal domain of glyceraldehyde-3-phosphate dehydroge-
nase of the apicomplexan Plasmodium falciparum mediates
GTPase Rab2-dependent recruitment to membranes,” Biologi-
cal Chemistry, vol. 384, no. 8, pp. 1227–1237, 2003.

[67] T. J. Boone, C.-A. D. Burnham, and G. J. Tyrrell, “Binding of
group B streptococcal phosphoglycerate kinase to plasminogen
and actin,” Microbial Pathogenesis, vol. 51, no. 4, pp. 255–261,
2011.

[68] C.-A. D. Burnham, S. E. Shokoples, and G. J. Tyrrell, “Phos-
phoglycerate kinase inhibits epithelial cell invasion by group B
streptococci,” Microbial Pathogenesis, vol. 38, no. 5-6, pp. 189–
200, 2005.

[69] L. A. Miles, C. M. Dahlberg, J. Plescia, J. Felez, K. Kato, and
E. F. Plow, “Role of cell-surface lysines in plasminogen binding
to cells: identification of 𝛼-enolase as a candidate plasminogen
receptor,” Biochemistry, vol. 30, no. 6, pp. 1682–1691, 1991.

[70] A. Subramanian and D.M.Miller, “Structural analysis of alpha-
enolase: mapping the functional domains involved in down-
regulation of the c-myc protooncogene,” Journal of Biological
Chemistry, vol. 275, no. 8, pp. 5958–5965, 2000.

[71] A. Tovy, R. S. Tov, R. Gaentzsch, M. Helm, and S. Ankri, “A
new nuclear function of the Entamoeba histolytica glycolytic
enzyme enolase: the metabolic regulation of cytosine-5 methyl-
transferase 2 (Dnmt2) activity,” PLoS Pathogens, vol. 6, no. 2,
Article ID e1000775, 2010.

[72] T. Mouveaux, G. Oria, E.Werkmeister et al., “Nuclear glycolytic
enzyme enolase of Toxoplasma gondii functions as a transcrip-
tional regulator,” PLoS ONE, vol. 9, no. 8, Article ID e105820,
2014.

[73] I. P. Bhowmick, N. Kumar, S. Sharma, I. Coppens, and G. K.
Jarori, “Plasmodium falciparum enolase: stage-specific expres-
sion and sub-cellular localization,” Malaria journal, vol. 8,
article 179, 2009.

[74] A. K. Ghosh, I. Coppens, H. Gårdsvoll, M. Ploug, and M.
Jacobs-Lorena, “Plasmodium ookinetes cooptmammalian plas-
minogen to invade the mosquito midgut,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 108, no. 41, pp. 17153–17158, 2011.

[75] J. Hernández-Romano, M. H. Rodŕıguez, V. Pando et al., “Con-
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