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The glycolytic enzyme phosphoglycerate mutase (PGM) is of
utmost importance for overall cellular metabolism and has
emerged as a novel therapeutic target in cancer cells. This
enzyme is also conserved in the rapidly proliferating malarial
parasite Plasmodium falciparum, which have a similar meta-
bolic framework as cancer cells and rely on glycolysis as the
sole energy-yielding process during intraerythrocytic develop-
ment. There is no redundancy among the annotated PGM
enzymes in Plasmodium, and PfPGM1 is absolutely required
for the parasite survival as evidenced by conditional knock-
down in our study. A detailed comparison of PfPGM1 with its
counterparts followed by in-depth structure-function analysis
revealed unique attributes of this parasitic protein. Here, we
report for the first time the importance of oligomerization for
the optimal functioning of the enzyme in vivo, as earlier studies
in eukaryotes only focused on the effects in vitro. We show that
single point mutation of the amino acid residue W68 led to
complete loss of tetramerization and diminished catalytic ac-
tivity in vitro. Additionally, ectopic expression of the WT
PfPGM1 protein enhanced parasite growth, whereas the
monomeric form of PfPGM1 failed to provide growth advan-
tage. Furthermore, mutation of the evolutionarily conserved
residue K100 led to a drastic reduction in enzymatic activity.
The indispensable nature of this parasite enzyme highlights the
potential of PfPGM1 as a therapeutic target against malaria,
and targeting the interfacial residues critical for oligomeriza-
tion can serve as a focal point for promising drug development
strategies that may not be restricted to malaria only.

Malaria, a highly prevalent infection caused by the proto-
zoan parasite Plasmodium, affects mankind and global econ-
omy till date. The World Health Organization’s World Malaria
Report 2020 revealed an estimated 229 million malaria cases
and 409,000 related deaths in 2019 globally (1). Despite recent
interventions, this devastating disease is still far from elimi-
nation and eradication. A profound knowledge of the parasite
biology can help annihilate this malady. Infections with Plas-
modium falciparum are most severe and can be fatal (2).
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Erythrocytes infected by the malarial parasites rely mainly on
glycolysis for energy and utilize glucose at higher rates, 20 to
100 times, than the normal uninfected red blood cells (3–5).
The eighth step of this energy-yielding machinery, the con-
version of 3-phosphoglycerate to 2-phosphoglycerate, is cata-
lyzed by phosphoglycerate mutase (PGM) enzyme (6). The
reaction is reversible in nature and hence the enzyme takes
part in both glycolysis and gluconeogenesis.

Phosphoglycerate mutase acts as a rate-limiting enzyme in
heart tissue, leukocytes, and tumor cells (7). The enzyme is
involved in multiple metabolic reactions of the cell directly or
indirectly. It regulates the pentose phosphate pathway and
amino acid biosynthesis, thereby modulating cell development
and proliferation (8, 9). Moreover, PGM has the potential to
immortalize mouse fibroblasts (10). In yeast, PGM helps in
fungal adhesion and invasion in the human host through
plasminogen binding (11). Therefore, PGM has many vital
functions to play across species. Strikingly, cancer cells that
undergo uncontrolled growth and rely on enhanced glycolysis
show overexpression of mammalian counterpart PGAM1 cit-
ing the analogy between cancer cells and Plasmodium para-
sites for their dependence on this unique enzyme to support
their unperturbed growth (12).

Different oligomeric forms of the enzyme have been re-
ported in different organisms. In yeast, tetrameric form of
PGM is seen, whereas the human counterpart exists as a dimer
(13, 14). In another parasite, Leishmania Mexicana, PGM
exists as monomer and dimer (15). Monomeric forms are
mainly seen in bacteria (16, 17). The oligomeric properties of
an enzyme play key role in affecting kinetic properties, cellular
localization, and protein–protein interactions (18–21). Most of
the findings related to oligomerization of the enzyme and ac-
tivity rely on in vitro data. Therefore, in vivo validation of
oligomerization property of the enzyme and its effects still
remain elusive.

The homolog of the PGM enzyme is present in the
P. falciparum genome. Of the two P. falciparum pgm anno-
tated genes, Pfpgm1 and Pfpgm2, the protein encoded by
Pfpgm2 has been characterized as a phosphatase with weak
mutase activity (22). However, the functionality of PfPGM1
and structure-function relationship have not been elucidated
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Importance of tetramerization of essential enzyme PfPGM1
earlier. Further, the oligomeric status of PfPGM1 can be
investigated to discover whether the parasitic enzyme re-
sembles the eukaryotic homolog in yeast or the host enzyme,
which would be useful in generating parasite-specific
inhibitors.

PfPGM1 is indispensable for the parasite survival as studied
by saturation mutagenesis and deletion analysis in
P. falciparum and Plasmodium berghei respectively (23, 24).
However, both the above studies focused on the overall growth
phenotype as a read out for essentiality. The information is
limiting, and the corresponding protein level to ascertain the
functional correlation and specific effects on the parasite upon
PfPGM1 deletion are lacking. PfPGM1 is one of the highly
expressed genes as determined through mRNA abundance
studies (25). Moreover, the enzyme is among the 35 proteins
that are most abundant in the parasite (26). The gene is
conserved throughout the Plasmodia species and is expressed
in the different parasitic life stages (http://www.plasmoDB.org)
(27). Interestingly, PfPGM1 also has the potential to be
exploited as a biomarker for P. falciparum infection (28). In
patients with severe malaria, high levels of PfPGM1 were
detected in the plasma via proteome studies. Additionally, the
recombinant PGM protein from another protozoan parasite
Toxoplasma gondii (rTgPGAM2), when administered in
BALB/c mice, provided immunity to the mice against T. gondii
infection (29). The enzyme has clinical relevance as well,
consequently notching up the inquisitiveness to explore it
further. Thus, a targeted approach toward designing inhibitors
against PfPGM1 could be explored for developing antimalarial
medications. Even though the glycolytic enzymes are
conserved across species, but they still display certain char-
acteristic structural differences from the host enzymes that can
be utilized for developing target-specific inhibitors against
P. falciparum (5).

In the present study, we have characterized PfPGM1 for the
first time and report that the enzyme is indispensable for
parasite growth. Biochemical studies of the enzyme revealed
that it exists as a tetramer as compared to the dimeric human
counterpart and exhibits remarkable mutase activity in com-
parison with the yeast enzyme. Further, in-depth oligomeri-
zation analysis along with experimental validation highlighted
key role of a single residue in maintaining the tetrameric
structure. The tetramerization of this enzyme contributes to
optimal functioning both in vitro and in vivo. Collectively, our
data highlight the fundamental role of PGM in the malarial
parasite, and we propose this enzyme as a potential target for
antimalarial drug development. Moreover, our findings point
toward a new strategy for drug development keeping oligo-
merization at the center point that may be of general interest
and not limited to the parasites.
Results

P. falciparum PGM is indispensable for parasite development

Pfpgm1 gene (PF3D7_1120100) consists of two introns and
codes for a 250 amino acid long protein. Motif search using
ScanProsite tool revealed that the phosphohistidine signature
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motif of PGM family is located at the extreme N-terminus of
the protein. The schematic of the protein is represented in
Fig. S1A.

The essential role of PfPGM1 and its absolute requirement
for the parasite survival was studied by conditional knockdown
of the gene in order to have a quantitative and thorough
analysis to validate the genotype–phenotype correlation.
Glucosamine (GlcN)-induced ribozyme based glmS strategy
(Fig. 1A) was exploited to deplete PfPGM1 levels within the
parasites (30). The successfully appended GFP-glmS tag at the
3’ region of the genomic locus of Pfpgm1 was confirmed via
diagnostic PCR (Fig. 1B) using primers outside the homology
region as shown in Figure 1A and mentioned in the method-
ology section. Western blot analysis using antibodies against
GFP revealed the expression of GFP-fusion protein in the
integrant parasites (Fig. 1C). The protein is constitutively
expressed throughout the three developmental intra-
erythrocytic stages namely, ring, trophozoites, and schizonts in
consonance with the glycolytic needs of the parasite (Fig. 1D).
The live cell microscopy also demonstrated that PfPGM1 is
predominantly localized in the cytosol of the parasite where
the glycolytic process takes place. A significant fraction of the
protein was also detected in the nucleus which is suggestive of
moonlighting function. Western blot analysis and immuno-
fluorescence assay using the polyclonal antisera directed
against PfPGM1 represented the protein abundance in the
different stages of the parasite (Fig. S1, B–E).

Subsequently, the regulation of protein expression by the
glmS riboswitch and its influence on the parasite was assessed
by the addition of 5 mM GlcN (31–33). Interestingly,
PfPGM1 protein levels went down, 24 h post-GlcN addition,
as detected by Western blot analysis and live cell microscopy,
in comparison to the untreated parasites (Fig. 2, A and B).
The residual expression in the treated parasites could be due
to leaky expression or the already synthesized protein in the
early ring stage. The depletion of PfPGM1 resulted in pro-
nounced growth defect as evident from the parasite growth
assay in the presence and absence of GlcN (Fig. 2C). Absence
of the parasites after two cycles following GlcN addition in
the case of PGM-knockdown parasite line indicates the crit-
ical role of PfPGM1 for parasite growth and proliferation.
Giemsa-stained blood smears revealed that the parasite
development was severely affected upon PfPGM1 depletion
(Fig. 2D). Further, the parasite maturation to later stages was
impeded in the absence of this key glycolytic enzyme (Fig. 2,
B and D).

Overall, the presence or absence of GlcN did not show
drastic effect on the survival and phenotype of the parental
3D7 parasites compared to the PGM-knockdown parasite line
(Fig. 2, C and D). Thus, PfPGM1 is crucial for the parasite
survival, and its depletion is deleterious to the parasite
development.
PfPGM1 enzyme exists as a tetramer

Having established the absolute requirement of PfPGM1 by
the parasites, we next focused on the structure-function
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Figure 1. PfPGM1 is expressed throughout the parasite developmental stages. A, the integration strategy schematic for endogenous tagging of
PfPGM1 at the genomic locus by single crossover homologous recombination. The primers used in cloning (1, 2) and the diagnostic PCR (3, 4) are indicated
by arrows and numbered accordingly. GFP and glmS tag are represented by green and red boxes, respectively. B, diagnostic PCR with the indicated primer
sets to confirm integration at the PfPGM1 genomic locus in the obtained transgenic parasites (denoted PGM-Kd). 3D7 parasites, having the unmodified
genomic locus, were used as control. C, immunoblotting using antibodies against GFP confirms the expression of GFP-fusion protein in the PGM-Kd parasite
line. PfActin served as a loading control. D, live cell microscopy images demonstrating the abundance and subcellular localization of the GFP-tagged
PfPGM1 protein (green) in the PGM-Kd parasites. 40 ,6-diamidino-2-phenylindole (DAPI) was used to stain the nuclei. The scale bar represents 2 μm. The
sequences of the primers (1–4) are listed in the Table S3 (S.No. 11–14). Kd, knockdown; PGM, phosphoglycerate mutase.

Importance of tetramerization of essential enzyme PfPGM1
studies of the enzyme. A comparative structure and sequence
analysis of PfPGM1 with its homologs from diverse species
(Table S1) revealed that the PGM structures are highly
conserved. The RMSD values of the PfPGM1 structure with
respect to the homologs were found to be below 1 Å over the
aligned residues. However, the sequences of these homologs
are more diverse. PfPGM1 sequence identity was found to vary
from 47.72 percent with its counterpart from Mycobacterium
tuberculosis to 73.44 percent with T. gondii enzyme (Fig. S2).
Structure-sequence mapping suggests that the maximum
sequence variations (least conserved) are displayed in the
residues forming the PfPGM1 surface (Fig. 3A).

The oligomeric structure of an enzyme is crucial, and its
disruption affects enzymatic activity and function in the cell
J. Biol. Chem. (2022) 298(3) 101713 3



Figure 2. PfPGM1 is indispensable for the parasite growth and development. A, Western blot analysis using antibodies against GFP illustrating the
regulation of PfPGM1 expression via glmS riboswitch. The PfPGM1 expression levels were downregulated following 24 h of glucosamine treatment (5 mM)
in synchronized ring parasites. PfHsp70 was used as a loading control. B, confocal microscopy live cell images illustrating the depletion of PfPGM1 and its
effect on parasite phenotype. The scale bar denotes 2 μm. C, parasite survival curves demonstrating relative parasitemia in the absence and presence of
5 mM glucosamine in PGM-Kd (left) and 3D7 parasites taken as control (right). The graphs represent mean ± SD of at least three independent experiments.
D, Giemsa-stained erythrocyte smears depicting the progression of the parasite in the presence and absence of PfPGM1 and the effect of PfPGM1
knockdown on parasite phenotype (top panel). Effect of 5 mM glucosamine on the phenotype of 3D7 parasites, taken as control (bottom panel). The scale
bar denotes 2 μm. Kd, knockdown; PGM, phosphoglycerate mutase.

Importance of tetramerization of essential enzyme PfPGM1
(34–37). The yeast PGM enzyme is a tetramer (38) whereas the
human enzyme exists in a dimeric form (39). To decipher
whether the P. falciparum PGM enzyme resembles the
eukaryotic model organism yeast or the secondary host of the
parasite, human enzyme, in the oligomerization status, we
performed in silico studies followed by size-exclusion chro-
matography. The available crystal structure of PfPGM1 (PDB
4 J. Biol. Chem. (2022) 298(3) 101713
ID: 1XQ9) (40, 41) shows tetrameric organization of the pro-
tein (Fig. 3B). In this oligomeric state, the four catalytic sites
are located away from each other and can be accessed freely
from outside (Fig. 3B).

Subsequent to in silico analysis, experimental validation of
the oligomeric status of PfPGM1 was performed. Pfpgm1 gene
was successfully cloned, and the expression of recombinant



Figure 3. PfPGM1 structure and its oligomeric status. A, structural comparison of PfPGM1 and its homologs. Monomeric subunits of each homolog were
structurally aligned to PfPGM1 structure, and the corresponding RMSD values are provided in Table S1. Amino acid residues are colored as per the color
code. Blue and red colors denote the least and maximum conservation, respectively at the corresponding amino acid position among the homologs. B, the
tetrameric structure of PfPGM1 illustrating the active site in gray surface view and labeled. The position of K100 is shown in the inset in purple. C, standard
curve of known molecular mass proteins separated with size-exclusion chromatography. The solid line interpolation corresponds to the tetrameric form of
PfPGM1. D, size-exclusion chromatogram of PfPGM1 displaying elution peaks of the two oligomeric forms. E, SDS-PAGE of the peak fractions in comparison
with input highlighting the purity of the eluted fractions. PGM, phosphoglycerate mutase.

Importance of tetramerization of essential enzyme PfPGM1
His6-PGM1 protein was validated using anti-6X His-tag anti-
bodies (Fig. S3).

Further, the recombinant protein was nickel-nitrilotriacetic
acid purified and size-exclusion chromatography was per-
formed to ascertain the oligomeric structure of the protein.
Prior to this, proteins with known molecular mass were run to
plot a standard curve of molecular mass versus elution volume
(Fig. 3C). The chromatogram of PfPGM1 revealed that the
protein exists in multimeric forms in solution, mainly as a
tetramer, and a minute fraction is also present as a higher-
order oligomer (Fig. 3D). The peak fractions were subjected
to SDS-PAGE analysis reflecting the purity of the eluted pro-
tein as compared to the input (Fig. 3E). Different multimeric
structures exist for PGM across organisms. Here, we
J. Biol. Chem. (2022) 298(3) 101713 5
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comprehend that the oligomeric status of the parasitic enzyme
differs from the human enzyme.
PfPGM1 oligomerization is mediated by the hydrophobic
patches

The tetrameric form of PfPGM1 is achieved via interaction
of each monomer with two other monomeric units. Therefore,
Figure 4. Key amino acid residues involved in the oligomerization of PfPG
interface-1 formed between chains A-B and C-D and the interface-2 formed bet
B, depicts interface-1 (chain A-B interface) on top and interface-2 (chain A-D in
Amino acid residues at PfPGM1 oligomerization interface-1 and interface-2 ar
interactions (W68-W68 at interface-1 and P163-P163 at interface-2) in the cente
at the respective interfaces is shown in Fig. S4 in more detail. E, size-exclusion c
protein and mutants. PGM, phosphoglycerate mutase.
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the monomeric subunit has two interaction interfaces and
altogether, the tetrameric unit has four interaction interfaces
(Fig. 4A). The amino acid composition at the interface between
chain A-B and chain C-D are identical, hereafter referred to as
interface-1. Similarly, the composition at interfaces between
chain B-C and chain A-D are alike, hereafter referred to as
interface-2 (Fig. 4B). The oligomeric structures of PGM have
been reported across many species. To gain further insight into
M1. A, the four subunits of PfPGM1 are represented as Chains A to D. The
ween chains B-C and A-D are marked by black lines and labeled accordingly.
terface) at the bottom. The interface residues are highlighted in blue color.
e shown in (C) and (D) respectively. The residues forming the hydrophobic
r of both the interfaces is marked by the black arrow. The interaction profile
hromatogram demonstrating the elution peaks and oligomeric forms of WT
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the possibility of sequentially conserved oligomeric interfaces
in PfPGM1, we closely inspected the interfacial residues at
both interface-1 and interface-2.

We observed that the interface-1 of PfPGM1 is formed by
15 residues, out of which only D53 is 100% conserved across
all the homologs (Table 1 and Fig. S2). This residue is
responsible for hydrogen bond interaction with K141, which is
50% conserved (Figs. 4C and S4). Another residue, I64 (80%
conserved) is involved in hydrophobic interactions with the
neighboring residues. Importantly, the residue W68 (70%
conserved) of one monomer establishes hydrophobic interac-
tion (π-π stacking) with W68 of another monomer, at the
center of interface-1. Additionally, W68 is sequentially sur-
rounded by other hydrophobic residues (A67, V70, and L71)
and a polar but uncharged one (N69), altogether forming a
hydrophobic patch at the center of the interface. This hydro-
phobic patch is conserved in PGM across the diverse species
(Fig. S2). Hence, the hydrophobic patch formed by A67, W68,
N69, V70, and L71 might be very crucial for oligomerization at
interface-1, especially W68 which forms π–π stacking inter-
action with W68 from the interacting partner. Only 6 PfPGM1
interface-1 residues are positionally identical (D53, V59, K61,
I64, W68, and D75) to the human PGAM enzyme interface-1
residues (Table 1). The hydrophobic patch at the center of
interface 1 in human PGAM constitutes L67, W68, T69, V70,
and L71 residues. However, W68, V70, and L71 are identical in
human and Plasmodium, the presence of L67 and T69 in
human instead of A67 and N69 respectively makes it slightly
more hydrophobic in human (Fig. S2).

Similar to interface-1, interface-2 of PfPGM1 is also formed
by the participation of 15 residues establishing hydrophobic
and hydrogen bonding interactions (Table 1). The interface 2
residues also hold significant differences from the corre-
sponding residues in human PGAM. Only residues R86, D146,
P163, P171, H194, and N221 of PfPGM1 interface-2 are
positionally identical to R8, D148, P165, P173, H196, and
N223, respectively in human PGAM (Table 1). Compared to
interface-2, interface-1 has more hydrogen bonds suggesting
Table 1
Amino acid composition of the dimer interfaces formed in PfPGM1 tet

Interface-1 Sequence conservation (%)

E35 (SB) [H35] 20
D53 (HB) [D53]a 100
V59 (HPB) [V59]a 60
K61 (HB) [K61]a 60
I64 (HPB) [I64]a 80
C65 (HPB)/(HB) [R65] 10
W68 (HPB) [W68]a 70
K72 (HPB)/SB [D72] 30
D75 (HB) [D75]a 80
L77 (HB) [M77] 30
H78 (HPB) [W78] 20
V79 (HB) [L79] 20
K83 (HB) [R83] 30
V139 (HPB) [R141] 20
K141 (HB) [A143] 50

The interface residues were identified using LigPlot software. Sequence conservation (%)
across the 10 organisms taken into account in this study (Table S1). HB, hydrogen bondin
PfPGM1 protein, as illustrated in Fig. S4, C and D. The corresponding residues of human
a Shows that the residues are positionally conserved between Plasmodium and human.
that oligomerization at interface-1 might be stronger than
oligomerization at interface-2. Interface-2 also exhibits a hy-
drophobic patch formed by P163, F164, W165, and F166 at the
center of the interface and lined by hydrogen bond interactions
between R86-D167 at the ends (Figs. 4D and S4). In human
PGAM, the amino acids located at identical position to the
residues forming PfPGM1 interface-2 hydrophobic patch are
P165, F166, W167, and N168. The residues corresponding to
R86 and D167 of PfPGM1 are R86 and E169, respectively
(Fig. S2). Due to the presence of N168 in human PGAM
instead of F166 as in PfPGM1, the interface-2 hydrophobic
patch in human is slightly less hydrophobic than in Plasmo-
dium. The residue P163 is completely conserved across diverse
species. Due to the constrained phi torsional angles, proline is
considered to be very important for local conformations in the
protein structures (42). In this scenario, the hydrophobic patch
formed by P163, F164, W165, and F166 might also be
important for oligomerization at interface-2.

Based on the above observations, two residues, W68 at
interface-1 and P163 at interface-2 were chosen for experi-
mental validation and characterization along with an active site
residue K100 as a control. The mutants and WT protein were
then purified (Fig. S5) and subjected to size-exclusion chro-
matography to determine the effect of single point mutations
on the oligomeric status of the protein (Fig. 4E). Interestingly,
the mutation of single amino acid tryptophan (W) to gluta-
mate (E) at the 68th position completely disrupted the tetra-
meric structure of PfPGM1. The mutation of this residue to
the polar amino acid glutamate hinders the interaction be-
tween the interface residues and slightly changes the pI of the
protein thus preventing tetramerization. The chromatogram of
W68E revealed a characteristic single elution peak at mono-
meric size highlighting the essentiality of tryptophan at that
position for the correct oligomerization of the protein. The
role of this single residue in maintaining the oligomerization of
protein is quite astonishing and note-worthy.

Another mutant, P163A, eluted as dimeric form of the
protein highlighting the significance of P163 at interface-2 for
rameric state and their sequential conservation

Interface-2 Sequence conservation (%)

R86 (HB) [R86]a 90
K141 (HPB) [A143] 50
N142 (HPB) [D144] 10
P144 (HPB) [T146] 40
K145 (HPB) [E147] 10
D146 (HB) [D148]a 20
A147 (HPB) [Q149] 20
P163 (HPB) [P165]a 100
F166 (HPB) [N168] 20
D167 (HB) [E169] 70
A170 (HPB) [V172] 70
P171 (HPB) [P173]a 70
L174 (HPB) [K176] 30
H194 (HPB)/(HB)/SB [H196]a 50
N221 (HPB) [N223]a 50

represents the positional conservation of respective amino acid in the PfPGM1 protein
g interaction; HPB, hydrophobic interaction SB, salt-bridges interactions are labeled for
PGAM located at the same position on the structure are mentioned in square bracket.

J. Biol. Chem. (2022) 298(3) 101713 7
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oligomerization. However, the active site mutant, K100R
maintained the oligomerization status of the protein and
eluted as tetramer and a higher-order oligomer similar to the
WT protein.
Figure 5. Comparison of Far-UV CD spectra of PfPGM1 mutant proteins
with the WT protein. The graph is representative of data of one experi-
ment from two independent repeats. PGM, phosphoglycerate mutase.
The tetrameric structure of PfPGM1 contributes to optimal
enzyme activity

Enzyme-kinetics define the catalytic activity and efficiency
of an enzyme. The kinetic parameters of P. falciparum PGM
enzyme were determined using PGM assay (Fig. S6A). The
formation of the product 2-phosphoglycerate (PG) linked with
NADH consumption via coupled-enzyme assay revealed that
the enzyme follows Michaelis–Menten kinetics (Fig. S6B). The
kinetic constants were determined by nonlinear regression
using GraphPad Prism. The analysis yielded a KM value of
182 ± 56 μM and kcat value of 714 ± 68 s−1 for the WT enzyme.
Interestingly, the substitution of Lys-100 to Arg resulted in
dramatic loss in catalytic activity, thus evincing the essentiality
of K100 for the catalytic activity (Fig. S6B).

A comparison with the yeast enzyme revealed that PfPGM1
has more affinity towards the substrate and has better turnover
number highlighting its efficiency (Table 2). The higher cata-
lytic activity and substrate affinity of the P. falciparum enzyme
is beneficial for the rapidly proliferating parasites dependent
mainly on glycolysis for energy.

Next, structure-function relationship of the oligomerization
defective mutants was analyzed. Subsequently, the catalytic
activity of the mutants at positions 68 and 163 was determined
and compared with the WT protein (Table 2). The dimer
(P163A) and monomer (W68E) mutants exhibited reduced
enzymatic activity in comparison with the WT protein. The
catalytic efficiency (kcat/KM) of P163A and W68E mutant
proteins reduced by �56.8% and 68.6% of the WT PfPGM1
protein, respectively (Table 2). The KM values of the mutant
enzymes were comparable to the WT enzyme. These results
strongly suggest that the tetrameric structure of the protein
contributes to optimal enzymatic activity.

Subsequently, far-UV CD spectra depicting the secondary
structure characteristics of the WT and mutant proteins were
recorded (Fig. 5). Analysis of the spectra using BeStSel (Beta
Structure Selection) tool revealed the percentage of different
secondary structures in the respective proteins (Table S2) (43).
The MRE values are slightly different for mutant proteins,
K100R and P163A, however, the analysis indicate that the
overall secondary structures of the mutant proteins do not
change drastically when compared with the WT protein.
Table 2
Comparison of the kinetic constants of ScPGM, PfPGM1 WT, and
mutant proteins

Kinetic constants ScPGMa PfPGM1
PfPGM1
W68E

PfPGM1
P163A

KM 3-PG (μM) 510 ± 60 182 ± 56 175 ± 64 197 ± 68
kcat (s

−1) 380 ± 10 714 ± 68 215 ± 23 335 ± 35
kcat/KM (M−1 s−1) 7.4 × 105 3.9 × 106 1.2 × 106 1.6 × 106

a The data for ScPGM was adapted from reference (17). The results represent mean ±
SD of three independent experiments for PfPGM1 WT and mutant proteins.
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Ectopic expression of WT PfPGM1 enhances parasite
proliferation rate

The increased PGM expression in cancer cells helps to
augment proliferation and tumor growth (9). The metabolic
framework of the parasite is similar to the cancerous cells and is
required to support the rapid multiplication rates of the parasite
(44). Consequently, we determined whether the ectopic
expression of the glycolytic protein PfPGM1 episomally in the
parasites will lead to better parasite growth and proliferation.
Additionally, to better understand the in vivo structure-function
relationship of PfPGM1, GFP expressing WT and monomer
mutant (W68E) transgenic parasite lines were generated.
Western blot analysis using antibodies against GFP confirmed
the expression of PfPGM1-GFP and PfPGM1 W68E-GFP
(�60 kDa) in the respective transgenic parasites (Fig. 6, A and
B, top panels). The status of the endogenous PfPGM1 protein in
the transgenic parasites and 3D7 parasites is shown using an-
tibodies against PfPGM1 (Fig. 6, A and B, middle panel). Live
cell imaging revealed the expression and localization of the
GFP-fusion protein (WT and mutant forms of PfPGM1 protein
respectively) in the transgenic parasite lines (Fig. S7, A and B).

Further, the growth of the transgenic parasite lines
expressing PGM-GFP and PGM W68E-GFP was monitored
for three cycles (Fig. 7A). Interestingly, there was a robust
increase in the parasitemia of PGM-GFP transgenic parasites
as compared to the PfPGM1 W68E-GFP expressing parasites,
and the difference was evident after the first cycle (Fig. 7A).
GFP-only expressing parasites were taken as control. The
doubling time of the respective parasite lines was calculated by
fitting the data to an exponential growth curve. PfPGM1-GFP
exhibited a shorter doubling time of 19.16 ± 0.36 h than
PfPGM1 W68E-GFP (22.46 ± 0.46 h) and GFP (23.65 ±
0.98 h). The ectopic expression of PfPGM1-GFP protein
accelerated the parasite proliferation rate indicating the crucial
role of PfPGM1 in multiple pathways of the parasite including
glycolytic flux.

For a detailed analysis of alterations in cell proliferation, the
length of intraerythrocytic cycle of the parasites was compared



Figure 6. Ectopic expression of PfPGM1-GFP and PfPGM1 W68E-GFP.
Immunoblotting with antibodies against GFP and PfPGM1 in the transgenic
parasites expressing, (A) PfPGM1-GFP and (B) PfPGM1 W68E-GFP, illustrating
the expression profile of GFP-fusion protein (top panel) and the endogenous
protein (middle panel). PfActin served as a loading control (bottom panel).
3D7 parasites were taken as control. PGM, phosphoglycerate mutase.

Figure 7. PfPGM1 enhances parasite growth and proliferation rate.
A, the growth of transgenic parasite lines expressing the WT tetrameric
protein, monomer mutant W68E, and GFP only were monitored for three
cycles. B, duration of IDC for the three parasite lines. C, number of mero-
zoites produced in different schizonts in the three transgenic parasite lines.
The graphs represent mean ± SD of three independent experiments. Sta-
tistical significance of the data is represented as: ns p > 0.05, * p ≤ 0.05,
** p ≤ 0.01 and *** p ≤ 0.001. IDC, intra-erythrocytic developmental cycle;
PGM, phosphoglycerate mutase.
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for the transgenic parasite lines expressing WT and mutant
form of PfPGM1 (Fig. 7B). Interestingly, the PGM-GFP para-
site line exhibited a faster cycle of 43 ± 1 h, while the parasites
expressing mutant PGM W68E-GFP completed intra-
erythrocytic developmental cycle (IDC) in 45.67 ± 0.57 h.
Giemsa-stained smears made every 2 h demonstrated faster
progression of the transgenic parasites expressing PGM-GFP
in comparison with the parasites expressing PGM W68E-
GFP or GFP only, through the three asexual stages of the
parasite life cycle namely, rings, trophozoites, and schizonts
(Fig. S8). Further, the progeny merozoites produced per
schizont were counted from Giemsa-stained smears (Fig. 7C)
and found to be more in PGM-GFP parasite line (15.39 ± 0.36)
than the parasite line expressing the mutant PGM W68E-GFP
(12.98 ± 0.47). The control GFP expressing parasites
completed IDC in 46.33 ± 0.57 h and produced 12.36 ± 0.49
merozoites per parasite.

These results suggest that the monomeric structure of
PfPGM1 fails to provide growth advantage when expressed
ectopically in the parasites. Therefore, the tetrameric structure
of PfPGM1 is imperative for efficient functioning of the pro-
tein and regulation of parasite growth rate in vivo.
Discussion

Our study reports the first functional characterization of
P. falciparum glycolytic enzyme, PfPGM1 with emphasis on
the biological significance of the oligomerization form of the
enzyme in vivo. The human counterpart, PGAM, is highly
overexpressed during cancer and the inhibition of this enzyme
is lethal (45–49). The increased PGAM expression favors
cancer cell proliferation and tumor growth by regulating
glycolysis, anabolic biosynthesis, and other nonmetabolic
functions (50–55). Similar to the highly proliferating cancer
cells, intraerythrocytic Plasmodium parasite metabolism is not
only required to generate ATP but also to support the rapid
rates of proliferation and replication (44, 56). Glycolysis is the
major energy-yielding source for P. falciparum. However, the
role of the essential glycolytic protein, PGM, was not charac-
terized earlier and by doing so, we have tried to elaborate its
functionality and structural aspect in P. falciparum.

In vivo characterization of PfPGM1 revealed that the protein
is expressed throughout the asexual developmental stages;
rings, trophozoites, and schizonts highlighting the metabolic
needs of the parasite. Majority of the protein localizes in the
parasite cytoplasm, in agreement with the subcellular occur-
rence of the glycolytic process. Intriguingly, the protein was
also present in the nucleus, suggestive of moonlighting func-
tions. Previous proteomics analysis of the nuclear fraction also
identified PfPGM1 peptides in the different asexual stages of
J. Biol. Chem. (2022) 298(3) 101713 9
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the parasite (57, 58). The human counterpart has been re-
ported to be present in the nucleolus and regulate ribosome
biogenesis (59). Whether PfPGM1 also localizes in the parasite
nucleolus or performs noncanonical functions in the nucleus
as detected for different metabolic enzymes (60) requires
further detailed mechanistic studies.

The aftermath of PfPGM1 knockdown was investigated
using the glmS riboswitch. This knockdown study of a glyco-
lytic enzyme in P. falciparum is novel and highlights the
indispensable role of a single enzyme PfPGM1 in parasite
development. Further, the conditional knockdown allowed us
to monitor parasite growth in real time while depleting
PfPGM1. The depletion of PfPGM1 had deleterious effects on
parasite progression and survival. Absence of PfPGM1 resulted
in several defects including poor schizont maturation, pro-
longed cycle, delayed proliferation, and limited occupancy of
the RBC by schizonts, suggesting either decreased digestive
ability or lower nutrient uptake by the parasites.

It was reported earlier that the knockout of aldolase
(another glycolytic enzyme) did not affect survival of the
closely related parasite T. gondii and therefore is dispensable
(61). Thus, the absolute requirement of the glycolytic enzyme
PfPGM1 in P. falciparum highlights its crucial role and reflects
that there is no redundancy between PfPGM1 and PfPGM2.
Furthermore, the effects of deletion of PfPGM1 on global gene
expression, ribosome biogenesis, total proteome, and metab-
olome of the parasite can be explored in future. Additionally,
the parasite susceptibility to different genotoxic and oxidative
stress, in the absence of PfPGM1, can be investigated.

The structure-function properties of an enzyme act as
“footprints” and thus reflect a comprehensive evaluation of a
particular enzyme which differentiates the enzyme from its
homologs. The kinetic constants and oligomerization status of
an enzyme are key determinants which can be exploited for
pharmaceutical aspects (62). Overall, the biochemical studies
of an enzyme are fundamental in understanding the mode of
action, evolutionary process, differences from homologs, and
the rate of catalysis of an enzyme which can be beneficial for
targeted-drug development approaches.

In our present study, we have established that unlike the
dimeric enzyme seen in Homo sapiens, PfPGM1 exists as a
tetramer. This could be attributed to the differences observed
in amino acid constituent of the dimeric interfaces 1 and 2.
The detailed in silico analysis and size-exclusion chromatog-
raphy revealed that the parasite enzyme has multimeric forms
and resembles the eukaryotic model organism, yeast, that also
shows the tetrameric oligomerization status of the protein. A
higher-order oligomer is also formed by PfPGM1, a multimeric
form peculiar to the parasitic enzyme although its functional
significance remains elusive at this point.

Subsequently, we investigated the functional characteristics
of the parasite protein. The biochemical characterization
revealed that the kinetic parameters of P. falciparum PGM
enzyme are better than its tetrameric counterpart in Saccha-
romyces cerevisiae. Further, the kinetic constants of PfPGM1
are also better than the kinetic parameters of the human
enzyme that exists as a dimer (KM is 0.4 mM and kcat is
10 J. Biol. Chem. (2022) 298(3) 101713
350 s−1) (63, 64). As the malarial parasite is very much
dependent on the fundamental glucose metabolism for energy
purposes, a highly efficient glycolytic enzyme is advantageous
to support the rapid multiplication and proliferation within the
host erythrocytes.

Further, we identified that W68 is a crucial interfacial res-
idue and regulates the oligomerization status of the protein.
Intriguingly, the mutation of this residue completely disrupted
the tetrameric and higher-order oligomeric structures of
PfPGM1, giving rise to monomeric form. This is the first
report depicting the role of tryptophan in maintaining the
oligomeric structure of PGM. Additionally, the mutation of
another critical residue P163, resulted in dimeric form of the
protein. Subsequently, the functional analysis of the oligomeric
mutants W68E and P163A revealed considerable reduction in
the in vitro enzyme activity (kcat/KM) compared to WT enzyme
(�68.6% and 56.8% respectively), implying that the tetrameric
form has the maximum activity. The mutant enzymes
exhibited KM values comparable to the WT enzyme suggesting
that the mutations do not influence the substrate binding, but
affect the catalytic process. The active site residue mutation
(K100R) led to a dramatic reduction in mutase activity. The
data highlight the critical role of the conserved residue, K100,
for enzymatic activity.

Interestingly, PGM is upregulated in different cancer types
and is a potential drug target in cancer treatment (51, 65–67).
It is reported that the enzyme benefits tumor growth, increases
the cellular life span, and has the ability to immortalize the
cells. Quite intriguingly, the ectopic expression of PfPGM1 in
the parasites, akin to cancer cells, demonstrated accelerated
growth rate. The transgenic parasites expressing monomer
mutant, W68E, were inefficient in comparison to the WT and
did not exhibit increased proliferation. Additionally, the par-
asites expressing the WT protein completed the intra-
erythrocytic cycle faster and produced more number of
merozoites than the mutant parasite line. Thus, PfPGM1 is
critical for the overall growth and development of the parasite.
Faster IDC and more number of progeny merozoites collec-
tively may lead to faster growth rate over the cycles following
ectopic expression of WT PfPGM1. Thus, the tetrameric form
indeed contributes to enhanced proliferation and optimal ac-
tivity of the enzyme in vivo. Nevertheless, the importance of
oligomerization in vivo for optimal functioning of PGM is
highlighted for the first time as earlier reports focused only on
in vitro studies (15, 38, 68).

Overall, our findings on indispensable nature of PfPGM1,
growth defect in parasites upon protein depletion, growth
advantage to parasites following ectopic expression of the
protein episomally, structure-function relation of PfPGM1,
and the critical role of W68 and K100 residue for oligomeri-
zation and catalytic activity, respectively, highlight the funda-
mental aspects of a key glycolytic enzyme in general as well as
unique aspects of parasite biology. Therefore, we propose
PfPGM1 as a potential and promising drug target for anti-
malarial development.

Additionally, as oligomerization is a key parameter of the
enzyme for its optimal function in vivo, screening small
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molecule inhibitors that can affect oligomerization will be a
potential future strategy to specifically inhibit the parasite
enzyme without affecting the host enzyme. Precluding protein
oligomerization is emerging as a novel drug design approach
and the inhibition of Hif1 dimerization using small molecule
has been proven useful as potential cancer therapy (35, 69–71).
Therefore, our study highlights the importance of oligomeri-
zation of an essential metabolic enzyme, the implication and
usefulness of the same may not be restricted to the parasites
only.

Experimental procedures

Prediction of PfPGM1 residues critical for oligomerization

The available PGM structures from P. falciparum and nine
other organisms including human were obtained from Protein
Data Bank and compared using UCSF Chimera (72, 73). The
structures were aligned, and sequence conservation at each
position over the structurally aligned region was calculated.
Additionally, the critical residues at PfPGM-1 oligomerization
interfaces were identified using LigPlot+ v.2.2.4 (74). These
residues were mapped to their respective sequence conserva-
tion and visually inspected for their solvent accessibility, hy-
drophobic, and hydrophilic properties. This led to the
identification of conserved hydrophobic patches at each
interface of PfPGM1. Further, the potential interfacial residues
critical for PfPGM1 oligomerization were identified and taken
for experimental validation.

Generation and expression of His6-PfPGM1 and mutants

PfPGM1 (PF3D7_1120100) gene was PCR amplified and
cloned in pET21c plasmid (Novagen) using primers 1 and 2
(Table S3) to obtain 6X-His tagged WT protein. Generation of
the mutant proteins, K100R, W68E, and P163A, was achieved
by site-directed mutagenesis (75) using respective primer set
mentioned in Table S3. The WT clone and mutants were
verified using Sanger sequencing (Eurofins Genomics India).
Chemically competent Escherichia coli BL21 CodonPlus cells
were transformed with the manipulated plasmids for the
expression of WT and mutant proteins.

Protein purification and size-exclusion chromatography

The expression of the proteins was induced by 0.5 mM
IPTG at 22 �C for 14 to 16 h. Recombinant His-tag WT and
mutant PfPGM1 proteins were purified using nickel-
nitrilotriacetic acid affinity protocol as described elsewhere
with slight modifications (76). The protein-bound beads were
washed with increasing NaCl (300–700 mM) and imidazole
(10–40 mM) concentrations in lysis buffer containing 50 mM
Tris–Cl (pH 7.5), 300 mM NaCl, 10 mM imidazole, 5 mM
βME, 100 μM PMSF, and protease inhibitor cocktail. Proteins
were finally eluted using increasing imidazole concentrations
(100–500 mM) in lysis buffer.

The eluted protein was subjected to size-exclusion chro-
matography using HiLoad 16/600 Superdex 200 pg (GE
Healthcare) in the presence of 50 mM Tris–Cl (pH 7.5),
150 mM NaCl, 5 mM βME, 100 μM PMSF, and protease
inhibitor cocktail for second-column purification to obtain
highly purified protein and deciphering oligomerization status
as previously described (77).

Phosphoglycerate mutase assay

Phosphoglycerate mutase assay was performed as
described elsewhere (7). Briefly, the formation of the product,
2-PG, was monitored by NADH-coupled assay. The linear
portion of the curve (till 3 min) was used for the calculation
of kinetic parameters. The reaction was done at 37 �C and the
absorbance measured at 340 nm using Beckmann Coulter DU
800 UV-Vis Spectrophotometer. The reaction mixture
comprised purified enzyme and increasing concentrations of
3-PG substrate. The buffer contained 100 mM Tris–HCl, pH
7.5, 100 mM KCl, 2 mM MgCl2, 0.5 mM EDTA, 10 μM 2,3-
bisphosphoglycerate, 1.5 mM ADP, enolase (0.3 unit/ml),
pyruvate kinase (0.5 unit/ml), lactate dehydrogenase (0.6
unit/ml), and 0.5 mM NADH. Five hundred nanograms of
WT enzyme, 1 μg of P163A mutant, and 1.5 μg of W68E
mutant protein were used during the assay. The experiments
were performed thrice, and the graphs were plotted using
GraphPad Prism followed by the calculation of kinetics pa-
rameters using nonlinear regression in GraphPad from at
least two values. All the chemicals were purchased from
Sigma-Aldrich.

Circular dichroism

The changes in secondary structure after mutations were
studied using CD in far-UV range (78). The highly purified
proteins were dialyzed against 10 mM phosphate buffer pH
7.4. The readings were taken in Chirascan Applied photo-
physics U.K CD spectrometer in at AIRF, JNU at 25 �C
(wavelength range of 190 nm–260 nm). Mean residue Ellip-
ticity values, [θ], in deg.cm2/dmol, were calculated and the
graph was plotted. The data was used to calculate the sec-
ondary structure content using BeStSel online tool.

P. falciparum culture and transfection

P. falciparum 3D7 parasites were cultured using standard
procedures (79, 80). Briefly, the parasites were nurtured in O+
human erythrocytes (obtained from Rotary Blood Bank) in
RPMI 1640 medium supplemented with 0.5% Albumax II
(Invitrogen), 27.2 mg/L hypoxanthine (Sigma), 0.2% sodium
bicarbonate (Sigma), and 50 mg/L gentamicin (Himedia). The
parasites were grown in an atmosphere of 5% CO2, 5% O2, and
90% N2 and maintained at 37 �C. Synchronization of parasites
was performed with 5% sorbitol treatment, as described pre-
viously (81).

For generation of transgenic parasite lines with GFP-tagged
proteins (82), the respective gene of interest were PCR
amplified and cloned in pARL-GFP vector using primer pair 9
and 10 (Table S3). Transfection of P. falciparum 3D7 para-
sites with GFP-fusion constructs was performed using stan-
dard protocol (83). The transfectants were obtained after 21
to 30 days of selection using WR99210 (Jacobus
Pharmaceuticals).
J. Biol. Chem. (2022) 298(3) 101713 11
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Generation and characterization of PfPGM1-GFPglmS
transgenic parasite line

The 30 end of PfPGM1 genomic locus was tagged using
GFP-glmS. The region from 482 to 1124 bp of the gene was
cloned via SpeI and KpnI restriction sites in the
pJRTS_GFP_glmS plasmid (30). 3D7 parasites were then
transfected with the modified plasmid using the method
described above. Blasticidin (Sigma-Aldrich) was used for se-
lection at a concentration of 2 μg/ml. The parasites obtained
after 21 to 30 days of transfection were further selected using 2
on/off cycles of blasticidin of 2 weeks duration each. The
integrants obtained were further purified with the help of
limiting dilution.

The transgenic parasite line obtained was characterized by
diagnostic PCR using DreamTaq DNA polymerase (Thermo
Fisher Scientific) and primers from outside the homology re-
gion and GFP region (Primer no. 13 and 14 in Table S3). The
genomic DNA from the transgenic parasites was purified using
Genomic DNA isolation kit (mdi Genomic DNA Miniprep
Kit). The conditions of diagnostic PCR were as follows: initial
denaturation at 95 �C for 5 min, 35 cycles of denaturation at 95
�C for 40 s, annealing at 50 �C for 35 s, and extension at 68 �C
for 1 min 15 s and followed by final extension at 68 �C for
10 min.

PfPGM1 knockdown was induced in tightly synchronized
ring stage parasites using 5 mM GlcN (Sigma-Aldrich) for 24 h
(30). Subsequently, PfPGM1 expression in GlcN-treated par-
asites and untreated parasites was analyzed using Western blot
and confocal microscopy.

Growth curve analysis of untreated and GlcN-treated para-
sites was followed for three cycles. In 6-well plate, 3% hemat-
ocrit and initial parasitemia of 0.5% was set. Subsequently,
every alternate day, culture media with or without sugar (GlcN)
were added accordingly. Parasites were diluted depending on
parasitemia and while calculating final parasitemia, the dilution
factor was incorporated. Approximately, 1000 RBCs (Giemsa-
stained thin blood smears) were counted to determine the
parasitemia. Relative parasitemia values were calculated by
dividing the parasitemia of treated culture by the correspond-
ing parasitemia of untreated parasite culture taken as 100% at
each time point (84). Each time point represents mean and SD
obtained from at least three independent experiments.

Generation of polyclonal antibodies in mice

Immune sera directed against PfPGM1 was generated as per
CPCSEA guidelines and following standard protocol (85) in 4
to 6 weeks old swiss albino mice. The generated polyclonal
antibodies were checked for specificity against PfPGM1 using
preimmune sera and immune sera in 3D7 parasite and RBC
lysate.

Western blot analysis, immunofluorescence, and live cell
imaging

Immunoblotting and immunofluorescence assay were per-
formed, as described previously (86). Briefly, P. falciparum-
infected erythrocytes or uninfected RBC were lysed with 0.15%
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saponin. The samples were prepared using 2X Laemmli SDS
loading buffer and separated by SDS-PAGE followed by
transfer on polyvinylidene difluoride membranes. Later, it was
incubated with desired primary antibodies. The dilutions of
the primary antibodies used in this study were as follows: anti-
PfPGM1 1:2500, anti-GFP (Sigma) 1:5000. Subsequently, the
blots were incubated with HRP-conjugated secondary anti-
bodies (1:5000) as applicable and developed using enhanced
chemiluminescence method. ImageJ software (NIH) was used
for densitometric analysis. The slides prepared for immuno-
fluorescence assay were visualized using Olympus confocal
microscope. 3D reconstruction of Z-sections of selected im-
ages was made using Olympus FV31S-SW software.

Live cell imaging of GFP-expressing parasites was done
using the method described elsewhere (87). The cells were
immediately visualized under Olympus Confocal Laser Scan-
ning Microscope to prevent the echinocytosis of the erythro-
cytes or drying out.

Proliferation and phenotype analysis

Proliferation rate analysis, duration of asexual growth cycle,
and the number of merozoites produced per schizont were
performed as described elsewhere (88, 89). The parasites in the
three transgenic parasite lines expressing GFP, PGM-GFP, and
PGM W68E-GFP proteins episomally were tightly synchro-
nized using sorbitol treatment thrice prior to analysis. For
proliferation analysis, parasites at 0.1% starting parasitemia
were taken, and their proliferation was monitored for 7 days.
Parasitemia was calculated from Giemsa-stained thin blood
smears by counting approximately 1000 RBCs. The cycle
duration was determined from the time taken between peak
schizonts of two cycles monitored through Giemsa-stained
blood smears made every 2 h. The number of merozoites
produced per schizont was counted from mature schizonts in
Giemsa-stained blood smears. Fifty mature schizonts per
replicate were counted approximately.

Statistical analysis

p values were calculated using t test function in GraphPad
Prism to determine the statistical significance of the data. All
the experiments were at least performed thrice.
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All data are contained within the article or supporting
information.
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