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A B S T R A C T

Background:
Intracellular protein trafficking is crucial for survival of cell and proper functioning of the organelles; how-

ever, these pathways are not well studied in the malaria parasite. Its unique cellular architecture and organellar
composition raise an interesting question to investigate.

Methods:
The interaction of Plasmodium falciparum Rab7 (PfRab7) with vacuolar protein sorting-associated protein 26

(PfVPS26) of retromer complex was shown by coimmunoprecipitation (co-IP). Confocal microscopy was used to
show the localization of the complex in the parasite with respect to different organelles. Further chemical tools
were employed to explore the role of digestive vacuole (DV) in retromer trafficking in parasite and GTPase
activity of PfRab7 was examined.

Results:
PfRab7 was found to be interacting with retromer complex that assembled mostly near DV and the Golgi in

trophozoites. Chemical disruption of DV by chloroquine (CQ) led to its disassembly that was further validated by
using compound 5f, a heme polymerization inhibitor in the DV. PfRab7 exhibited Mg2+ dependent weak GTPase
activity that was inhibited by a specific Rab7 GTPase inhibitor, CID 1067700, which prevented the assembly of
retromer complex in P. falciparum and inhibited its growth suggesting the role of GTPase activity of PfRab7 in
retromer assembly.

Conclusion:
Retromer complex was found to be interacting with PfRab7 and the functional integrity of the DV was found

to be important for retromer assembly in P. falciparum.
General significance:
This study explores the retromer trafficking in P. falciparum and describes amechanism to validate DV tar-

geting antiplasmodial molecules.

1. Introduction

Plasmodium falciparum is an intracellular parasite that infects the
erythrocytes of its host. The intraerythrocytic stages of the parasite are
responsible for its pathogenesis when it digests host hemoglobin in its
DV that is a temporary organelle formed only during intraerythrocytic
stages of the parasite [1]. DV is often regarded as the metabolic head-
quarter of the parasite and a known target for several antiplasmodial
compounds [2]. The parasite thrives in the host erythrocyte and de-
pends on its hemoglobin for nutrition and growth. It has a specialized

machinery of various proteases to digest host hemoglobin inside DV
[3]. Hemoglobin digestion in DV results in the release of free heme that
is highly toxic to the cell. The DV of the parasite utilizes a unique
mechanism where it converts free heme into an insoluble and non-toxic
crystalline pigment called hemozoin [4]. Because of these factors, DV is
one of the most potential targets of antiplasmodial molecules. Orga-
nellar architecture of Plasmodium is highly dissimilar from other eu-
karyotes. It has a very unusual single mitochondrion per cell [5], its
endoplasmic reticulum is not well defined [6], Golgi bodies in Plas-
modium are primitive [7]. This peculiar organization of organelles
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indicates towards a complex and atypical protein trafficking machinery
in the parasite through which it needs to precisely transport its proteins.
DV has an acidic pH and a battery of proteolytic enzymes that make it
functionally similar to the lysosome [2,8]. It is considered equivalent to
an endolysosomal compartment in parasite because of some similar
features, however, this comparison is still inaccurate because of some
basic dissimilarities in them, for example, their contents, biogenesis and
protein targeting [9]. Endocytosis has been reported in Plasmodium for
the uptake of host hemoglobin through cytostomes where hemoglobin
digestion starts and these vesicles subsequently fuse with the DV
[10,11]. Little is known about protein trafficking from the Golgi to
these organelles [12]. In the intra-erythrocytic stages of Plasmodium,
endocytosis of host hemoglobin occurs by several different mechanisms
that led to the formation of its DV [13]. The crosstalk between de novo
generated DV and its single compartment Golgi body presents an im-
portant problem that is required to be investigated.

A number of proteins are required to maintain the functioning of
organelles in cells. Among them, Rab GTPases act as master regulators
for the functioning of such membrane bound organelles [14]. Rab
proteins belong to the Ras superfamily of proteins which are small
GTPases involved in a varied range of cellular functions [15]. Their
important role in phagosome maturation makes them a crucial factor in
intracellular parasite and host interactions [16]. Rab GTPases have two
conformations: GTP-bound (active) and GDP-bound (inactive) [17].
Interchange between these two conformations induces various struc-
tural changes in the proteins [18]. Moreover, Rab proteins need to get
prenylated to perform their function at C-terminal cysteine motifs
which attach them to the membranes [19]. Different Rab proteins are
localized in different cellular compartments depending on their func-
tions, for example, early endosomes are marked by Rab5 and late en-
dosomes by Rab7 [20]. Plasmodium too, like other eukaryotes, deploys
many Rab proteins for such pathways indicating that Rab proteins
regulated vesicular transportation and endosomal system in the parasite
[21]. Rab7, in mammalian cells, is required for the recruitment of
retromer complex [22]. It is a late endosomal marker and a regulator of
retromer complex as previously shown in yeast and human cells
[23,24]. Co-IP studies have established the interaction between Rab7
and retromer complex [23,25] and a previous report has described
Rab7 in P. falciparum [26]. Retromer complex is a coat protein complex
required for the retrieval of sorting receptors from late endosome to
trans-Golgi network [27]. It consists of a core trimer of VPS35, VPS29
and VPS26 that may be associated with a variety of regulatory proteins
and members of SNX protein family like SNX1/SNX2 and SNX5/SNX6
in yeast [28–30].

In this study, we cloned and purified PfRab7 and explored its in-
teraction with retromer complex in P. falciparum with respect to DV of
the parasite using different chemical tools. PfRab7 was found to be
closely associated with Golgi and DV of the parasite in most of the
trophozoites indicating an obscure endosomal like system in P. falci-
parum. PfRab7 was found to be interacting with retromer complex and
the retromer assembly was found to be affected by selective disruption
of DV by CQ. This was further endorsed by using a hemozoin inhibitor,
compound 5f, in P. falciparum CQ sensitive 3D7 strain and CQ resistant
K1 strain. PfRab7 was found to be interacting with retromer complex in
P. falciparum as shown by co-IP experiments. We evaluated the intrinsic
enzymatic GTPase activity of the recombinant PfRab7 and its inhibition
by CID 1067700 which was later found to be antiparasitic. The study
provides insight into the retrograde pathway in Plasmodium with the
involvement of DV and role of Rab7 which can be crucial in designing
novel strategiesfor antimalarial drug development.

2. Material and methods

2.1. Bioinformatics analysis of PfRab7

PfRab7 sequence was retrieved from PlasmoDB (Gene ID PF3D7_

0903200). BLASTp programme was used for homology search. Multiple
sequence alignment of PfRab7 and Rab7 from other organisms (Pv -
Plasmodium vivax, Pk - Plasmodium knowlesi, Pc - Plasmodium chabaudi,
Py - Plasmodium yoelii, Pb - Plasmodium berghei, Cp - Cryptosporidium
parvum, Mm - Mus musculus, Hs - Homo sapiens and Sc - Saccharomyces
cerevisiae) was performed by the MAFFT software and visualized by
Jalview program. 3D structure of PfRab7 was predicted by an online
server I-TASSER [31,32]. Subsequent analysis was done by using
BIOVIA Discovery Studio Visualizer and PyMOL softwares. For in silico
interactome analysis of PfRab7 and PfVPS26, online STRING database
(https://string-db.org/) was used.

2.2. Parasite culture and calculation of IC50

P. falciparum (3D7 and K1 strains) were cultivated by the method as
previously described [33,34]. In brief, parasites were cultured in vitro in
complete RPMI medium containing RPMI 1640 medium supplemented
with 25 mM HEPES (Sigma-Aldrich), 1.96 g/l D-(+)-glucose (Sigma-
Aldrich), 1.76 g/l sodium bicarbonate (Sigma-Aldrich), 50 μg/ml gen-
tamycin (Amresco), 370 μM hypoxanthine (Sigma-Aldrich) and 0.5%
(w/v) AlbuMaxII (Thermo Fisher Scientific) with a final pH 7.2 and at a
hematocrit level of 5% in tissue-culture flasks kept inside candle jars
placed in CO2 cell culture incubator at 37 °C.Medium change was given
every 24 h and the culture was monitored through Giemsa staining of
thin smears of RBCs.

The IC50 of CID 1067700 (Sigma-Aldrich) was calculated by SYBR
Green assay as previously described [35]. In brief, parasite culture with
1% parasitemia and 2% hematocrit was incubated at 15 different
concentrations (serial 1:2 dilution starting from 40 μM) of CID 1067700
for 48 h in 96 well plate with 100 μl culture in each well. After treat-
ment, parasite cells in each well were lysed in 100 μl of 20 mM Tris
buffer with pH 7.5 containing 5 mM EDTA, 0.008% (weight/volume)
saponin, 0.008% (volume/volume) Triton X-100 and 2× SYBR green I
stain [36,37]. After 1-h incubation, the fluorescence from plate was
measured at 485 nm excitation and 530 emission in a fluorimeter. This
assay measures the growth of parasite. The concentrations of compound
were plotted against the percent fluorescence intensity measured by
using DMSO as control in culture (at 0 concentration of compound).
IC50 was calculated by quantitative analysis of data with non-linear
regression by GraphPad Prism 6 software.

2.3. Compounds treatment

For confocal microscopy experiments, 2 ml synchronized parasite
culture containing young trophozoites with 5% parasitemia was in-
cubated in presence of different compounds as follows: CID 1067700
(10 μM) for 2 h, CQ (20 nM) for 4 h, Compound 5f (15 μM) for 4 h and
atovaquone (20 nM) for 4 h. For light microscopy, parasite was treated
with CID 1067700 (10 μM) for 8 h and slides were prepared after
methanol fixation using Giemsa staining. Cells were then used for mi-
croscopic studies.

2.4. Parasite synchronization and lysate preparation

Parasite culture was synchronized by using 5% sorbitol solution. In
brief, the medium was removed from the culture and cells were washed
by sterile PBS (Phosphate buffered saline, 137 mM sodium chloride,
2.7 mM potassium chloride, 10 mM disodium hydrogen phosphate and
1.8 mM potassium dihydrogen phosphate), followed by incubation in
sterile 5% D-sorbitol solution in distilled water for 20 min at 37 °C in
cell culture incubator. Cells were then washed thrice with RPMI 1640
media and placed back in a fresh culture flask with complete RPMI. The
procedure was repeated after 4 h for tight synchronization.

For parasite isolation, infected RBCs were centrifuged at 800 ×g for
4 min in a tube, washed, and resuspended in cold PBS (Amresco). Next,
an equal volume of 0.2% saponin in PBS (final concentration 0.1%) was
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added and cells were kept on ice for 15 min. The tube was then cen-
trifuged at 1500 ×g for 8 min to collect the parasites, which were
washed with PBS and either used immediately or stored at −80 °C for
future use. To prepare parasite lysate, cells were suspended in co-IP
buffer (10 mM HEPES, 50 mM NaCl, 0.004% Nonidet P-40, pH 7.4) and
lysed by sonication (10 s pulse and 30 s rest cycle alternately at an
amplitude of 20%) for 120 s (total 30 s of sonication and 90 s of rest) in
a sonicator.

2.5. PfRab7 purification and MALDI MS/MS

Chemically synthesized PfRab7 gene (PlasmoDB ID: PF3D7_
1250300) cloned in pET28a (+) DNA vector (Novagen) was procured
from GenScript. For protein expression, PfRab7 containing pET28a
plasmid was transformed in E. coli Rosetta competent cells (Novagen).
Five milliliter of LB (Luria Bertani) broth (Himedia) with 50 μg/ml
kanamycin and 40 μg/ml chloramphenicol was inoculated with a single
colony picked from transformed Rosetta cells and allowed to grow
overnight at 37 °C with shaking at 200 rpm. 1% (v/v) of this culture was
used to inoculate 1000 ml LB broth containing same antibiotics and
kept in shaker-incubator with constant shaking at 200 rpm set at 37 °C.
The culture was induced by IPTG (Thermo Fisher Scientific) at the
concentration of 1 mM when its OD600 reached 0.5–0.6 and kept for 5 h
in a 37 °C shaker for protein expression. Next, cells were collected by
centrifugation at 6000 ×g for 5 min at 4 °C, then suspended in 20 ml of
lysis buffer (50 mM Tris HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole
and 10% glycerol) with lysozyme (1 mg/ml) and protease inhibitor
cocktail (Calbiochem). Cells were kept at 4 °C for 2 h followed by lysis
using sonication (12 s pulse and 30 s rest cycle at an amplitude of 70%)
for 40 min (total 11.4 min of sonication and 28.6 min of rest). The
lysate was cleared by ultra-centrifugation at 40,000 ×g for 40 min at
4 °C. The supernatant was incubated with Ni-NTA agarose resin
(Qiagen) equilibrated with lysis buffer for 2 h under agitation at 4 °C.
Ni-NTA agarose beads were allowed to settle and the lysate was allowed
to flow out from the column. This was followed by washing of resin
poured in a column with 500 ml of cold wash buffer (50 mM Tris HCl,
pH 8.0, 300 mM NaCl, 60 mM imidazole and 10% glycerol) at 4 °C.
Recombinant PfRab7 was eluted in 10 fractions of 1.5 ml each by cold
elution buffer (50 mM Tris HCl, pH 7.5, 300 mM NaCl, 250 mM imi-
dazole and 10% glycerol) and checked on 12% SDS-PAGE for purity.
Pure fractions were collected and dialyzed to remove imidazole and
estimated by Bradford protein assay. Eluted protein was checked on
SDS-PAGE followed by staining with Coomassie Brilliant Blue R-250
and the band was sliced out for tryptic digestion by In-Gel Tryptic
Digestion kit (Thermo Fisher Scientific) using the method previously
described [38]. In short, gel band with protein was de-stained in am-
monium bicarbonate and acetonitrile solution followed by reduction
with Tris (2-carboxyethyl) phosphine (TCEP) and alkylation by Iodoa-
cetamide. Then the gel was shrunk by acetonitrile, then activated
trypsin was added for overnight at 30 °C and the peptides were ex-
tracted after adding trifluoroacetic acid to inactivate the trypsin. It was
followed by MALDI MS/MS where small peptides from digested protein
were identified to predict the protein with a score by proteomics service
Matrix Science (version 2.1), where mass spectral data were submitted
to Mascot Database search program.

2.6. GTPase assay

GTPase assay was performed with recombinant PfRab7 to analyze
its enzymatic activity. Twenty microgram of protein was incubated
with eight different concentrations of GTP starting from 5 mM that was
diluted serially by 1:2 to calculate the Km, Vmax and kcat in 20 mM Tris
buffer pH 7.5, 100 mM NaCl and 1 mM MgCl2 at 37 °C for 2 h in a total
volume of 50 μl at 37 °C and atmospheric pressure. Km, Vmax and kcat
were determined by nonlinear regression analysis using GraphPad
Prism version 6.0 software. Released phosphate was estimated by

Malachite green assay using BIOMOL Green (Enzo) as described in the
user manual. To check the effect of inhibitors, 10 μg of recombinant
PfRab7 was incubated for 4 h at 37 °C with different concentrations (0,
50, 100, 150, 200 μM) of inhibitors (CID 1067700, Sigma-Aldrich and
Dynasore hydrate, Sigma-Aldrich) and EDTA (as mentioned in figures)
along with 50 μM GTP. Released phosphate was estimated as Malachite
green assay using BIOMOL Green (Enzo).

2.7. PfVPS26 cloning

For cloning of PfVPS26 (PlasmoDB ID: PF3D7_0903200), E. coli
expression vector pET11a was used for the overexpression of protein.
For gene cloning, the cDNA obtained was PCR amplified with forward
primer 5′- CTCTCTCATATGCTATCTACAATTTTTGGGAGCG −3′ (Nde I
restriction site was underlined) and reverse primer 5′- TTCAGGATCC
CTAACCCATTTTTTTTCGCCATAAG −3′ (BamH I restriction site was
underlined) in a total volume of 50 μl using DreamTaq DNA Polymerase
(Thermo Fisher Scientific) with conditions: initial denaturation at 95 °C
for 3 min followed by 35 cycles of 95 °C for 30 s, 50 °C for 30 s, 72 °C for
2 min and final extension at 72 °C for 10 min. The PCR amplified 894
base pairs cDNA fragment corresponding to the PfVPS26 gene and
pET11a were digested with Nde I and BamH I, and then ligated by T4
DNA Ligase (Thermo Fisher Scientific). The ligation mix was used for
transformation in competent DH5α cells followed by their plating on
100 μg/ml carbenicillin containing agar plates. Transformants were
screened by colony PCR and positive clones were reconfirmed by re-
striction digestion. Cloning of PfVPS26 was finally confirmed by gene
sequencing.

2.8. PfVPS26 purification

For that, pET11a-PfVPS26 construct was transformed in Rosetta
cells which were inoculated in 400 ml of LB broth containing 100 μg/ml
carbenicillin plus 40 μg/ml chloramphenicol and grown overnight with
shaking at 200 rpm at 37 °C. Next day, LB broth was inoculated with 1%
(v/v) of overnight grown culture and incubated at 37 °C with shaking at
the rate of 200 rpm. The culture was induced with 1 mM IPTG when
OD600 reached at 0.5–0.6. The culture was further grown for 6 h under
same conditions. For purification of PfVPS26, E. coli cells over-
expressing the protein were harvested by centrifugation at 6000 ×g for
5 min followed by lysis in 50 mM Tris HCl buffer with 1% (w/v) SDS. All
the lysate was resolved in 12% SDS-PAGE in batches and the band
containing overexpressed PfVPS26 was excised out. PfVPS26 was eluted
from the excised bands by electro-elution using Electro-Eluter (Bio-Rad)
following the manual given by the manufacturer. The purity of protein
was checked on SDS-PAGE and its identity was confirmed by MALDI
MS/MS by the procedure described earlier.

2.9. Antibody generation, and co-immunoprecipitation

Polyclonal antibodies against recombinant PfRab7 and PfVPS26
were generated in 6–8 months old rabbits. Pre-immunization sera were
collected and the rabbits were immunized with 0.6 ml pure protein
(1 mg/ml concentration) mixed with 0.6 ml of Freund's complete ad-
juvant (Sigma-Aldrich) by subcutaneous injection of 0.3 ml mixture at
4–5 sites. Three booster doses were given to the rabbits after 2 weeks in
a similar way except for Freund's incomplete adjuvant (Sigma-Aldrich)
was used this time. Rabbits were bled after 8 weeks through central ear
artery. Blood was allowed to clot 4 h at room temperature and kept at
4 °C for overnight. To separate serum, clotted blood was centrifuged at
1000 ×g for 30 min and clean pale-yellow serum was collected as su-
pernatant. For IgG purification, Protein-A Mag SepharoseXtra (GE
Healthcare) was used following the given protocol. Antibody against
PfVPS35 was generated by the protocol as described earlier [39]. An-
tibodies against PfERD2, PfPlasmepsin II and PfEBA-175 were obtained
from BEI Resources.
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Co-IP was performed using Pierce Co-Immunoprecipitation Kit
(Thermo Fisher Scientific) as per the given protocol except the parasite
cells were lysed in co-IP buffer as described earlier. Since co-IP ex-
periment is very difficult in P. falciparum because of very difficult cul-
ture conditions, we performed the co-IP in batches using trophozoite
enriched culture with approximately 5% parasitemia and the eluted
product was pooled before SDS-PAGE and western blot.

2.10. Western blot

Western blotting was performed to check the efficacy of generated
antibody and co-IP experiments described earlier [39]. Parasite lysate
was used for SDS-PAGE followed by electroblotting on the ni-
trocellulose membrane. The membrane was blocked by SuperBlock
(Thermo Fisher Scientific) for 2 h at room temperature and incubated
with primary antibody (anti-PfRab7 or anti-PfVPS26 or preimmune
serum) diluted at 1:1000 dilution in PBS overnight on a shaker at 4 °C.
After 3 washings with PBST (PBS with 0.1% Tween-20), membrane was
incubated with the HRP-conjugated anti-rabbit secondary antibody
(Sigma-Aldrich) at 1:40000 dilution for 2 h at room temperature on a
shaker. The membrane was washed thrice with PBST and blots were
visualized by ChemiDoc MP Imaging system (Biorad) with Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific). Image Lab 6.0.1
software (Biorad) was used for processing and adjustment of the
brightness and contrast of the western blot images.

2.11. Immunofluorescence studies

Infected RBCs were washed with PBS (phosphate buffered saline)
and fixed in 4% paraformaldehyde and 0.0075% glutaraldehyde in PBS
for 30 min. Fixed cells were washed thrice by PBS and permeabilized
with 0.2% Triton X-100 for 30 min at room temperature. Cells were
again washed thrice with PBS and treated with 0.1% sodium borohy-
dride for 10 min. Cells were washed 3 times before blocking with
SuperBlock (Thermo Fisher Scientific) for 2 h and subsequent incuba-
tion with primary antibody (1:200 dilution) in 50% SuperBlock on a
shaker at 4 °C overnight. Next day, cells were washed 3 times with PBS
followed by incubation with Alexa Fluor conjugated secondary anti-
bodies (Alexa Fluor 488 anti-rabbit and Alexa Fluor 647 anti-mouse,
purchased from Thermo Fisher Scientific) in 50% SuperBlock for 2 h at
room temperature. Alternately, when the primary antibodies were
raised in the same organism, they were chemically linked with fluor-
ophore by protein labelling kit (DyLight488 and DyLight594, from
Thermo Fisher Scientific) and directly processed for next step. Cells

were mounted on clean glass slides using DAPI containing ProLong
Diamond Antifade mounting medium (Thermo Fisher Scientific) and
covered with glass coverslips. Antibodies against PfERD2, PfPlasmepsin
II and PfEBA-175 were used as marker for parasite Golgi, DV and mi-
croneme. Slides were viewed under a Leica TCS SP8 microscope and all
the given images were analyzed and processed by LAS-X software as-
sociated with Leica TCS SP8 + SVI Huygens. Deconvolution of the
images was performed by SVI Huygens Deconvolution software linked
with LAS-X. Approximately 100 cells were screened randomly in dif-
ferent fields and the experiments were repeated twice. Fluorescence
signals obtained were given different color for different proteins that
may not be the original color for that fluorophore.

2.12. Statistical analysis

All the experiments were performed in triplicates and the images are
depicted as representation of three independent experiments. The data
were presented as mean ± SEM. The levels of significance were cal-
culated by unpaired Student's t-test and one-way analysis of variance
using GraphPad Prism 6. P values of< 0.001 were considered sig-
nificant.

3. Results

3.1. Purification of recombinant PfRab7 and PfVPS26

Multiple sequence of the Rab7 sequence from different species of
Plasmodium and other representative species revealed significant con-
servation of the domains (Supplementary Fig. S1). PfRab7, cloned in
pET28a, was overexpressed in E. coli and purified by affinity chroma-
tography. On the other hand, PfVPS26 gene was PCR amplified from P.
falciparum cDNA and cloned in pET11a vector for expression in E. coli.
Since PfVPS26 was obtained in inclusion bodies, we purified it by
electro-elution after resolving the E. coli lysate with recombinant
PfVPS26 on SDS-PAGE. The proteins were purified to homogeneity and
checked on SDS-PAGE for purity (Fig. 1A and C). Purified PfRab7 and
PfVPS26 were checked by MALDI-MS/MS to confirm the identity of the
proteins. Their identities were confirmed with a high score (Supple-
mentary Fig. S2A and B). Antibodies raised against the proteins were
checked for their specificity by western blot using E. coli lysate with
recombinant protein and parasite lysate. We found a single band with
no visible contaminations in the western blot experiments with both
antibodies that confirmed their specificity (Supplementary Fig. S3 and
Fig. 1B and D). The recombinant PfRab7 in E. coli was tagged with

Fig. 1. Recombinant PfRab7 and PfVPS26 were purified and detected by western blot. (A) The purity of the recombinant PfRab7 was checked on SDS-PAGE. Lane 2
and 3 show different fractions of eluted recombinant PfRab7. (B) PfRab7 was detected by western blot (lane 2) in parasite lysate. (C) The purity of the recombinant
PfVPS26 was checked on SDS-PAGE. (D) PfVPS26 was detected by western blot (lane 2) in parasite lysate. MW denotes protein marker (lane 1) with molecular mass
in all figures.
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6XHis because of which it appears at higher molecular weight, how-
ever, recombinant PfVPS26 does not contain any tag, thus, it appears at
similar molecular weight in both parasite and E. coli.

3.2. Cellular localization of PfRab7

The location of a protein inside the cell can give crucial information
about its cellular function. Therefore, we performed confocal micro-
scopic studies using anti-PfRab7 antibodies in different intra-ery-
throcytic stages of the parasite. We found that PfRab7 was not promi-
nent during ring stage, however, it was found to be condensed at one or
two loci during the trophozoite stage (Fig. 2). Further, during the
schizont stage, PfRab7 seems to be distributed among daughter mer-
ozoites indicating that the organelle where it is present is inherited by
the parasite, unlike other organelles. They further divided and dis-
tributed themselves in merozoites as the trophozoites developed into
schizonts.

Interestingly, PfRab7 was found to be localized in the periphery of
DV in most of the trophozoites near the black pigment hemozoin, which
is a product of heme polymerization produced by the parasite to avoid
heme toxicity in its DV. Trophozoite is metabolically most active stage
of the parasite when it actively digests host hemoglobin in its DV to
support its growth and division. The DV is supported by the cellular
machinery to effectively perform its function. Localization of PfRab7
near DV during trophozoite stage suggested that it might be involved in
trafficking from DV, which was regarded as an endolysosomal com-
partment in the parasite. We checked the localization of PfRab7 with
respect to DV and Golgi markers since the retromer trafficking is known
to be directed towards the Golgi. We found that PfRab7 localized in
close association with both DV and Golgi in most of the cells (Fig. 3A
and B). We also checked the localization of PfRab7 with respect to
apical organelles in merozoites formed in mature schizonts. We found
that PfRab7 colocalized with PfEBA-175 (Erythrocyte Binding Antigen -

175) at some locations suggesting its possible role related to apical
organelles of the parasite (Fig. 3C). To further describe the localization,
Z-stacking of the cells was also performed to construct a 3-dimensional
view of the same cells. Data indicated that PfRab7 localized in close
association with the Golgi and DV based on the confocal studies with
anti-PfERD2 and anti-PfPlasmepsin II antibodies that marked the Golgi
and DV, respectively, in most of the trophozoites. There was also some
localization with PfEBA-175 at a few loci (Fig. 3D).

3.3. PfRab7 interacted with PfVPS26

Firstly, we performed in silico interactome analysis of PfRab7 and
PfVPS26 as a component of retromer complex. It was observed that
PfRab7 interacts with retromer and vice versa in P. falciparum (Fig. 4A
and B). Other proteins predicted to be interacting are listed in Sup-
plementary Table 1. These interacting proteins indicate towards the
transportation-related function of PfRab7. Next, we performed co-IP
experiments with anti-PfRab7 antibody to confirm the observations
from previous literature and STRING analysis in Plasmodium. A com-
ponent of retromer complex, PfVPS26 was detected to be interacting
with PfRab7 in parasite lysate that suggested the interaction between
retromer complex and PfRab7 in the parasite. Reverse co-IP was also
performed with immobilized anti-PfVPS26 antibody for the detection of
PfRab7 that was pulled out from the parasite lysate. The detection of
PfRab7 and PfVPS26 after co-IP by anti-PfVPS26 and anti-PfRab7 an-
tibodies, respectively, indicated the physical interaction of these pro-
teins inside the parasite cell (Fig. 4C). We performed co-IP experiment
for several times and pooled the eluted product before western blot
because co-IP experiments with P. falciparum lysate are very difficult to
perform. The band of PfVPS26 obtained was very faint that may be due
to very low concentration of PfVPS26 present in the cell or less effi-
ciency of the antibody. These data were also supported by a previous
study where PfRab7 was found to be colocalized with another

Fig. 2. PfRab7 appeared as a localized structure in P. falciparum trophozoite stage that multiplied in schizont. Parasite was synchronized at ring stage (0 h) and
allowed to grow. Infected RBCs were fixed and prepared for confocal microscopy at different time points of growth (ring, trophozoite and schizont). PfRab7
(magenta) was detected using anti-PfRab7 antibody followed by anti-rabbit Alexa Fluor 488 and nucleus (blue) was stained by DAPI. Scale bar in each picture
indicates 5 μm.
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component of the retromer complex, PfVPS35 [26]. We have earlier
reported that PfVPS26 and PfVPS35 along with PfVPS29 interact to
form retromer complex in the parasite [39]. On the basis of these
findings, it can be said that the retromer complex inside parasite in-
teracts with PfRab7 and functions in a fashion similar to other eu-
karyotes, granting that the components of the retromer complex are not
fully conserved in Plasmodium.

3.4. Effect of DV disrupting compounds on the retromer assembly

CQ is a lysosomotropic agent that is selectively taken up by DV
where it disrupts heme polymerization [40]. In contrast, atovaquone is
known to target mitochondrion of P. falciparum [41]. The effect of CQ
on the localization of cellular proteins may not be specific and may be
due to the killing of parasite, therefore, we treated the parasite with CQ
along with atovaquone as a control to check their effects on the dis-
tribution of PfRab7 and PfVPS35 in cell. Data presented that DV dis-
ruption by CQ resulted in diffused signals from PfVPS35 indicating the
disassembly of retromer complex while there was no apparent effect on
PfVPS35 distribution in atovaquone-treated cells (Fig. 5). However,
there was no significant change in the distribution of PfRab7 indicating
that its targeting was not affected by CQ. To further validate that DV
disruption is causing the retromer dismantling and no other off-target
effect of CQ is responsible for that, we needed to perform additional

experiments. We synthesized a DV disrupter molecule, compound 5f,
which has been earlier shown to inhibit hemozoin formation in the DV
of the parasite leading to its disruption and subsequent parasite death
[36]. We found that this molecule affected the cellular distribution of
PfVPS35 in similar fashion (Fig. 5).

The results obtained by using DV interfering compounds might be a
consequence of their antiplasmodial activity. To further ensure the ef-
fect of DV disruption on PfRab7 and PfVPS35 localization, we used a CQ
resistant strain K1 of P. falciparum. Here we found that the effect of CQ
was diminished while compound 5f had similar effects on the dis-
tribution of PfVPS35 (Fig. 6). The data showed that interfering with DV
resulted in the dismantling of the retromer complex that may be due to
the inhibition of PfRab7 that might be the controller of the retromer
complex. The concentrations of the compound that were used were not
able to adversely affect the morphology of the parasite and the parasite
was able to grow after removal of the compound.

3.5. PfRab7 was predicted to contain GTPase domain

PfRab7 structure was modelled using in silico approach. We em-
ployed I-TASSER, a three-dimensional structure prediction web server
for proteins with ab initio methodology, to predict the structure of
PfRab7 with a confidence score of 0.92 (Fig. 7A). It was found to be
similar to mammalian Rab7 with the conserved catalytic domain.

Fig. 3. PfRab7 was localized near Golgi and DV in most of the trophozoites and at some positions with micronemes. Parasite was immunostained with anti-PfRab7
antibody and antibodies specific to (A) Golgi, anti-PfERD2, (B) DV, anti-PfPlasmepsin II and (C) microneme, anti-PfEBA-175. (D) 3-dimensional images captured
using Z-stacking are presented with indicated combination of the same cells. Scale bar denotes 5 μm in all figures except in 3D view where it denotes 2 μm.
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Conserved GTP and divalent magnesium binding sites were also pre-
dicted in the structure and sequence of PfRab7 (Fig. 7B). Predicted
structure of PfRab7 showed close resemblance to YPT1 (Fig. 7C). Gly-
cine and glutamine at 18th and 67th positions, respectively, were
predicted to be conserved in PfRab7 (Fig. 7D). Bioinformatics provided
some crucial information about PfRab7 that further needed to be vali-
dated using purified PfRab7.

3.6. PfRab7 GTPase activity was inhibited by CID 1067700 that checked
parasite growth

We checked the purified PfRab7 for its GTPase activity. Rab proteins
have slow intrinsic GTPase activity [42] that has been observed in
mammalian Rab7 as well [43]. The GTPase activity of PfRab7 was
observed, and its Km was found to be 0.18 ± 0.02 mM with Vmax

25.95 ± 0.75 μM/min (Fig. 8A). Upon further calculation the catalytic
rate constant, kcat of the protein was found to be 1.6 ± 0.05/min. The
GTPase activity of Rab7 has been reported to be inhibited by CID
1067700, which specifically inhibits its GTPase activity by binding
competitively to its nucleotide binding pocket [44]. PfRab7 share sig-
nificant homology and structural similarity with its mammalian coun-
terparts with conserved enzymatic site (Supplementary Fig. S1 and
Fig. 7). This prompted us to evaluate the effect of CID 1067700 treat-
ment on the GTPase activity of recombinant PfRab7. Therefore, we
tested this compound for its effects on the intrinsic GTPase activity of
PfRab7 by estimation of inorganic phosphate released upon enzymatic
hydrolysis of GTP.

We found that CID 1067700 concentration-dependently inhibited
the GTPase activity of PfRab7 (Fig. 8B). Another GTPase inhibitor dy-
nasore hydrate was taken as control which did not inhibit PfRab7
GTPase activity. This indicated that GTPase activity of PfRab7 was

inhibited by Rab7 specific inhibitor CID 1067700. This provided a
chemical tool to investigate the Rab7 regulated protein trafficking
pathway in a unique cellular set up like Plasmodium. We further em-
ployed chemical inhibitor of PfRab7 to investigate its role with respect
to retrograde trafficking in Plasmodium. The GTPase activity of Rab7 is
dependent on the divalent metal ion, magnesium [43] and PfRab7 was
also predicted to be containing a divalent magnesium biding site. We,
therefore, performed GTPase assay of PfRab7 in absence of magnesium
and presence of increasing concentrations of metal ion chelator, EDTA.
Data indicated that removal of magnesium hampered the GTPase ac-
tivity of PfRab7 (Fig. 8C). We performed another experiment by using
Rab7 inhibitor CID 1067700 to check its effects on the localization of
PfVPS35 whose assembly was suggested to be regulated by PfRab7. We
found that CID 1067700 affected the localization pattern of PfVPS35
that resulted in diffused signals (Fig. 8D). Data demonstrated that the
inhibition of PfRab7 resulted in the disassembly of retromer complex.
This further indicated the possible role of PfRab7 as a regulator ret-
romer complex in P. falciparum. CID 1067700 also inhibited parasite
growth and its inhibitory concentration (IC50) was found to be
12.87 ± 0.9 μM as measured by SYBR Green assay. Upon further in-
vestigation after its treatment using microscopy, the morphology of the
parasite appeared distorted and damaged indicating the death of the
parasite (Fig. 9A and B).

4. Discussion

Plasmodium, during its evolution, developed unique organelles like
DV and apicoplast for its survival. To describe the functions of these
unique organelles which are absent in other well-defined eukaryotic
cells, intracellular protein trafficking in Plasmodium needs to be thor-
oughly investigated. This study provides insights into the Rab7 and

Fig. 4. PfRab7 was predicted to interact with PfVPS26; that was confirmed by coimmunoprecipitation experiments. Interacting proteins with PfVPS26 (A) and
PfRab7 (B) were predicted by STRING database with minimum confidence score of 0.7. (C) Immunodetection of PfVPS26 and PfRab7 by Co-IP using anti-PfRab7 and
anti-PfVPS26 antibodies, respectively. Control experiments are shown with IgG and input parasite lysate.
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retromer complex assembly in P. falciparum. Although the localization
of PfRab7 and retromer complex near DV was visible near black pig-
ment, it was further validated by using a DV marker, PfPlasmepsin II.
Similarly, for Golgi, its marker PfERD2 was used which has been shown
to colocalize with a known Golgi protein, Golgi re-assembly stacking

protein (PfGRASP) in parasite [45,46]. In a recent report, PfSortilin was
reported to be involved in trafficking to another apical organelle,
rhoptries, in merozoites [47]. Sortilin has been reported as an inter-
acting protein of the retromer complex in P. falciparum and Toxoplasma
gondii [39,48]. Thus, it can be suggested that the PfRab7 might regulate

Fig. 5. Distribution of PfVPS35 upon chloroquine and compound 5f treatment in P. falciparum 3D7 strain. Parasite was treated with different compounds as described
in Materials and Methods followed by fixing and immunostaining of PfRab7 and PfVPS35. Scale bar in each picture indicates 5 μm.

Fig. 6. Distribution of PfVPS35 upon compound 5f treatment in P. falciparum K1 strain where chloroquine was ineffective. Parasite was treated with CQ and
compound 5f as described in Materials and Methods followed by fixing and immunostaining of PfRab7 and PfVPS35. Scale bar in each picture indicates 5 μm.
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the retrograde trafficking of proteins from the DV to the Golgi in P.
falciparum.

To explore the function of PfRab7 in the parasite, we needed to
obtain the constituent proteins in purified form for their molecular
characterization. We began with the sequence analysis of PfRab7. Many
conserved proteins have been identified in the Plasmodium genome and
curated at PlasmoDB [49]. Rab-interactome of Plasmodium with respect
to Saccharomyces has been described earlier where PfRab7 was found to
be a homolog of Ypt7 and cAMP-dependent protein kinase A was found
to be its effector protein in parasite [50]. There are more than 10 Rab
proteins found to be conserved in Plasmodium genome [51]. Sequence
analysis suggests the similar function of the protein in the parasite;
however, the functional and structural distinctiveness of the Plasmo-
dium cell raises interesting questions about the functioning of PfRab7.
PfRab7 contains a conserved lysine at 158 position that directs towards
its possible interaction with retromer complex [52]. P. falciparum also
contains several conserved cysteine residues. Two cysteine residues at
the carboxy terminal of the protein pointed to the prenylation of
PfRab7. Proteomic analysis of all proteins in P. falciparum that got
prenylated included PfRab7 [53]. Moreover, the conservation of two
consecutive cysteine residues 83 and 84 in PfRab7 indicated that its
palmitoylation was essential for endosome to Golgi trafficking as re-
ported earlier [54], however, PfRab7 was not found to be palmitoylated
when over 400 palmitoylated protein of P. falciparum were analyzed
[55]. After sequence analysis, PfRab7 was overexpressed and purified
to homogeneity and subjected to MALDI MS/MS analysis to confirm its
identity and antibody generation. Rab7, in mammalian cells, is known
to regulate the retromer trafficking, therefore, we also cloned, over-
expressed and purified PfVPS26, a structural component of retromer

complex of P. falciparum. Antibodies were generated against both re-
combinant proteins and validated by western blot using parasite lysate.
We obtained very specific antibodies against both proteins as evident by
single band after western blot with parasite lysate. During immuno-
fluorescence studies, PfRab7 was mostly found to be localized in the
vicinity of DV and the Golgi. Next, to assess the interaction of PfRab7
with retromer complex in P. falciparum, we performed co-IP experi-
ments. In spite of difficult culture conditions and low yield of parasite
lysate that make such studies formidable, we were able to pull down
PfVPS26 using anti-PfRab7 antibody and vice-versa. The interaction
between PfRab7 and retromer complex suggested the regulation of
retromer movement by PfRab7 in P. falciparum which is in agreement to
a previous report where retromer assembly and VPS26 interaction with
Rab7 was shown in another apicomplexan parasite Toxoplasma gondii
near its endosome-like compartment [56]. To further confirm the role
of PfRab7 as a regulator of retromer assembly, genetic manipulation of
active site of PfRab7 may be performed that is extremely difficult in P.
falciparum because it may be harmful for its growth and difficulty in
transfection experiments with parasite [51,57]. Next, due to gathering
of PfRab7 in vicinity of DV, we intended to check the effects of DV
disruption on PfRab7 function that is retromer trafficking using CQ. The
treatment of CQ on retromer movement revealed that the retrograde
trafficking depends on the proper functioning of DV since CQ is known
to be a disrupter of DV while atovaquone that targets mitochondrion
did not show such effects. This observation was further supported by
the use of another DV disrupter compound 5f. Earlier coumarin la-
belled-CQ has been shown to permeabilize DV at 30μM which indicates
physical disruption of DV by fluorescence microscopy [58], however, in
a different study CQ was shown to inhibit endocytosis in Plasmodium at

Fig. 7. Structure prediction of PfRab7 by I-TASSER. (A) Structure of PfRab7 as predicted by I-TASSER showing identified β-sheets (cyan) and α-helices (red). (B)
Figure depicting predicted amino acids of PfRab7 forming the GTP binding fold (green) with GTP molecule (yellow) in the center. (C) Alignment of PfRab7 structure
with YPT1 GTPase showing close resemblance. PfRab7 is shown in green color and YPT1 in yellow color. (D) Predicted enzymatic site in PfRab7 with conserved
amino acids (glycine 18 and glutamine 67) are shown in red color.
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120 nM [59]. This indicates that CQ at low concentrations can affect the
physiological functions in the parasite and physically disrupt it at
higher concentrations. Interestingly, in a similar experiment on CQ
resistant P. falciparum K1 strain, CQ was found to be ineffective while
compound 5f showed the same result. This indicated that the CQ and
compound 5f acted specifically on the DV that led to the dismantling of
the retromer complex. It was observed that there was not much effect of
CQ treatment on the localization of PfRab7 that may be because of
various other functions of PfRab7 where it was not dependent on the
DV, like its role in autophagy like process in the parasite [60].

Structure prediction tools gave clues about conserved GTPase site in
PfRab7 as previously identified [26]. The indications given by

bioinformatics tools were not sufficient to draw any interpretation.
Based on these observations, we performed additional experiments to
further characterize the role of PfRab7 in P. falciparum. The GTPase
activity is crucial for the biological functions of Rab7 [61]. Therefore,
recombinant PfRab7 was subjected to further biochemical studies. En-
zyme kinetics and inhibition studies for the GTPase activity of PfRab7
indicated towards its conserved function in the cell. This also provided
a chemical tool to study its role in the parasite. Next, we needed to
assess the loss of PfRab7 function on retromer assembly in parasite cell.
Thus, we treated the parasite with CID 1067700 and checked the cel-
lular localization of PfRab7 and PfVPS35. The concentration and time
for CID 1067700 treatment were chosen after testing different

Fig. 8. Characterization of PfRab7 GTPase activity. (A) GTPase activity of PfRab7 determined by plotting the amount of phosphate released against different
concentrations of substrate GTP. Data represent Mean ± SEM. (B) Effect of CID 1067700 and dynasore on GTPase activity of PfRab7 at different concentrations of
the compounds. (C) Effect of different concentrations of divalent ion chelator EDTA on the GTPase activity of PfRab7. The experiment was performed in triplicate.
Data are shown as means± SEM (⁎⁎⁎P < .001 [versus the control]). (D) The localization of PfRab7 and PfVPS35 in presence of CID 1067700 (10 μM). Scale bar in
each picture indicates 5 μm.

Fig. 9. Inhibition of P. falciparum growth by CID 1067700. (A) IC50 of CID 1067700 was calculated by non-linear regression curve using GraphPad Prism. Data
represent Mean ± SEM. (B) Effect of CID 1067700 (10 μM) on parasite morphology.
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concentrations and time points. At 10 μM, CID 1067700 did not affect
the morphology of the cell and in a previous report its treatment at
5 μM inhibited the autophagy related function of Rab7 in mammalian
cells [62]. Data indicated that CID 1067700 inhibited the GTPase ac-
tivity of recombinant PfRab7 at 200 μM and in parasite culture, it re-
sulted in diffused localization of both PfRab7 and PfVPS35 at 10 μM.
CID 1067700 treatment at 12.87 ± 0.9 μM concentration led to the
inhibition of parasite growth. Although CID 1067700 inhibited enzy-
matic activity of recombinant PfRab7 at higher concentrations, it in-
hibited the parasite growth at lower concentration. This might be due
to the localized accumulation of CID 1067700 in the cell even with low
concentration in the culture media and the possibility of some off-tar-
gets effect of CID 1067700 cannot be ignored. Antiplasmodial activity
of this compound at low concentration can also be due to long in-
cubation period of 48 h in the IC50 calculation experiment.

Sequence similarity of PfRab7 with other eukaryotic homologs
pointed to the similar function but the distinct cellular architecture of P.
falciparum and lack of homologs of structural sub-complex of retromer
that are SNX1/SNX2 and SNX5/SNX6, contradict the given paradigm.
Also, it does not contain any well-defined classical eukaryotic endo-
some-lysosome system. Thus, it raises interesting questions about the
endocytic protein trafficking pathways in Plasmodium. In this study, we
attempted to functionally characterize PfRab7 with respect to retromer
complex assembly. We presented the physical interaction between
PfRab7 and retromer complex which suggested the regulation of ret-
romer assembly as a function of PfRab7 in Plasmodium. Effect of the
Rab7 inhibitor on PfRab7 and PfVPS35 distribution in parasite further
validated this function of PfRab7.

DV is a crucial component of endocytic pathways in Plasmodium that
is supported by the targeting of endocytosis related proteins such as
PfRab5B to the DV [63]. Here we report the association of PfRab7 with
DV through confocal microscopy that was also supported by proteomics
analysis of DV conducted in another study [64]. Rab7 has been found to
be important for the biogenesis of lysosome [65]. On that basis, its role
in the biogenesis of Plasmodium DV can be investigated. Another role of
PfRab7 has been reported in autophagy where it was reported to as-
sociate with PfATG8 around the DV during starvation condition [60].
All these evidences describe the significance of PfRab7 in Plasmodium
which is supported by the inability to generate Rab7 knock out parasite
in P. berghei [50,51]. The data obtained in this study provides crucial
insights about the functioning of PfRab7 as a possible regulator of
retromer assembly in parasite that can be explored as a drug target.
Secondly, the close association of retromer trafficking with the DV of P.
falciparum shown in this study provided more details about the role of
this organelle in the physiology of the parasite.

5. Conclusion

The present study explores the role of PfRab7 and its interaction
with the retromer complex in P. falciparum. Gathering of PfRab7 and
PfVPS35 in vicinity of DV and Golgi indicated towards the trafficking of
retromer complex between these organelles in the parasite. The DV
targeting compounds, CQ and compound 5f, dismantled the retromer
assembly near DV which indicated that proper DV functioning is crucial
for the retromer trafficking in the parasite. The results were further
validated by using CQ-resistant strain of P. falciparum where CQ was
unable to show any effect, however, compound 5f exhibited similar
effects. PfRab7 GTPase was, further, characterized biochemically and
shown to be inhibited by CID 1067700. This compound also resulted in
the delocalization of PfRab7 and PfVPS35 and suppression of parasite
growth. In brief, in the present work, we showed the interaction of
retromer complex in P. falciparum with PfRab7, the location of its as-
sembly in the parasite and the involvement of DV in retromer traf-
ficking.
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