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Abstract
Nearly 60% of Plasmodium falciparum proteins are still uncharacterized and their functions

are unknown. In this report, we carried out the functional characterization of a 45 kDa pro-

tein (PF3D7_1459400) and showed its potential as a target for blood stage malaria vaccine

development. Analysis of protein subcellular localization, native protein expression profile,

and erythrocyte invasion inhibition of both clinical and laboratory parasite strains by peptide

antibodies suggest a functional role of PF3D7_1459400 protein during erythrocyte invasion.

Also, immunoreactivity screens using synthetic peptides of the protein showed that adults

resident in malaria endemic regions in Ghana have naturally acquired plasma antibodies

against PF3D7_1459400 protein. Altogether, this study presents PF3D7_1459400 protein

as a potential target for the development of peptide-based vaccine for blood-stage malaria.
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Introduction

Malaria has been a major health problem that has impacted
on the lives of people residing in the tropics or sub-Saharan
Africa.1,2 Efforts to effectively control malaria face chal-
lenges from drug-resistant parasite strains, insecticide-
resistant vectors, and limited knowledge of the parasite
biology which impedes the development of an effective
malaria vaccine.3

Plasmodium falciparum erythrocyte invasion is a complex
molecular process that involves a cascade of receptor-
ligand interactions occurring at the parasite-host cell
interface.4–7 Proteomics/microarray expression analysis,8,9

saturation mutagenesis strategies,10 and immuno-
epidemiological studies11–13 have all proven to be valuable

strategies for the identification of antigens as promising
malaria vaccine targets.

Despite these significant advancements made over the
years in profiling P. falciparum antigens for malaria vaccine
development, there is no effective malaria vaccine with
broad operational impact. A considerable number of
genes in the genome of the malaria parasite still have no-
known function. Therefore, it is important to functionally
characterize novel proteins that could be potential targets
for the development of an effective malaria vaccine.

Previously, an in silico analysis was performed that iden-
tified PF3D7_1459400 hypothetical gene amongst a cata-
logue of conserved hypothetical genes that encode
proteins recruited by apicomplexan parasites for cell
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invasion.14 Also, it was reported that knockout of the par-
asite adhesin, Plasmodium falciparum reticulocyte homology
protein-2b (PfRh2b) resulted in >2-fold upregulation of
PF3D7_1459400 gene.15 The disruption of PfRh2b gene
and inhibition of merozoite invasion by PfRh2b specific
antibodies shows that the protein plays a key role in the
parasite.16,17

More importantly, the piggyBac transposon insertional
mutagenesis strategy has been used to demonstrate the
essentiality of the PF3D7_1459400 gene in P. falciparum.10

Even though the above evidences suggest that
PF3D7_1459400 gene may play key role during erythrocyte
invasion, it is surprising that this gene remained
uncharacterized.

Using a combination of protein informatics and molec-
ular methods, we report for the first time, the important
role of a 45 kDa P. falciparum protein (PF3D7_1459400) in
erythrocyte invasion. Our analysis show that the protein is
expressed in both asexual and sexual stage parasites.
Functional antibodies against the different epitopes of the
protein inhibited erythrocyte invasion at varying thresh-
olds. Also, immuno-epidemiological data show that
humans have naturally acquired a-PF3D7_1459400 anti-
bodies indicating that the protein is immunogenic.
Overall, we have identified the important epitopes within
PF3D7_1459400 protein that elicit potent antibodies that
inhibit P. falciparum merozoite invasion of erythrocytes.

Materials and methods

Antibodies and labeling dyes

Anti-Plasmodium falciparum 48/45-kDa Gamete Surface
Protein (Pfs48/45) monoclonal antibody was contributed
by Louis H. Miller and Alan Saul through the National
Institute for Allergy and Infectious Diseases (NIAID) BEI
Resources (product number MRA-316A). PKH26 red fluo-
rescent cell linker dye was obtained from Sigma-Aldrich,
Co., Saint Louis, MO. Anti-Plasmodium falciparum
Glideosome Associated Protein (a-PfGAP45) rabbit anti-
body was generously provided by Dr. Julian C. Rayner.
All Alexa fluorophores were obtained from Invitrogen,
Thermo Fisher Scientific, Life technologies corporation,
Eugene, Oregon.

Molecular informatics

The Eukaryotic Linear Motif (ELM) platform (http://elm.
eu.org/) was used to analyze the amino acid sequence of
PF3D7_1459400 protein as described previously.18

Similarly, we employed the use of Iterative Threading
ASSEmbly Refinement (I-TASSER)10,19 to predict the struc-
tural characteristics of the protein that may suggest its
involvement in parasite invasion.

Gene synthesis and sub-cloning

The codon-optimized genes coding for PF3D7_1459400
protein (Leu74- Lys339 aa) and Plasmodium falciparum
Acylated Pleckstrin Homology domain-containing protein
(PfAPH); (Met1-Lys235 aa) were synthesized and

sub-cloned into pET24b vector with Nde1 and Xho1 sites
by GenScript, Hong Kong and BioBasic, Canada, respec-
tively. The recombinant plasmids were individually trans-
formed in E. coli competent cells for optimal protein
expression of the C-terminal, hexa histidine tag (6xHis)
proteins.

Recombinant protein expression and purification

The recombinant plasmids were transformed into BL21-
Codon Plus (DE3)-RIPL E. coli competent cells and the inoc-
ulated cultures were induced at an optical density of 0.6–0.8
with 1mM Isopropyl b-D-1-thiogalactopyranoside (IPTG)
at 37�C for 4 h. The recovered bacteria pellet was subjected
to lysis and sonication procedures and the solubilized
inclusion body pellet (PF3D7_1459400 protein) or soluble
protein (PfAPH) were fractionated on immobilized metal
affinity column (NI-NTA resin). The protein expression
samples along with the eluted fractions obtained from the
affinity columns were resolved on SDS-PAGE and analyzed
by immunoblotting using a-6xHIS mouse monoclonal anti-
body or antigen-specific antibodies.

Design of synthetic peptides and generation of
anti-peptide antibodies

Two chemically synthesized peptides; P2: CEPPQIK
YRPVKQTK and P3: CKKPKPISVALLNNK corresponding
to the conserved domains of the PF3D7_1459400 protein
were designed and synthesized by GenScript, Hong Kong
using its proprietary optimumAntigen design tool.
Similarly, the control immunogenic peptide (PfSRA P3-
CSNNKKKKKNDKKKK) and the poorly immunogenic
control peptide (R1-LFSKFGSRMHILKC) were synthesized
in an earlier study.20

All antibodies against PF3D7_1459400 peptides and the
control peptides were generated in New Zealand rabbits by
GeneScript. Immunizations were performed using a pro-
prietary adjuvant that increases the efficiency of immuni-
zations and decreases the turnaround time for antibody
production to 45 days.

Animal ethics

PfAPH rat immunization was performed at the Centre for
Plant Medicine Research, Mampong, Akuapim, Ghana in
accordance with the institutional animal ethics committee
guidelines (CPMR/M.10-PT9/2019).

PfAPH rat immunization

Eight rats were acclimatized for two weeks at the animal
facility situated at the Centre for Plant Medicine Research,
Mampong, Akuapim, Ghana. Non-immune pre-bleeds
were drawn twice within twoweeks for use as control
sera. The rats were immunized intramuscularly with
50 mg of the purified recombinant PfAPH. The recombinant
PfAPH protein was emulsified using complete Freund’s
adjuvant (CFA) (sigma, St. Louis, MO) during the priming
stage of the rats on day 14. This was followed by two boost-
er immunizations with the PfAPH protein formulated in
incomplete Freund’s adjuvant (IFA) (Sigma, St. Louis
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MO) on days 28 and 56. Terminal bleeds were collected on
day 70. Anti-PfAPH rat antibodies were tested for specific
recognition of the recombinant protein by immunofluores-
cence assays and immunoblotting. The immunized sera
obtained, and pre-bleed sera were stored at �20�C freezer
for future use.

Parasite culture

3D7, Dd2, and MISA011 strains of P. falciparum were cul-
tured using human Oþ erythrocytes as described previous-
ly.21 The relative synchrony of the parasites was obtained
after two rounds of sorbitol treatments followed by Percoll-
alanine gradient centrifugation.22,23 Smears for asexual
stage parasites and gametocytes (resulting from high para-
sitemia) were made from 3D7 parasite cultures for use in
subsequent experiments.

Native protein expression analysis

Tightly synchronized cultures of schizont-stage parasites
were prepared, and the parasite pellet was obtained by
0.05% Saponin lysis. The recovered parasite pellet was
lysed with immunoprecipitation lysis buffer to obtain
schizont lysates. The lysate was resolved on 12% SDS-
PAGE and subjected to immunoblotting using
a-PF3D7_1459400 peptide antibodies to detect the native
parasite protein.

Carbonate extraction

Carbonate extraction of 3D7 schizont pellets was per-
formed as described previously.24 Briefly, schizont stage
parasites were hypotonically lysed to remove the cytoplas-
mic fraction and the resultant membrane pellet was further
incubated with 100mM sodium carbonate, pH 11.5 on ice
for 2 h. The sample was centrifuged to obtain both soluble
and particulate fractions. The particulate fraction was
reconstituted with 4� reducing sample buffer. Samples
obtained from both the soluble and particulate fractions
were analyzed by immunoblotting.

Immunofluorescence assays

Air-dried blood smears from 3D7 cultures were fixed in
chilled methanol for 30min at �80�C freezer. After fixation,
the slides were blocked at room temperature for an hour
using 3% BSA formulated in phosphate buffer saline (PBS).
The target and subcellular marker antibodies were applied
at 1:100 dilution for an hour. Next, the slides were probed
with Alexa Fluor 488 and Alexa Fluor 594 secondary anti-
bodies respectively for 45min. The slides were repeatedly
washed and mounted with VECTASHIELD, VECTOR lab-
oratories (Burlingame, CA) containing 40,60-diamidino-2-
phenylindole (DAPI). At least 50 immunofluorescence
assay (IFA) images for the different channels were captured
on a fluorescence microscope (Olympus BX-41,
Hamamatsu Photonics K.K, Japan) and processed using
Fiji-Image J software (National Institutes of Health, USA).

Invasion assays

Laboratory strains and a clinical isolate at ring stage were
subjected to two rounds of sorbitol synchronization and
invasion assays were performed at schizont stage as
described previously.25 Parasitemia levels were determined
by flow cytometry analysis on BD FORTESSA X-20 with
FlowJo software (BD, Belgium). Parasite growth inhibitory
activity of anti-PF3D7_1459400 specific rabbit antibodies
were evaluated by comparison to percent invasion in the
presence of protein-G purified rabbit antibodies from the
pre-bleed sera.

Ethical statement for human plasma samples

Ethical approval was obtained from the Ethics Committees
of the Ghana Health Service and Noguchi Memorial
Institute for Medical Research, University of Ghana,
Legon.26,27 The research was performed in accordance
with the prescribed guidelines/regulations.

Study design

Plasma sampling for this study was carried out in Obom,
GA-West, Accra. Three hundred and nine plasma samples
were collected from adults in the community at the begin-
ning of the study during the dry season. The P. falciparum
infection status of the study participants was determined
by polymerase chain reaction (PCR) and microscopy. The
plasma samples collected during the dry season were
classified as symptomatic, asymptomatic, and uninfected
samples (based on undetectable level of parasitemia). A
follow-up sampling from the same community was con-
ducted to ascertain the infection status of the study partic-
ipants during the rainy season. During the raining season
(malaria season), we categorized 207 plasma samples into
symptomatic (n¼ 78), asymptomatic (73), and uninfected
(n¼ 56). An exclusion criterion was included that
accounted for 102 plasma samples corresponding to
adults that were asymptomatic and uninfected during the
dry season, but their infection status changed to symptom-
atic during the rainy season. We performed a comparative
analysis of plasma antibody profiles for all three categories
of adults by ELISA to determine if PF3D7_1459400 protein
is a target for protective immunity.

Immunoreactivity screens

Immunoreactivity screens were performed by enzyme
linked immunosorbent assays (ELISA) as described previ-
ously12 with slight modifications. Ten micrograms of
PF3D7_1459400 (P2 and P3), PfSRA-P3 and R1 peptides in
phosphate-buffered saline, pH 7.2 were individually coated
in 96-well microtiter plates and incubated overnight at 4�C.
The plates were washed five times with phosphate-
buffered saline (PBS) and PBS containing 0.05% Tween 20
(PBST). The plates were blocked with 3% BSA (Bovine
Serum Albumin) in PBS overnight at 4�C. After the wash-
ing steps, the plates were incubated with plasma samples
(1:100 dilution) from uninfected, symptomatic, and asymp-
tomatic adults for 90min at room temperature. The wash-
ing steps were repeated, and the plates were incubated
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with goat anti-Human IgG (HþL) horseradish peroxidase
conjugated secondary antibody (ThermoFisher Scientific
#31410), (1:5000 dilution) at 37�C for an hour. After the
incubation period, the plates were washed five times with
PBST and PBS, and 3, 30, 5, 50-tetramethylbenzidine (TMB)
was added to develop the reaction during a 20-min incu-
bation in the dark. Optical Density was read at 450 nm
using a VARIOSKAN LUX multi-mode microplate reader
(Thermo Fischer Scientific, USA). While PfSRA-P3 was
used as the positive control immunogenic peptide, the
poorly immunogenic R1 peptide (R1-LFSKFGSR
MHILKC) was used as negative control to normalize the
data and exclude background ELISA readouts. Malaria-
naı̈ve European donor plasma samples were used as nega-
tive experimental control. The cut-off value for ELISA was
calculated as meanþ 2SD of the ODs for the naı̈ve control
samples.

Results

PF3D7_1459400 protein architecture and structural
prediction

The domain architecture of PF3D7_1459400 protein shows
that it has different characteristic features (Figure 1(a))
including a transmembrane domain at the amino terminus
but without the classical signal peptide. Also, multiple
sequence alignment analysis (Figure 1(b)) shows that
PF3D7_1459400 protein is conserved across apicomplexans
with six positionally conserved cysteine residues. Three-
dimensional (3D) structural prediction using I-TASSER
indicated that PF3D7_1459400 protein shares structural
similarities with the cryo-electron microscopy (Cryo-EM)
structure of human Ataxia Telangiectasia-mutated and
Rad3 (ATR)-related protein kinase-ATR Interacting
Protein (ATRIP), PDB 5YZ0. Interestingly, the N-terminal
part of the ATR monomer harbors Huntingtin, Elongation
factor 3, the A subunit of protein phosphatase 2A (PP2A),
and the signaling kinase TOR1 (HEAT) repeat regions. We
have shown both cartoon and surface representations of the
ATR-ATRIP protein complex (Figure 1(c), i–ii). This struc-
tural resemblance presents PF3D7_1459400 protein as a
candidate antigen for characterization considering that
HEAT repeats are potential docking sites for protein–pro-
tein interactions.

PF3D7_1459400 and PfAPH recombinant protein
expression and purification

The entire PF3D7_1459400 protein is globular but our
repeated attempts to express the full-length recombinant
protein were unsuccessful. However, when we excluded
the transmembrane region, a partial construct (74–340 aa)
of the protein was successfully expressed in E. coli.

Immunoblotting analysis of the expressed recombinant
PF3D7_1459400 protein, solubilized inclusion body protein,
and the purified fractions from the metal affinity column is
shown in Figure S1(a). Similarly, PfAPH protein was
expressed in E. coli and the recombinant protein (32 kDa)
was detected by immunoblotting using a-6xHis mouse
monoclonal antibody (Figure S1(b)). The recombinant

PfAPH protein was purified on metal affinity column to
apparent homogeneity as shown on SDS-PAGE gel
(Figure S1(c)). Anti-PfAPH rat antibody was validated by
immunoblotting using 3D7 detergent-treated schizont
lysates and the native PfAPH protein was detected at
32 kDa, the theoretical molecular weight (Figure S1(d)).

Figure 1. PF3D7_1459400 protein architecture, sequence conservation level,

and the predicted protein structure. (a). PF3D7_1459400 protein has a trans-

membrane domain at the amino terminus and lacks a signal peptide. B-cell

epitope mapping was a basis for the design of two-chemically synthesized

peptides (P2 and P3) mapped on the domain architecture of the protein. The

black and blue bars represent the full-length protein and the partial construct

respectively. (b). Multiple sequence alignment analysis using clone manager

shows that PF3D7_1459400 is conserved across apicomplexans with six posi-

tionally conserved cysteines. The synthetic peptide sequences have been

underlined in the amino acid sequence for the protein. (c). Homology-based

modeling for the three-dimensional structural prediction of PF3D7_1459400

protein using I-TASSER showed similarity with the cryo-electron microscopy

(Cryo-EM) structure of human Ataxia Telangiectasia-mutated and Rad3 (ATR)-

related protein kinase-ATR Interacting Protein (ATRIP). It is the N-terminal part of

the ATR monomer that harbors HEAT repeat regions that function as docking

sites for protein–protein interactions. (A color version of this figure is available in

the online journal.)
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The partial PF3D7_1459400 recombinant protein (74–340
aa) construct which was expressed in E. coli was detected
by immunoblotting using a-6xHIS mouse monoclonal anti-
body (Figure 2(a), i). We performed B-cell epitope mapping
which was a basis for the design of two-chemically synthe-
sized peptides marked on the architecture of the protein.
Both a-PF3D7_1459400 peptide antibodies (a-P2 and a-P3
rabbit antibodies) detected the recombinant protein during
immunoblotting (Figure 2(a), ii–iii). The control antibody
(a-R1-peptide rabbit antibody) did not detect the

recombinant protein (Figure 2(a), iv) indicating the specif-
icity of a-P2 and -P3 rabbit antibodies.

To further validate the specificity of a-P2 and -P3 peptide
rabbit antibodies against the native parasite protein, we
performed immunoblotting with schizont lysates. The pos-
itive control antibody (a-PfGAP45 rabbit antibody)
detected the native parasite protein (45 kDa) in 3D7 and
Dd2 detergent-treated schizont lysates (Figure 2(b), i).
Anti-P2 and -P3 rabbit antibodies detected the native
PF3D7_1459400 protein (45 kDa) in both 3D7 and Dd2
schizont lysates (Figure 2(b), ii–iii).

Subcellular localization of PF3D7_1459400 protein
during asexual stages

To determine the solubility of PF3D7_1459400 protein, we
performed carbonate extraction experiments. The protein
was detected in both soluble and membranous fractions
indicating that a larger proportion of the protein was
embedded in the membrane (Figure 3(a), i). The pre-
immune sera did not detect any protein signal indicating
the specificity of a-P2 rabbit antibody.

Stage-specific IFA analysis for PF3D7_1459400 native
protein indicated that a-P2 rabbit antibody which strongly
detected the parasite protein by immunoblotting, also
labeled the native protein (Figure 3(b)). PKH26 red fluores-
cent cell linker dye was used to demarcate erythrocyte
membrane and a-P2 rabbit antibody labeled ring, tropho-
zoite, and schizont stages, but no visible fluorescent signal
was observed during merozoite attachment to human
erythrocytes (Figure 3(b)). Consistent with membrane frac-
tionation experiments, a-P2 rabbit antibody labeled the
periphery of schizonts (Figure 3(b)). Stage-specific IFAs
revealed that native PF3D7_1459400 protein exhibits
dynamic subcellular localization which is supported by a
previous report suggesting that the protein is palmitoy-
lated.28 Therefore, it was imperative to assess the subcellu-
lar distribution of the protein using a marker antibody
against a known palmitoylated protein, since palmitoyla-
tion modulates the subcellular localization of proteins.

Dual immunofluorescence microscopy was performed
using the microneme surface marker, a-PfAPH rat antibody
and a-P2 rabbit antibody. Both antibodies overlapped in the
ring, trophozoite, schizont, and free merozoite stages
(Figure 3(c)) suggesting that PF3D7_1459400 protein
could be localized on microneme surface in late asexual
stages. Both rabbit and rat pre-immune sera were used as
IFA controls and no visible fluorescent signals were
observed indicating the specificity of protein labeling
observed for a-PfAPH rat and a-P2 rabbit antibodies
(Figure 3(c)).

PF3D7_1459400 protein is expressed in gametocytes

To determine the expression of native PF3D7_1459400 pro-
tein in gametocytes, we performed IFAs as described earlier
for asexual stage parasites. Co-labeling of the individual
anti-peptide rabbit antibodies (a-P2 and -P3) and the P.
falciparum gametocyte surface marker antibody (a-Pfs48/
45 mouse antibody) indicated that a-P2 rabbit antibodies
labeled gametocytes (Figure 4, i). However, a-P3 rabbit

Figure 2. Immunoblotting showing the detection of both recombinant and native

PF3D7_1459400 protein. (a, i). The partial construct of PF3D7_1459400

recombinant protein (74–340 aa) was expressed in E. coli which migrated as a

32 kDa protein and was detected by a-6xHIS mouse monoclonal antibody. (a, ii–

iii). a-PF3D7_1459400 peptide antibodies (a-P2 and -P3 rabbit antibodies)

detected the recombinant protein. Ponceau stained membranes are shown by

the side of each blot. (a, iv). Anti-R1 peptide rabbit antibody was used as a

control to probe the recombinant protein and no signal was detected. (b, i). Anti-

PfGAP45 rabbit antibody detected the native parasite protein (45 KDa) during

immunoblotting of detergent-treated schizont lysates from 3D7 and Dd2 strains.

(b, ii–iii). Anti-P2 and -P3 rabbit antibodies detected the full-length native parasite

protein which migrated at 45 kDa. (A color version of this figure is available in the

online journal.)
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antibody did not label the protein in gametocytes (Figure 4,
ii). Currently, the proteolytic processing status of native
PF3D7_1459400 protein is unknown. This could be a plau-
sible explanation for the differential a-peptide antibody-
labeling patterns observed in gametocytes. The labeling of
a-P2 rabbit antibody was predominantly in the cytoplasmic
area in gametocytes unlike the a-Pfs48/45 mouse antibody
that labeled the surface membrane. Since RNAseq data
deposited in PlasmoDB shows that PfAPH is expressed in
gametocytes, we co-labeled gametocytes using a-PfAPH rat
antibody and a-P2 rabbit antibody which showed that both
proteins overlapped in the cytoplasmic compartment
(Figure 4, iii).

Anti-PF3D7_1459400 antibodies inhibit P. falciparum
erythrocyte invasion

Anti-P2 and -P3 rabbit antibodies were tested in invasion
assays against 3D7, Dd2, and the clinical isolate (MISA011)
at a concentration range of 25–100 mg/mL. Anti-P2 and -P3
rabbit antibodies moderately inhibited parasite invasion in
a concentration-dependent manner (30–45% at 100 mg/mL
for 3D7 and the clinical isolate) when compared with the
pre-immune control (Figure 5). Also, the level of invasion
inhibition by a-P2 and -P3 rabbit antibodies in Dd2 strain
was about 10–25% at 100mg/mL when compared with the
pre-immune control (Figure 5). The control antibody gen-
erated against a shorter construct of the R1 peptide that
blocks AMA1-RON4 interaction showed marginal level of
invasion inhibition across all the parasite strains tested
(Figure 5).

Humans have naturally acquired a-PF3D7_1459400

antibodies

A recent study indicated that the presence of
a-PF3D7_1459400 protein specific antibodies in partici-
pants in Lira, Northern Uganda was associated with pro-
tection against clinical malaria.29 Therefore, it was of
interest to determine how accessible, the inhibitory epito-
pes (P2 and P3) are to the humoral immune system. We
hypothesized that asymptomatic individuals resident in
malaria endemic regions may have high levels of
a-PF3D7_1459400 protein antibodies. Therefore, we per-
formed plasma immunoreactivity screens by ELISA using
uninfected, symptomatic, and asymptomatic plasma sam-
ples collected from adults before and during malaria sea-
sons in Obom, GA-West, Accra. The data showed that
plasma antibody reactivity to PF3D7_1459400 peptides
(P2 and P3) and the control immunogenic peptide
(PfSRA-P3) did not discriminate between symptomatic
and asymptomatic adults (Figure 6). However, there was
a statistical difference between the immunoreactivity pat-
terns for symptomatic and asymptomatic adults when
compared with uninfected adults having undetectable
levels of parasitemia (Figure 6, i–iii). This observation is
consistent with an earlier report on plasma antibody immu-
noreactivity patterns for other malaria vaccine
candidates.11

Figure 3. PF3D7_1459400 protein expression profile in asexual stages. (a, i).

Carbonate extraction experiments indicated that PF3D7_1459400 is detectable

in both soluble and particulate fractions. (a, ii). The pre-immune sera were used

to probe the protein and no signal was detected. (b). Stage-specific IFAs per-

formed under permeabilized conditions show that a-PF3D7_1459400 P2 rabbit

antibody (green) (1:50) labels rings, trophozoites, and schizonts, but no visible

fluorescent signal was observed during merozoite attachment to human eryth-

rocytes. PKH26, the red fluorescent cell linker dye was used to demarcate the

erythrocyte membranes. (c). Dual immunofluorescence labeling using

a-PF3D7_1459400 P2 rabbit antibody (green), (1:50) and the marker antibody,

anti-Plasmodium falciparum Acylated Pleckstrin Homology domain-containing

protein (a-PfAPH) rat antibody (red), (1:50) revealed that PF3D7_1459400 protein

could be localized on microneme surface. Both antibodies labeled ring, tro-

phozoite, schizont, and released merozoites. Rabbit and rat pre-bleed sera were

used as negative controls and no detectable fluorescent signals were observed.

The secondary antibody used is Alexa 488-conjugated goat a-rabbit IgG, (1:100;

Life technologies, Eugene, USA). Alexa 568-conjugated goat a-rat IgG (red),

(1:100); Life technologies, Eugene, USA). Nuclei were stained with DAPI (blue).

Exposure times were identical for all images of the same channel. BF: bright field;

DAPI: 4,6-diamidino-2-phenylindole); Rt-PI: rat pre-immune; Rb-PI: rabbit pre-

immune; CS: carbonate supernatant; CP: carbonate pellet. (A color version of

this figure is available in the online journal.)
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Discussion

Sequencing of P. falciparum genome has revealed more than
5000 genes, providing the foundation for systematic
approaches to discover candidate malaria vaccine anti-
gens.20 In an effort to functionally characterize hypothetical
genes in the parasite genome with unknown function, we
performed a systematic screen for uncharacterized P. falcip-
arum invasion-related genes previously, an effort towards
the identification of potential blood-stage malaria vaccine
candidates.30 Amongst other hypothetical invasion-related
genes that code for merozoite proteins which we identified,
PF3D7_1459400 gene was selected for evaluation as a
potential blood-stage malaria vaccine candidate.

We expressed the recombinant PF3D7_1459400 protein
construct in E. coli and the protein was deposited in inclu-
sion bodies which resulted in low recovery of the correctly
folded protein in soluble forms. This presented a major
hurdle in functional assays that requires protein with

Figure 4. PF3D7_1459400 protein expression in gametocytes. Methanol-fixed P. falciparum 3D7 gametocytes were stained with a-PF3D7_1459400 -P2 and -P3

rabbit antibodies (red), (1:50) and a-Pfs48/45 rabbit antibody (green), (1:100). (i–ii): a-PF3D7_1459400 P2 rabbit antibody (red), and a-Pfs48/45 mouse antibody (green)

stained different stages of gametocytes but a-PF3D7_1459400 peptide 3 rabbit antibody did not show any discernible staining pattern on gametocytes. (iii). Dual

immunofluorescence imaging using a-PfAPH rat antibody (1:50); red and a-P2 rabbit antibody (1:50); green indicated that both PfAPH and PF3D7_1459400 native

proteins overlap in the cytosolic compartment in gametocytes. Exposure times were identical for all images of the same channel. Secondary antibodies used are Alexa

568-conjugated goat a-rabbit IgG (red), (1:100), Alexa 568-conjugated goat a-rat IgG (red), (1:100); Life technologies, Eugene, USA). Nuclei were stained with DAPI

(blue). BF: Bright field; DAPI: 4,6-diamidino-2-phenylindole. (A color version of this figure is available in the online journal.)

Figure 5. Anti-PF3D7_1459400 peptide antibodies inhibit erythrocyte invasion

in both laboratory parasite strains and a clinical isolate. (a). a-PF3D7_1459400 P2

and P3 rabbit antibodies were tested in invasion assays against 3D7, Dd2, and

MISA011 strains at a concentration range of 25–100 mg/mL. There was no sta-

tistical difference in the observed level of parasite invasion inhibition between

a-P2 and -P3 rabbit antibodies (P¼ 0.07 at 100 mg/mL). The pre-immune sera

were used as a negative control. The data shown in both assays are two

independent assays performed in duplicates. (A color version of this figure is

available in the online journal.)
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conformational epitopes which may be lacking due to
improper protein folding.31 Due to the insolubility of the
recombinant PF3D7_1459400 protein, we considered pep-
tide immunogens since they are an attractive and effective
means of inducing host immune responses. Besides, they
offer several advantages over the use of recombinant pro-
teins as discussed previously.32

PF3D7_1459400 peptide-specific antibodies detected the
recombinant protein during immunoblotting at the
expected theoretical molecular weight. Also, we observed
that the native parasite protein in detergent-treated schiz-
ont lysates migrated at a higher molecular weight (45 kDa)
than the recombinant protein (32 kDa). This was not sur-
prising because we expressed a partial construct and not
the full-length recombinant protein.

Immunofluorescence microscopy data showed that
PF3D7_1459400 protein could be localized on microneme
surface. Anti-PF3D7_1459400 (P2) rabbit antibody labeled
free merozoites, but no detectable signal was observed
during merozoite attachment to human erythrocytes. This
could imply that the protein may be degraded and might
not be relevant during initial merozoite attachment
processes.

Also, the protein was localized in the cytoplasmic com-
partment at different stages of the parasite development,
which is substantiated by an existing mass spectrometry
data for the native PF3D7_1459400 protein in trophozoites,
schizonts, and gametocytes.33,34

Protein palmitoylation plays an important role in para-
site invasion since Toxoplasma gondii apical membrane anti-
gen 1 (TgAMA1) that functions during invasion35–37 is
palmitoylated. PF3D7_1459400 protein is palmitoylated
(acylated) based on predictions from clustering and scoring
strategy for palmitoylated proteins (CSS-Palm) analysis,
Click chemistry/Acyl Biotin Exchange assays performed
in a published report on P. falciparum palmitome.28

Therefore, it is not surprising that we observed differential
subcellular localization of the protein because palmitoyla-
tion has been identified as an important post-translational
rheostat for controlling protein function in eukaryotes.38

More so, palmitoylation-depalmitoylation cycles could be
a regulatory mechanism deployed by parasites to alter pro-
tein subcellular localization or their membrane binding
capacities. Importantly, protein palmitoylation has been
shown to play a regulatory role during microneme secre-
tion in P. falciparum merozoites.39

The knockout of PfRh2b gene results in >2-fold upregu-
lation of PF3D7_1459400 gene15 suggesting an important
role of the gene during erythrocyte invasion by P. falciparum
merozoites. We have found important epitopes within the
PF3D7_1459400 protein that elicit functional anti-peptide
antibodies which inhibits erythrocyte invasion of both lab-
oratory and clinical parasite strains.

Interestingly, a previous report indicated that human
a-PF3D7_1459400 protein antibodies from study partici-
pants in Lira, Northern Uganda are associated with protec-
tion from clinical malaria.29 To this end, we performed
immunoreactivity screens using plasma samples from
adults who are symptomatic, asymptomatic, and unin-
fected during the dry and rainy seasons. The data show

Figure 6. Adults have naturally acquired a-PF3D7_1459400 antibodies. Three

hundred and seven adults were recruited as study participants during the dry

season and 207 (n¼ 207) plasma samples were categorized into symptomatic

(n¼ 78), asymptomatic (73), and uninfected (n¼ 56). We performed a compar-

ative analysis of plasma antibody profiles for all three categories of adult plasma

to determine if the protein is a target for protective immunity. The ELISA data

showed that the immunoreactivity patterns observed for PF3D7_1459400 pep-

tides (P2 and P3); (6, i–ii) and the immunogenic control peptide (PfSRA P3); (6, iii)

did not discriminate between symptomatic and asymptomatic adults. Five dif-

ferent pools of naı̈ve sera were used as controls. The reactivities of IgG levels in

the respective plasma samples at 1:100 dilutions were expressed as optical

density at 450 nm. Data were analyzed using GraphPad Prism v.8. One-way

analysis of variance (ANOVA) and then Turkey’s multiple comparison test were

conducted to determine the level of statistical significance. The dotted lines in

each figure represent the meanþ 2SD of the ODs for the control samples. The

statistical level of significance is represented below. *P¼0.03, **P¼ 0.002,

***P<0.001, ****P< 0.0001. (A color version of this figure is available in the online

journal.)
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that these individuals have high levels of a-PF3D7_1459400
plasma antibodies but the plasma antibody reactivity pro-
files for PF3D7_1459400 peptides (P2 and P3) and the pos-
itive control immunogenic peptide (PfSRA-P3) did not
discriminate between symptomatic and asymptomatic
adults.

Altogether, our data on protein subcellular localization,
stage-specific protein expression pattern, and merozoite
invasion inhibition by a-peptide antibodies suggest a role
for PF3D7_1459400 protein during P. falciparum erythrocyte
invasion. Even more, the human immunoepidemiology
data present PF3D7_1459400 protein as an immunogenic
antigen which could be further exploited for the develop-
ment of new anti-infective therapy against malaria.
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