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The zoonotic malaria parasite Plasmodium knowlesi is an important public health
concern in Southeast Asia. Invasion of host erythrocytes is essential for parasite
growth, and thus, understanding the repertoire of parasite proteins that enable
this process is vital for identifying vaccine candidates and how some species are
able to cause zoonotic infection. Merozoite surface protein 1 (MSP1) is found in
all malaria parasite species and is perhaps the most well-studied as a potential
vaccine candidate. While MSP1 is encoded by a single gene in P. falciparum, all
other human infective species (P. vivax, P. knowlesi, P. ovale, and P. malariae)
additionally encode a divergent paralogue known as MSP1P, and little is known
about its role or potential functional redundancy with MSP1. We, therefore,
studied the function of P. knowlesi merozoite surface protein 1 paralog
(PkMSP1P), using both recombinant protein and CRISPR-Cas9 genome editing.
The recombinant 19-kDa C-terminus of PKMSP1P (PkMSP1P-19) was shown to
bind specifically to human reticulocytes. However, immunoblotting data
suggested that PkMSP1P-19-induced antibodies can recognize PkMSP1-19 and
vice versa, confounding our ability to separate the properties of these two
proteins. Targeted disruption of the pkmsplp gene profoundly impacts parasite
growth, demonstrating for the first time that PKMSP1P is important in in vitro
growth of P. knowlesi and likely plays a distinct role from PKMSP1. Importantly,
the MSP1P KO also enabled functional characterization of the PkMSP1P-19
antibodies, revealing clear immune cross-reactivity between the two
paralogues, highlighting the vital importance of genetic studies in
contextualizing recombinant protein studies.
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Introduction

Malaria is one of the most important neglected infectious
diseases, causing more than 600,000 deaths worldwide yearly, with
90% of death cases occurring in sub-Saharan Africa areas
(Organization WH, 2022). Although previously misdiagnosed as
Plasmodium malariae, P. knowlesi is now increasingly recognized
as a common cause of clinical malaria in some Southeast Asia
countries for the last decade (Lee et al., 2009; Singh and
Daneshvar, 2013; Shearer et al., 2016; Cooper et al., 2020). In 2021
alone, 3,575 known cases were reported in Malaysia with mild to life-
threatening symptoms leading to 13 deaths—highlighting that P.
knowlesi malaria could become an unpredictable risk (Organization
WH, 2022). While P. falciparum and P. vivax were nearly eliminated
in Sabah, P. knowlesi reached the highest incidence in 2017 (Cooper
et al, 2020). Thus, despite clear progress in elimination of
transmission between humans, new tools and approaches will be
required to mitigate zoonotic parasite transmission.

Merozoites of malaria parasites recognize the erythrocyte
membrane via a repertoire of receptor-ligand interaction to enable
red blood cell (RBC) invasion (Chitnis, 2001). While some of these
interactions are conserved across all species, most of the early
recognition steps, particularly those that define the host cell tropism,
are less well conserved across the different species. Even though many
of these processes are most well studied in P. falciparum, this species is
phylogenetically divergent from other human infective species. In
contrast, P. knowlesi, the only other human infective species that can
be maintained in culture with host cell, human RBCs, clusters with P.
vivax and the other human infective species and indeed shares some
key invasion pathways. For example, P. vivax Duffy binding protein
(PvDBP) is important for human infection and has a direct orthologue
in P. knowlesi PkDBP-alpha (PkDBPo) that is also essential for
human RBC invasion, with two additional paralogues unique to P.
knowlesi PKDBP-beta (PkDBPP) and -gamma (PkDBPY) providing
specific ligands for invasion of primate RBCs (Adams et al., 1990;
Waters et al., 1993; Singh et al., 2005). However, despite its importance
as a model for non-falciparum invasion still relatively, few P. knowlesi
antigens have been identified as vaccine candidates (Semenya et al,
2012; Moon et al., 2016).

The merozoite surface protein (MSP) is the most abundant
surface protein involved in merozoite binding, egress, and invasion
into erythrocytes during the erythrocytic cycle (Bozdech et al., 2003;
Moss et al.,, 2012; Das et al,, 2015). MSP1 has been the most well-
studied protein in the MSP family, and the protein is segmented by

Abbreviations: CRISPR, clustered regularly interspaced palindromic repeats;
DAPI, 4°,6-diamidino-2-phenylindole; DARC, Duffy antigen/receptor for
chemokines; DBP, Dufty binding protein; EGF, epidermal growth factor; FACS,
fluorescence-activated cell sorter; gDNA, genomic DNA; GPI,
glycosylphosphatidylinositol; GST, glutathione S-transferase; HRs, homology
regions; IFA, indirect immunofluorescence assay; IgG, immunoglobulin G; IIA,
invasion inhibition assay; IPTG, isopropyl B-d-1-thiogalactopyranoside; KO,
knock out; MSP1P, Merozoite surface protein 1 paralog; NBP, Normocyte-
binding protein; PBS, phosphate-buffered saline; PCR, polymerase chain
reaction; RBC, red blood cell; RT-PCR, real-time PCR; sgRNA, single guide
RNA; WT, wild type.
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two steps of proteolytic cleavage, resulting in four major
polypeptides (MSP1-83, MSP1-30, MSP1-38, and MSP1-42) that
form a non-covalent complex on merozoite surface for erythrocyte
initial interaction (Blackman et al., 1990; Blackman et al.,, 1991).
Furthermore, the MSP1-42 undergoes a subsequent cleavage step
into 33-kDa (MSP1-33) and 19-kDa (MSP1-19) fragments,
consisting of a conserved C-terminus detected in the ring stages,
whereas the N-terminus of MSP1 is shed out during merozoite
invasion (Holder and Freeman, 1984; Holder et al., 1992). MSP1 is
immunogenic, exposed at the merozoite surface, and the MSP1-19
domain particularly has been recognized as a potential vaccine
candidate. While only a single homologue of MSP1 is present in P.
falciparum, all other human infective species, including both P.
vivax and P. knowlesi, contain an MSP1 paralog (MSP1P) in their
genome. This gene sits directly adjacent to MSP1 in the genome and
likely originally arose from segmental duplication. The amino acid
sequence analysis showed that MSP1P and MSP1 are similar in
structure, in which the C-terminal region has a putative GPI-
anchored motif and cysteine residues in two epidermal growth
factor (EGF)-like domains (Ahmed et al., 2018a). Previous studies
using recombinant protein reveal that P. vivax MSP1P (PvMSP1P)
has specific binding activity to human reticulocytes, which can be
inhibited by monoclonal antibodies against the C-terminus of
MSPIP (MSPIP-19), suggesting that the protein plays a role
during erythrocyte invasion (Cheng et al., 2013; Han et al., 2018;
Han et al., 2019). Although little is known about merozoite surface
proteins of P. knowlesi, a previous study found that the C-terminus
of PKMSPI1P is highly conserved in field isolates (Ahmed et al.,
2018b). Therefore, evaluating the erythrocyte binding, invasion, and
antibody function of PkMSPIP is timely.

The successful establishment of an in vitro cultivation system
for P. knowlesi provides the means to study the biology of the
parasite and the ligands involved in the erythrocyte invasion
(Kocken et al., 2002; Lim et al., 2013; Moon et al., 2013). Taking
that advantage, we first characterized PKMSP1P using recombinant
protein and polyclonal antibodies. Using clustered regularly
interspaced palindromic repeats (CRISPR)/Cas9-mediated gene
knockout/disruption of pkmspIp in the genetically amenable P.
knowlesi culture system, we were able to demonstrate that while
MSPIP has an important and distinct role to MSP1, antibodies
against the two cross-react, confounding efforts to study this protein
using recombinant systems alone.

Materials and methods
In situ analysis of pkmsplp

Gene sequence data and protein domain information of
pkmspI-19 (accession nos. PKNH_0728900 and XP002258582)
and pkmsplp-19 (PKNH_0728800 and XP002258581) with
orthologous genes were obtained from the PlasmoDB website and
GenBank, respectively. The amino acid sequence data of P. knowlesi
MSP1-19, MSP1P-19, and other Plasmodium species were aligned
using the CLUSTAL-W program in MegAlign Lasergene software
ver 7.0 (DNASTAR, Madison, WT).
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Rhesus macaque blood and cord
blood samples

Rhesus macaque (Macaca mulatta) blood was provided by the
National Primate Research Center (NPRC) in the Korea Research
Institute of Bioscience and Biotechnology (KRIBB) of Korea. The
rhesus macaque blood and human umbilical cord blood samples
were collected in a 10-ml sodium heparin tube (BD Vacutainer,
Franklin Lakes, NJ). All experiments were performed under
relevant guidelines and regulations, and the study was approved
by the Kangwon National University Hospital Ethical Committee
(IRB no. KNUH-B-2021-06-034). Human umbilical cord samples
were obtained from the by-product of routine clinical diagnostic
procedures of healthy donors. The written informed consent was
obtained from all subjects.

Expression and purification of
recombinant protein

Genomic DNA from the mixed stage of P. knowlesi Al-H.1
culture was extracted with QIAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany) and used as a PCR template. The PkMSP1-19-
and PkMSP1P-19-tagged glutathione S-transferase (GST) were
expressed and purified in an Escherichia coli system as follows.
Segments of pkmsplp-19 and pkmspl-19 were amplified using a
high-fidelity KOD-plus Kit (TOYOBO, Osaka, Japan) with the
following pairs of gene-specific primers: pkmsplp-19 forward 5'-
ggatccccaggaattcat GATCGTGTGAAAAATAACTGCAGA-3' and
reverse 5'-gatgcggcegctcgagGCACACGACCCCCTCATATA-3';
pkmspl-19 forward 5’-ggatccccaggaattcat TACAGATACTTGG
ACGGAACGG-3' and reverse 5'-gatgcggccgctcgagGCTACA
GAAAACTCCCTCAAAAAG-3’. Small letters indicate the
plasmid-derived sequence for In-Fusion cloning (Clontech,
Kusatsu, Japan), and restriction enzymes, EcoRI and Xhol, are
indicated as italicized and underlined letters. The amplicons were
cloned into the pGEX-4T-2 expression vector (GE Healthcare,
Wauwatosa, WI) by the In-Fusion cloning method, and the
sequences of cloned plasmids were confirmed. The positive clone
was cloned to recombinant proteins induced with 0.1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG, Sigma-Aldrich, St.
Louis, MO) and purified using glutathione sepharose 4B resin
(GE Healthcare) following the manufacturer’s protocol with the
modified elution buffer (50 mM HCI-Tris, 20 mM reduced
glutathione, 300 mM NaCl, 2% glycerol, and 200 mM imidazole,
pH 8.0) (Spielmann et al., 2003).

Animal immune sera production and
IgG purification
Female BALB/c mice (6 weeks old; Dae Han Bio Link Co.,

Korea) and Japanese white rabbits were immunized with
recombinant PkMSP1P-19 and PkMSP1-19 proteins to generate
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polyclonal antibodies. In total, 20 pg or 250 g of recombinant
protein was injected with Freund’s complete adjuvant (Sigma-
Aldrich), followed by Freund’s incomplete adjuvant (Sigma-
Aldrich) three times at a 3-week interval into mouse or rabbit,
respectively, and the sera were collected at 2 weeks after the final
boost. Total IgGs were purified from 1 ml immune rabbit serum
using a protein G HP column following the manufacturer’s protocol
(GE Healthcare). The eluted immunoglobulin G (IgG) fractions
were dialyzed to incomplete RPMI 1640 (Invitrogen/Gibco, Grand
Island, NY) or phosphate-buffered saline (PBS) using centrifugal
devices with a 30-kDa cutoff value (Millipore, Billerica, MA).
Purified IgGs were pre-adsorbed with human O™ erythrocytes (25
ul of RBCs per 4 mg of IgGs) for 30 min to remove any non-specific
inhibitory effect (Muh et al., 2018a).

SDS-PAGE and immunoblotting analysis

Recombinant proteins were analyzed by 13% SDS-PAGE under
reducing conditions. The separated proteins were transferred onto a
0.45-um PVDF membrane (Millipore) in semidry transfer buffer
(50 mM Tris, 190 mM glycine, 3.5 mM SDS, 20% methanol) at a
constant 400 mA for 40 min using a semidry blotting system
(ATTO Corp., Tokyo, Japan). The PVDF membrane (Cytiva,
Marlborough, MA) containing recombinant protein was blocked
with 5% skim milk in PBS-T (0.5% v/v Tween-20 in 1x PBS) and
then incubated with anti-GST antibody (Novagen, Reno, NV) and
mouse and rabbit immune sera diluted 1:2,000 in PBS-T. After the
primary antibody reaction, the membrane was incubated with the
secondary IRDye® goat anti-mouse (1: 5,000 dilution) or IRDye®
goat anti-rabbit (1: 5,000) (Li—COR® Bioscience, Lincoln, NE)
antibodies to detect antigens. The results were visualized in the
Odyssey infrared imaging system and analyzed with Odyssey
software (Li-COR® Bioscience) (Lee et al., 2016).

Reticulocyte enrichment from cord blood

Reticulocytes were enriched from heparinized umbilical cord
blood with 19% Nycodenz solution (Accurate Chemical & Scientific
Co. Carle Place, NY) in high-KCl buffer using gradient
centrifugation as described previously (Sorette et al., 1992).
Briefly, fresh cord blood was washed with incomplete RPMI 1640
medium, and leukocytes were removed by Acrodisc® white blood
cell syringe filter (Pall Life Sciences, Port Washington, NY). The
packed cells were resuspended in high KCI buffer (pH 7.4) and
incubated at 4°C for 3 h while rotating. Five milliliters of the RBC-
high KCI buffer mixture was overlaid on 3 ml of 19% Nycodenz
solution and centrifuged at 3,000 xg for 30 min. Reticulocytes were
harvested from the interface layer, and the concentration and purity
were calculated by observing more than 2,000 RBCs in thin blood
smear samples stained with new methylene blue stain solution
(Sigma-Aldrich).

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1314533
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Lee et al.

Protein binding assay by flow cytometry

The flow cytometry-based direct-binding assay with 5 x 10°
RBCs from rhesus macaque or human in 200 ul of incomplete
RPMI 1640 medium (Invitrogen/Gibco) was carried out as
described previously (Ito et al., 2013). Briefly, RBCs were washed
three times with incomplete RPMI 1640 medium and incubated
with 0 to 40 pg/ml of GST-tagged recombinant proteins for 4 h at
25°C. Region II of PkDBPo. (PkDBPo.-RII) and GST-His were used
as the positive and negative controls, respectively. After incubation,
RBCs were washed twice with phosphate-buffered saline containing
1% BSA (PBS-BSA) and incubated with Alexa Fluor 647-conjugated
mouse anti-GST monoclonal antibody (Cell Signaling, Danvers,
MA) at 4°C for 1 h in the dark. The samples were washed three
times with PBS-BSA and incubated with the thiazole orange (TO)
Retic-COUNT reagent (BD Biosciences, Franklin Lane, NJ) for 30
min at 25°C in the dark. A total of 100,000 events were analyzed per
sample using FACS Accuri " C6 Flow Cytometer (Becton-
Dickinson, Franklin Lakes, NJ) using FlowJo (v10.9.0, LLC,
Ashland, OR). Unstained cells and cells with single TO staining
were used for gating the normocytes and reticulocytes, respectively.

In vitro cultivation of blood-stage parasites
and parasite protein extraction for
western blot

Asexual stage parasites of P. knowlesi A1-H.1 were maintained
with fresh human erythrocytes in RPMI 1640-based complete
medium (Invitrogen Life Technologies, Grand Island, NY) with
10% horse serum as described previously (Moon et al., 2013). To
make a homogenous stage, the culture with the mixed stage was
synchronized to generate protein extracts using 5% D-sorbitol
(Sigma Aldrich) treatment. Ten percent parasitemia of mature
schizont-enriched red bood cells was treated with 0.15% saponin
(Sigma Aldrich) for 1 min on ice to lyse the RBC membrane. The
pellet was washed twice with ice-cold PBS containing 1x protease
inhibitor, mixed 1:1, and boiled with reducing buffer. Extracts were
separated on 13% polyacrylamide gel and then blotted onto the
PVDF membrane following the immunoblotting protocol.
Membranes were probed with total IgG from PkMSP1-19- and
PKMSP1P-19-immunized rabbits at 1 pg/ml as primary antibodies.

Indirect immunofluorescence assay

To confirm the localization of PvMSP1-19 and PkMSP1P-19,
blood smears for indirect immunofluorescence assay (IFA) were
prepared as described previously (Li et al, 2012). Slides smeared
with P. knowlesi schizont-enriched blood were fixed with 4%
paraformaldehyde and blocked with 5% skim milk in PBS. Rabbit
anti-PkMSP1-19 and mouse anti-PkMSP1P-19 diluted in 1:50 were
used as primary antibodies. Alexa Fluor 488-conjugated goat anti-
rabbit IgG or Alexa Fluor 546-conjugated goat anti-mouse IgG
secondary antibodies (Invitrogen Life Technologies, Carlsbad, CA)
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and 4',6-diamidino-2-phenylindole (DAPI; Invitrogen Life
Technologies) were used for secondary antibody staining. The
slides were mounted with ProLong Gold Antifade reagent
(Invitrogen) and visualized under immersion oil using the
FluoView® FV1000 Laser Scanning Confocal Imaging System
(Olympus, Tokyo, Japan) equipped with a 60x oil objective.
Images were captured using the FV10-ASW 3.0 Viewer software
(Olympus). The fluorescence graphic containing more than 500
pixels was calculated by Image] (NIH, Rockville, MD).

Invasion inhibition assay

Plasmodium knowlesi wild-type (WT) and knockout (KO)
strain schizonts enriched by magnet separation (MACS, Miltenyi
Biotec, Rhine-Westphalia, Germany) were cultured in a 96-well
plate at 100 pl per well (Ribaut et al., 2008). Initial parasitemia and
hematocrit were adjusted to 1%-2% and 2%, respectively. Purified
anti-PKDBPo-RII (Muh et al., 2018a), PkMSP1P-19, PkMSP1-19,
GST-His, pre-immune rabbit IgG (2 mg/ml), and anti-Fy6
monoclonal antibody against DARC (2C3; 25 ug/ml) (Absolute
antibody, Wilton, UK) were mixed to a 96-well plate as tested wells.
A positive invasion well was set as the parasite’s normal rupture and
reinvasion ability. The parasites were incubated at 37°C in a culture
chamber for approximately 10 h until newly invaded ring-stage
parasites appeared. After centrifugation, the pellets were washed
twice with PBS and fixed with 0.05% glutaraldehyde (Sigma-
Aldrich) for 10 min. After washing twice again, the red blood
cells were stained with SYBR Green I (Sigma-Aldrich) at 0.2x
dilution for 10 min and washed twice with PBS. A total of
200,000 events per sample were analyzed with an Accuri C6 flow
cytometer (BD Biosciences). Error bars indicate mean + SEM for
duplicate twice measurement.

Tight synchronization of fully mature
schizonts for transfection

Schizonts were enriched with 55% Nycodenz solution in RPMI
1640, followed by a 2-h incubation with 4-[7-[(dimethylamino)
methyl]-2-(4-fluorophenyl)imidazo[1,2-a]pyridin-3-yl]
pyrimidine-2-amine (compound 2, kindly provided by Dr. Michael
Blackman; Francis-Crick Institute, London, UK) to prevent parasite
egress (Collins et al., 2013). Compound 2 was removed from the
parasite by washing with RPMI 1640 and then incubated with new
red blood cells to allow invasion. The ring stage of infected RBCs
was purified from the bottom layer after the 55% Nycodenz
enrichment method. Newly purified ring-stage parasites were
incubated for up to 24 h for maturation. The tightly synchronized
schizonts were enriched again with 55% Nycodenz solution, as
described above. After compound 2 removal, the parasites were
incubated in RPMI 1640 for 15 min to allow initiation of egress, and
then 10 pl of packed cells, including the parasites, were used for
each transfection.
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Transfection of the parasites
and genotyping

The tightly synchronized mature schizont-stage parasites of P.
knowlesi were transfected using the Amaxa 4D electroporator
(Lonza, Basel, Switzerland) and the P3 Primary cell 4D
Nucleofector X Kit L (Lonza) following previous reports (Moon
et al,, 2016). Briefly, a 20-pg repair template and 20 pug pCas9/sg
(Mohring et al.,, 2019) containing sgRNA sequences for pkmsplp
were mixed with P3 Primary Cell nucleofector solution, including
supplement 1 (Lonza), and transferred to a Nucleocuvette " Vessel
(Lonza), followed by nucleofection with program FP158.
Transfected parasites were immediately transferred to complete
media with RBCs and incubated at 550 rpm for approximately 30
min at 37°C to allow invasion before transferring to standard
culture conditions. After 24 h, transfected parasites were selected
by drug pressure with 100 nM pyrimethamine (Sigma-Aldrich), and
the medium, including pyrimethamine, was replaced at daily
intervals for 5 days. The transfected parasites were cloned out by
limiting dilution and confirmed by genotyping with diagnostic
primers of extracted genomic DNA (Supplementary Tables 1, 2).

Two-step nested PCR

PCR-based repair templates were generated by a two-step
nested PCR method to fuse the homology regions (HRs) for
pkmsplp gene knockout (KO) as described in our previous study
(Mohring et al, 2020). Each HR was amplified with at least 25
nucleotides of homologous barcode overhangs at 3'- or 5'-terms for
HRI or HR, respectively. The HRs were then fused by nested PCR.
PCR was carried out with CloneAmp (TaKaRa, Kusatsu, Japan)
using the following cycle conditions: 35 cycles of 5 s at 98°C, 20 s at
55°C, and 15 s at 72°C. Seven of 50 ul reactions (total 350 pl) of the
final templates were pooled, and ethanol precipitated in 10 pl. All
primers used for two-step nested PCR are listed in Supplementary
Tables 1 and 2.

Bioinformatic analysis for single guide
RNA selection

sgRNA candidates were screened using CRISPR RGEN Tools
(Bae et al.,, 2014), and those with a high score of Out-of-frame Score
and only one on-target effect were selected for pkmsplp gene KO
(Supplementary Table 3).

Real-time PCR

Ten milliliters of cultured parasites with 2% blood were used for
mRNA extraction using the AccuPrep Universal RNA Extraction
Kit (Bioneer, Daejeon, Korea) following the manufacturer’s manual.
cDNA was amplified from 1 g of extracted RNA using TOPscript
RT DryMIX (dT18 plus) (Enzynomics, Daejeon, Korea), and the
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synthesized ¢cDNAs were used as a template for RT-PCR with
GoTaq qPCR master mix (Promega, Madison, WI). RT-PCR was
carried out using the following cycles: hot-start polymerase
activation of 2 min at 95°C, followed by 40 cycles of 3 s at 95°C,
30 s at 60°C in AriaMx Real-Time PCR system (Agilent, Santa
Clara, CA). All primers used for RT-PCR were listed in
Supplementary Table 1.

Statistical analysis

The data were analyzed with GraphPad Prism version 9.5.1
(GraphPad Software Inc., San Diego, CA) and Microsoft Excel 2016
(Microsoft, Redmond, WA). Unpaired t-test was used to compare
the statistical difference values of each group of binding by protein
and P. knowlesi invasion inhibition result (*p < 0.05; **p < 0.01; ***p
< 0.001). Difference value p < 0.05 was considered significant.

Results

Characterization of PkMSP1P

The putative pkmsplp gene (GenBank accession no.
XP002258581 and PlasmoDB ID no. PKNH_0728800) is located
upstream of pkmspl (XP002258582 and PKNH_0728900,
respectively) on chromosome 7 and encodes a 1,874-amino-acid-
long protein with predicted high molecular mass (approximately
220 kDa). The predicted primary structure of PKMSP1P consists of
signal peptide (aa 1-36), serine-rich domain (aa 942-970), EGF
domain 1 (aa 1,772-1,807), EGF domain 2 (aa 1,814-1,848), and
GPI-anchor (aa 1,852-1,874) (Figure 1A). Orthologues of MSP1P
were found in all human infective species except P. falciparum (P.
knowlesi, P. vivax, P. ovale, and P. malariae) and two avian malaria
(P. gallinaceum and P. relictum) according to the PlasmoDB
database. Interestingly, the paralogue is also absent among the
rodent malaria clade (including P. berghei and P. yoelii).

Because, in P. vivax, only the 19-kDa EGF-like domains of
MSP1P (PvMSP1P-19) at the C-terminal region showed binding
activity to human red blood cells and can be recognized by malaria-
exposed patients (Egan et al., 1995; Cheng et al., 2013; Han et al,
2018), in this study, we focused on its orthologous target in P.
knowlesi. Sequence alignment of the MSP1P-19 protein showed the
conserved 12 cysteine residues across the species, 10 of which are
similar in PkMSP1-19 (Figure 1B), suggesting that the function of
PKMSPIP-19 may be conserved. To address this hypothesis, the
recombinant PkMSP1P-19, along with PkMSP1-19 as a control
protein, was expressed and purified in soluble form under non-
denaturing conditions in bacterial protein expression system, and
the purity was assessed by SDS-PAGE. Both proteins migrated as
expected molecular weights of approximately 37.2 kDa and 35.3
kDa, and GST protein was observed at 25 kDa (Figure 1C,
arrowhead). We failed to cleave the GST-tag from the proteins
because of precipitation; thus, we generated immune sera from mice
and rabbits of the recombinant proteins with the GST-tag. The
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Characterization of PkMSP1P-19 and PkMSP1-19. (A) Schematic structure of PkKMSP1P (1,875 amino acids (aa)). Indicated are signal peptide (aa 1-36),
serine-rich domain (aa 942-970), epidermal growth factor (EGF) domain 1 (aa 1,772-1,807), EGF domain 2 (aa 1,814-1,848), and GPI-anchor (aa
1,852-1,874). PkMSP1P-19 (aa 1,767-1,851) for recombinant protein expression is indicated. (B) Amino acid sequence alignment of PkMSP1P-19 with
four orthologues and PkMSP1-19. Cysteine residues are highlighted in red, and the similarity of amino acids was indicated as color above alignment.
(C) SDS-PAGE analysis of the purified recombinant PkMSP1P-19 and PkMSP1-19 with GST-tag. The purified fractions were resolved in SDS-PAGE and
stained with Coomassie brilliant blue solution. Un, un-induced fraction; T, total fraction; L, lysate; P, pellet; S, supernatant; Ft, flow-through; W,
washing fraction; E, elution. The red arrowhead indicates the expected size of the proteins. A band at ~25 kDa is GST. (D) Western-blot analysis of
sera with recombinant proteins. GST, mouse anti-GST antibody; M, immune mouse sera; R, immune rabbit sera; N, pre-immune rabbit sera; MSP1
and MSP1P, rabbit anti-MSP1-19 and rabbit anti-MSP1P-19, respectively. One of three mice immunized with the protein was used. Head arrows
indicate specific bands. (E) The parasites at the late schizont stage are co-labeled with antisera against PkMSP1-19 used as a merozoite surface
marker (red color), PkMSP1P-19 (green color), and DAPI for nuclei (blue color). Bars represent 5 um

polyclonal antibodies against PkMSP1P-19 and PkMSP1-19 reacted
to their respective recombinant proteins, but no bands were
observed with pre-immune sera (Figure 1D). However, mutual
interaction of the antibody to both proteins was observed,
suggesting that antibody cross-reactivity may occur (MSP1 and
MSPIP in Figure 1D; Supplementary Figure S1). MSP1P, like
MSP1, is predicted to be attached to the plasma membrane of the
parasite via a GPI anchor. The GPI anchor motif requires both an
N-terminal signal peptide and also a C-termini GPI anchor motif.
The addition of a tag to either the N or C termini would disrupt this
signal and remove its GPI anchor. So while tagging of the gene
would have additionally helped to understand MSP1P localization,
it was not possible without a more complex, internal
tagging approach.

An indirect immunofluorescence assay was carried out to
determine the localization of the PkMSP1-19 and PkMSP1P-19 in
the asexual blood stage of P. knowlesi parasites. The fluorescence
signal of native proteins was observed, indicating that both proteins
are expressed at the mature schizont stage, surrounding the
periphery of developing merozoites (Figure 1E; Supplementary
Figure S2). The PkMSP1P-19 antibody gave signal that was
similar to that seen for the established merozoite surface marker,
MSP1-19; furthermore, free merozoites after rupture were
surrounded with the signal. While this suggested that PKMSP1P-
19 is present as a merozoite surface protein before and after rupture,
the potential cross-reactivity with MSP1-19 meant that no firm
conclusions could be drawn.
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PkMSP1P-19 binds to human reticulocytes

Plasmodium knowlesi proteins involved in erythrocyte invasion
are critical for determining host cell specificity, and several have
distinct binding characteristics between macaque and human
erythrocytes. For example, whereas P. knowlesi PkKDBP-o
interacts with both macaque and human erythrocytes, its
paralogues, PkDBP-f3 and PkDBP-y, only bind macaque
erythrocytes (Adams et al., 1992). For those reasons, the binding
of PkMSPIP-19 to rhesus macaque and human erythrocytes was
investigated using a FACS-based binding assay system. In a
previous study, PvMSP1P-19 showed the binding activity to
human reticulocytes specifically (Han et al., 2018), so we enriched
reticulocytes from human umbilical cord blood and used for
reticulocyte binding assay. In the result, PkMSP1P-19
significantly bound to human reticulocytes (8.1% + 2.8%) but
neither macaque erythrocytes nor human erythrocytes. Due to the
resource limitation of macaque erythrocytes for the reticulocyte
enrichment, it was impossible to specifically test purified macaque
reticulocytes. In contrast to PkMSP1P-19, no significant binding
activity of PKMSP1-19 to erythrocytes was observed. PkDBPa-RII,
a well-known binding partner of the Duffy Antigen Receptor for
Chemokines (DARC) on RBCs, showed strong binding activity with
human reticulocytes (40.2% =+ 8.6%) and erythrocytes (2.3% + 0.4%)
as well as rhesus macaque erythrocytes (46.0% + 4.6%) (Figure 2A),
consistent with a previous report (Chitnis and Miller, 1994). We
observed a gradual increase in the binding activity of PkMSP1P-19
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to human reticulocytes in a concentration-dependent manner
(Figure 2B), and the binding was significantly inhibited by the
purified IgG against PkMSP1P-19 (Figure 2C). These results suggest
that PkMSP1P-19 binds to human reticulocytes and, therefore,
could play a role specifically during invasion. However, in order
to mitigate the limitations caused by antibody cross-reactivity, we
decided to study the function of PkMSP1P in human erythrocyte
invasion by CRISPR-Cas9 genome editing.

Gene disruption in P. knowlesi identifies
that PKMSP1P is important for the growth
of blood-stage parasites

To validate the role of PkKMSPIP during the invasion process,
gene deletion was carried out using the CRISPR/Cas9 system
(Mohring et al., 2019). PCR-based donor DNA to knockout
pkmsplp gene was co-transfected with pCas9/sg, which provides
spCas9 nuclease, sgRNA, and a positive selection marker
(Figure 3A). The transfected parasites were cloned out by limiting
dilution, and the pkmsplp gene disruption was confirmed by
genotyping (Figure 3B). This was further confirmed via
transcriptional analysis of the pkmsplp gene mRNA from wild-
type (P. knowlesi A1-H.1) and knockout (pkmsplp-KO) parasites,
revealing loss of the pkmspIp transcript in KO lines (Figure 3C).

We evaluated the parasitemia of pkmsplp-KO parasites
compared with the wild type (WT) over 4 days to determine
whether the absence of PKMSP1P impacts growth in human
erythrocytes. The initial parasitemia of both parasite lines was
diluted to be less than 0.1%, and that of the WT parasite line

10.3389/fcimb.2023.1314533

reached up to approximately 6% after 4 days as expected, but the
pkmspIp-KO line was just around 1% (Figure 3D; Supplementary
Figure S3), and a comparison of the average fold multiplication rate
between WT and KO parasite indicates that growth of the
transfected parasite was significantly impaired due to pkmspIp
gene disruption with WT averaging fivefold growth and KO only
twofold (Figure 3E). Furthermore, an “invasion assay” was
conducted to specifically determine whether pkmsplp gene
disruption affects the conversion of schizonts to the new ring
stage in infected human erythrocytes. These results showed that
the relative invasion rate of the pkmsplp-KO line was significantly
decreased, at around half of the invasion efficiency observed for the
WT parasites (Figure 3F). These results demonstrated that
PKkMSPIP is important in one or more of the key processes
during the schizont to ring stage transition, which may include
steps such as egress, invasion, or early ring development.

Assessment of anti-PkMSP1P-19-specific
IgG potency on knocked-out parasites

Given that the deletion of pkmsplIp led to a significant growth
defect of P. knowlesi merozoites in human RBCs, we next aimed to
better validate the specificity of our vaccine-induced polyclonal
antibodies against PkMSP1P-19 by testing them on P. knowlesi Al-
H.1 and pkmsplp-KO lines. To verify that PkMSP1P-19 expression
was absent in the KO lines, IFA and immunoblotting with native
antigens were performed. It was immediately clear that despite the
loss of the MSP1P protein, the signal for the PkMSP1P-19 antibody
remained—demonstrating apparent evidence of background cross-
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activity of the proteins to human reticulocytes in a dose-dependent manner. PkDBPa.-RIl and GST-His were used as positive and negative controls,
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of the specific antibodies was treated to the proteins before incubation with reticulocytes. Pre-immune IgG was used as a negative control. ns, not

significantly different p > 0.05; *, p < 0.05; **p < 0.01; ***p < 0.001
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Knockout of pkmsplp impedes the growth of P. knowlesi. (A) The donor DNA fragment was co-transfected with the pCas/sg construct that confers
Cas9 nuclease, sgRNA, and drug resistance for further selection to knockout pkmsplp gene by double crossover. The red box represents the
barcode gene that is absent in the P. knowlesi genome for genotyping. Green arrows indicate the primers. (B) Genotyping of PkMSP1P-KO cloned
out by limiting dilution. Genomic DNA was extracted from the parasites, and fragments were amplified with primer pairs indicated in the box. TF,
transfected parasites; WT, wild type; P, housekeeping gene (P. knowlesi MTIP). (C) Real-time PCR to verify the pkmsplp gene after knockout. cDNA
was amplified from the mRNA of the pkmsplp-KO line, and P. knowlesi A1-H.1 (wild type) served as a template. Two pairs of primers (P1 and 2)
targeting the pkmsplp gene were used to detect transcription of the different regions of the pkmsplp gene. The transcription level was calculated
based on the housekeeping gene (P. knowlesi seryl-tRNA synthetase) level. (D, E) Parasitemia and multiplication rate of pkmsplp-KO and the wild
type were confirmed. The initial parasitemia was diluted to less than 0.1% and incubated for 4 days. The parasitemia was determined by Giemsa-
stained slide under microscopy. (F) The enriched schizonts of the wild type and pkmsplp-KO line were incubated with human erythrocytes for 12 h
to allow reinvasion, and the invasion rate of the parasites was compared with the wild type. **p < 0.01; ***p < 0.001

reactivity of the antibody (Figure 4A; Supplementary Figure S4).
Despite this, a clear quantitative change in signal was observed. The
IFA result was compared using the pixel signal strength of PkMSP1-
19 (Red) with PkMSP1P-19 (Green) by two-dimensional scatter
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data. It showed a high overlap of green and red pixel strength
(R* = 0.97) in the wild type, in clear contrast to the pkmsplp-KO
parasite that showed a lower specific signal with a correlation
R* ~ 0.67 (Figure 4A). The subcellular localization assay of
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lysate Western blot analysis, anti-PkMSP1-19, and anti-PkMSP1P-19 recognized native antigens in P. knowlesi PkA1-H.1 (WT) and PkMSP1P-KO (KO)
parasite lysates. Normal rabbit IgG was used to detect non-specific bands. Head arrows indicate specific bands. (C) Comparison of invasion
inhibition activity to P. knowlesi PkA1-H.1 and knockout line (pkmsplp-KO) into human erythrocytes. The enriched schizonts were incubated with
the antibodies and erythrocytes for 12 h to allow invasion. The inhibition rate was calculated based on the invasion of un-treated wells. Purified 1gGs

(2.0 mg/ml) from a rabbit immunized with recombinant proteins PkDBPo.-

RII, PkMSP1-19, PkMSP1P-19, and GST-tag raised antibody for inhibitory

baseline, as well as anti-DARC (2C3) monoclonal antibodies (25 pg/ml), were treated to the parasite for invasion inhibition. Significant differences in
the effects of pre-immune sera and other antibodies were calculated using an unpaired t-test *, p < 0.05; **, p < 0.01.

pkmsplp-KO with anti-PkMSP1P-19 did not disappear but only
decreased the signal compared with WT. We then determined
whether antibodies raised against PkMSP1-19 and PkMSP1P-19
can specifically recognize their antigens using WT (P. knowlesi Al-
H.1) and KO (pkmsp1p-KO) schizont-stage parasite lysates; a normal
rabbit antibody was used as a negative control (Figure 4B;
Supplementary Figure S5). Both antibodies detected several bands,
suggesting that posttranslational modification or proteolytic process
of the MSP family commonly occurs in Plasmodium proteins
(Blackman et al., 1991; Crosnier et al., 2013). The signal strength of
the knocked-out strain is weaker than WT in both-antigen detection
due to the expression level in the schizont stage being affected after
the gene ablation. Although mRNA and DNA level data confirm that
we succeeded in knocking out the pkmspIp gene, antibody specificity
assays supported the hypothesis that anti-PkMSP1-19 and anti-
PKkMSP1P-19 antibodies have clear cross-reactivity.

The inhibitory effect of those antibodies during the invasion
process into human erythrocytes was evaluated by FACS using
PkA1-H.1 and pkmspIp-KO strains [the FACS gating as described
previously (Muh et al., 2018b)]. Invasion inhibition of rabbit
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polyclonal IgGs against PkDBPo-RII, PkMSP1-19, and
PKMSPIP-19, as well as monoclonal IgG against human DARC
(2C3), was investigated over one replication cycle (24 h). An anti-
Fy6 (0i-2C3) was used for a positive inhibitory control for the
assay with significantly hindered WT and KO line invasion with
94.6% * 42% and 94.2% * 4.4% [mean * SEM], respectively.
Following, the antibody raised from PkDBPo.-RII also showed a
high invasion inhibition effect with 62.9% + 3.3% and 60.9% * 5.1%,
respectively. Comparing pre-immune (PI) sera (13.4% * 2.9%
and 7.3% + 2.0%) and anti-GST (7.0% + 2.1% and 2.9% + 3.8%)
invasion inhibition effect with anti-PkMSP1-19 (24.3% + 2.1%
and 155% + 1.6%) and anti-PkKMSP1P-19 (18.9% + 6.0% and
10.7% + 3.7%), there was no significant difference, except anti-
PKkMSP1-19 (24.3% + 2.1%) with anti-GST (7.0% + 2.1%) observed
in WT strain (Figure 4C). In conclusion, anti-PkMSP1-19 and anti-
PKkMSPI1P-19 have relatively low inhibitory effects, suggesting that
even though PkMSPIP is essential for parasite blood-stage
development, the polyclonal antibody specifically targeting
PkMSP1P-19 may lack key inhibitory epitopes to block the
parasite invasion to human host erythrocytes.
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Discussion

The emerging zoonotic malaria parasite, P. knowlesi, with
complicated symptoms and high mortality rates, threatens
malaria elimination efforts in Southeast Asia (Singh and
Daneshvar, 2013). Given that P. knowlesi has at least two distinct
hosts, determining the host specificity of the repertoire of merozoite
surface proteins is vital to understanding the host cell tropism of the
parasite (Chitnis and Miller, 1994; Semenya et al., 2012; Dankwa
et al,, 2016; Moon et al,, 2016). Nonetheless, our understanding of
the proteins involved in invasion is limited compared with other
human infectious malaria species; thus, it is needed to identify more
proteins for vaccine or drug development. For these reasons, in this
study, we characterized a merozoite surface protein, PkMSPIP,
using the recombinant protein and genetic modification method
because PvMSP1P is considered a potential novel vaccine candidate
with a low polymorphism as well as the naturally acquired humoral
immunity (Wang et al., 2011; Cheng et al., 2013; Cheng et al., 2014).

Our previous report that P. vivax MSP1P-19 binds to human
erythrocytes suggested that the function of the proteins is possibly
different from MSP1-19 (Cheng et al., 2013). To demonstrate this
suggestion, we decided to study the function of the proteins using P.
knowlesi because the parasite can be cultivated in vitro, unlike P.
vivax. First of all, we expressed PkMSP1-19 and PkMSP1P-19
recombinant proteins as a soluble form with GST-tag and
identified the specific binding of PkMSP1P-19, but not PkMSP1-
19 to human reticulocytes, which is consistent with that of P. vivax
(Han et al, 2018). The different binding activity of the proteins
might be due to the extra two cysteine residues in EGF-like domain
1 of MSP1P, which is absent in MSP1 in P. vivax and another rodent
Plasmodium (Carlton et al., 2008), suggesting that the role of
PKMSP1P-19 may be distinct from that of PkMSP1-19. We also
demonstrated that PKMSP1P-19 does not substantially bind to
normocytes of the rhesus macaque. However, we were unable to
evaluate the phenotype in reticulocyte binding in macaques due to
difficulty in obtaining sufficient material. Comparisons of invasion
phenotypes across human and macaque hosts can provide
invaluable insight into the meaning of these proteins during the
invasion process (Moon et al., 2016), so it is important to validate
the function of PkMSP1P in macaque reticulocytes in further study.

The anti-sera against PkKMSP1P-19 and PkMSP1-19 recognized
the native parasite antigen, and the signal pattern completely
merged at the mature schizont and the free merozoite stage in
IFAs, demonstrating that PkKMSP1P-19 is a merozoite surface
protein. However, we also found that anti-PkMSP1-19 and
PkMSP1P-19 polyclonal antibodies cross-reacted in the
immunoblot data and the non-specific immunofluorescence
staining with the KO lines in this study. Because multiple factors
could cause this phenomenon, such as polyclonal antibodies
sharing the same epitopes on the surface or antibodies induced
from the conserved 19-kDa C-terminal region affecting the
specificity of MSP family antibodies, a more target-specific
approach such as monoclonal or affinity antigen-specific
antibodies, will be further studied.

Due to the cross-specific interactions of the antibodies against
PKkMSP1P-19 and PkMSPI1-19, we utilized the gene modification
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method in P. knowlesi (Moon et al., 2013; Hart et al., 2023) to
precisely explore whether PKMSP1P was redundant or pivotal to the
parasite. We failed to knock out the pkmspI gene (data not shown),
suggesting that, despite the presence of a paralogue, MSP1 remains
essential for parasite development, as observed in P. falciparum
(Moon et al., 2016). While work to develop a conditional knockout
of pkmsp1 will be required to confirm this, the apparent essentiality
in itself strongly suggests that MSP1 and its paralogue undertake
distinct roles in the parasites’ life cycle. In contrast to this, the
pkmsplp gene was able to be experimentally deleted. The knockout
pkmsplp gene decreased the multiplication and invasion rates
compared with WT parasites, suggesting that PkKMSPIP is
necessary during parasite growth. To further study the role of
PKMSPIP, we carried out the invasion inhibition assay that is
widely used for assessing functional antibodies for blocking the
invasion of merozoites after schizont-stage parasite rupture. Unlike
our expectation, however, the IgGs against PkMSP1-19 and
PkMSP1P-19 did not show significant invasion inhibitory activity
compared with the negative control. This phenomenon was also
observed in a previous study (Muh et al., 2020) in which anti-
PvMSP1-19 polyclonal antibodies strongly recognized native and
recombinant proteins but showed the relatively low inhibitory
activity of P. knowlesi to the human erythrocytes. This finding
brings out the need to use parasitological assays when investigating
potential neutralizing antibodies. While these antibodies can clearly
block recombinant MSP1P-19 binding to erythrocytes, it is possible
that the target epitopes are simply inaccessible in the more complex
context of the parasite surface. In addition, like other Plasmodium
species, MSP1-19 from P. knowlesi possesses a distinct charge
distribution; all charged residues are accessible on the surface
without buried ion pairs (Garman et al., 2003). Therefore, the
minor change in charge or hydrophobic residues may lead to a
modification in epitope recognition affinity and avidity to the
antibody, resulting in the loss of the invasion inhibition ability of
the epitope binding site. In these paralogs, except for their C-
terminal regions, different domain structures of the proteins could
imply different functional roles for each.

MSP1P, like MSP1, is predicted to be attached to the plasma
membrane of the parasite via a GPI anchor. The GPI anchor motif
requires both an N-terminal signal peptide and also a C-termini
GPI anchor motif. It is for this reason that work on the very well-
studied PIMSP1 has also been carried out using antibodies and not
via tag approaches. While the C-terminal GPI anchor motif
precludes us from undertaking C-terminal epitope/fluorescent
tagging of the protein, the introduction of an internal tag or after
the N-terminal signal peptide may also provide a route to explore
the localization of MSP1P.

This work also highlights the strength of genetic studies in the
validation of antibodies—with our MSP1P-KO unequivocally
identifying cross-reactivity and oft-target activity of our polyclonal
MSP1P-19 antibodies. A wider application of the P. knowlesi
knockout and more recent development of conditional knockouts
will provide an important tool for further validation of the numerous
P. vivax reagents that have been developed with limited access to
parasitological assays. Even though there is no significant inhibition
of P. knowlesi invasion with anti-PkMSP1P-19, the deletion of

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1314533
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Lee et al.

pkmsplp led to severe growth deficiency of blood-stage P. knowlesi
parasites, demonstrating for the first time that this protein has a
distinct role to MSP1. This, along with the apparent essentiality of
MSP1, can affirm that the role of PkMSPIP has diverged from its
paralogue and does not have functional redundancy with PkMSP1.
This has important and positive implications both for the exploration
of MSPIP as a novel candidate but also importantly suggests the
presence of MSPIP in non-laveranian parasites will not impact our
ability to target MSP1 as a vaccine candidate.
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SUPPLEMENTARY FIGURE 1

Western blot data of Figure 1D (Left Panel) G, anti-GTS antibody(Ab); M,
Mouse-anti-PkMSP1P-19 GST Ab; R, R-anti-PkMSP1P-19_GST Ab; N, Normal
rabbit Ab; MSP1, Recombinant MSP1P protein/Rabbit anti-PkMSP1-19 Ab.
(Right Panel) G, GTS Ab; M, Mouse-a-PkMSP1-19 GST Ab; R, R-anti-PkMSP1-
19_GST Ab; N, Normal rabbit Ab; MSP1, Recombinant MSP1 protein/Rabbit
anti-PkMSP1P-19 Ab.

SUPPLEMENTARY FIGURE 2

Subcellular localization of anti-PkMSP1P-19 in the ruptured merozoites are
co-labeled with antisera against PkMSP1-19 used as merozoite surface
marker (red color), PkKMSP1P-19 (green color), and DAPI for nuclei (blue
color). Bars represent 5 pm.

SUPPLEMENTARY FIGURE 3

Comparison of parasitemia in wild type and PkMSP1P-KO parasite from
different clones of Figure 3D experiment. The absence of the pkmsplp
gene impedes the growth of parasitemia.

SUPPLEMENTARY FIGURE 4

The parasites at the late schizont stage on wild type and PkMSP1P-KO
parasites are labeled with monoclonal antibodies against PvMSP1P-19
(green color) and DAPI for nuclei (blue color). Four monoclonal antibodies,
2AF4-A2, 2AF4-A6, 3BC6-A5, and 3BC6-B12, were used. Bars represent
5um.

SUPPLEMENTARY FIGURE 5

Western blot data of Figure 4B WT, wild type; KO, knock out; M, molecular
weight size marker.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2023.1314533/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1314533/full#supplementary-material
https://doi.org/10.3389/fcimb.2023.1314533
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Lee et al.

References

Adams, J. H., Hudson, D. E., Torii, M., Ward, G. E., Wellems, T. E., Aikawa, M., et al.
(1990). The Dufty receptor family of Plasmodium knowlesi is located within the micronemes
of invasive malaria merozoites. Cell 63 (1), 141-153. doi: 10.1016/0092-8674(90)90295-P

Adams, J. H.,, Sim, B. K,, Dolan, S. A., Fang, X,, Kaslow, D. C., and Miller, L. H.
(1992). A family of erythrocyte binding proteins of malaria parasites. Proc. Natl. Acad.
Sci. U. S. A. 89 (15), 7085-7089. doi: 10.1073/pnas.89.15.7085

Ahmed, M. A, Fauzi, M., and Han, E.-T. (2018a). Genetic diversity and natural
selection of Plasmodium knowlesi merozoite surface protein 1 paralog gene in Malaysia.
Malar. J. 17 (1), 1-11. doi: 10.1186/s12936-018-2256-y

Ahmed, M. A, Fauzi, M., and Han, E. T. (2018b). Genetic diversity and natural
selection of Plasmodium knowlesi merozoite surface protein 1 paralog gene in Malaysia.
Malar. J. 17 (1), 115. doi: 10.1186/s12936-018-2256-y

Bae, S., Kweon, J., Kim, H. S., and Kim, J. S. (2014). Microhomology-based choice of
Cas9 nuclease target sites. Nat. Methods 11 (7), 705-706. doi: 10.1038/nmeth.3015

Blackman, M. J., Heidrich, H.-G., Donachie, S., McBride, J., and Holder, A. (1990). A
single fragment of a malaria merozoite surface protein remains on the parasite during
red cell invasion and is the target of invasion-inhibiting antibodies. J. Exp. Med. 172 (1),
379-382. doi: 10.1084/jem.172.1.379

Blackman, M. J,, Ling, I. T., Nicholls, S. C., and Holder, A. A. (1991). Proteolytic
processing of the Plasmodium falciparum merozoite surface protein-1 produces a
membrane-bound fragment containing two epidermal growth factor-like domains.
Mol. Biochem. Parasitol. 49 (1), 29-33. doi: 10.1016/0166-6851(91)90127-R

Bozdech, Z., Llinas, M., Pulliam, B. L., Wong, E. D., Zhu, J., and DeRisi, J. L. (2003).
The transcriptome of the intraerythrocytic developmental cycle of Plasmodium
falciparum. PloS Biol. 1 (1), e5. doi: 10.1371/journal.pbio.0000005

Carlton, J. M., Adams, J. H,, Silva, J. C., Bidwell, S. L., Lorenzi, H., Caler, E., et al.
(2008). Comparative genomics of the neglected human malaria parasite Plasmodium
vivax. Nature 455 (7214), 757-763. doi: 10.1038/nature07327

Cheng, Y., Shin, E.-H., Lu, F., Wang, B., Choe, J., Tsuboi, T., et al. (2014).
Antigenicity studies in humans and immunogenicity studies in mice: an MSP1P
subdomain as a candidate for malaria vaccine development. Microbes Infect. 16 (5),
419-428. doi: 10.1016/j.micinf.2014.02.002

Cheng, Y., Wang, Y., Ito, D., Kong, D. H,, Ha, K. S, Chen, J. H,, et al. (2013). The
Plasmodium vivax merozoite surface protein 1 paralog is a novel erythrocyte-binding
ligand of P. vivax. Infect. Immun. 81 (5), 1585-1595. doi: 10.1128/IAL01117-12

Chitnis, C. E. (2001). Molecular insights into receptors used by malaria parasites for
erythrocyte invasion. Curr. Opin. Hematol. 8 (2), 85-91. doi: 10.1097/00062752-
200103000-00005

Chitnis, C. E.,, and Miller, L. H. (1994). Identification of the erythrocyte binding
domains of Plasmodium vivax and Plasmodium knowlesi proteins involved in
erythrocyte invasion. J. Exp. Med. 180 (2), 497-506. doi: 10.1084/jem.180.2.497

Collins, C. R., Hackett, F., Strath, M., Penzo, M., Withers-Martinez, C., Baker, D. A.,
et al. (2013). Malaria parasite cGMP-dependent protein kinase regulates blood stage
merozoite secretory organelle discharge and egress. PloS Pathog. 9 (5), €1003344. doi:
10.1371/journal.ppat.1003344

Cooper, D. ], Rajahram, G. S., William, T., Jelip, J., Mohammad, R., Benedict, J., et al.
(2020). Plasmodium knowlesi malaria in Sabah, Malaysia, 2015-2017: ongoing increase
in incidence despite near-elimination of the human-only Plasmodium species. Clin.
Infect. Dis. 70 (3), 361-367. doi: 10.1093/cid/ciz237

Crosnier, C., Wanaguru, M., McDade, B., Osier, F. H., Marsh, K., Rayner, J. C, et al.
(2013). A library of functional recombinant cell-surface and secreted P. falciparum merozoite
proteins. Mol. Cell Proteomics 12 (12), 3976-3986. doi: 10.1074/mcp.0113.028357

Dankwa, S., Lim, C,, Bei, A. K,, Jiang, R. H., Abshire, J. R,, Patel, S. D, et al. (2016).
Ancient human sialic acid variant restricts an emerging zoonotic malaria parasite. Nat.
Commun. 7, 11187. doi: 10.1038/ncomms11187

Das, S., Hertrich, N., Perrin, A. J., Withers-Martinez, C., Collins, C. R., Jones, M. L.,
et al. (2015). Processing of Plasmodium falciparum merozoite surface protein MSP1
activates a spectrin-binding function enabling parasite egress from RBCs. Cell Host
Microbe 18 (4), 433-444. doi: 10.1016/j.chom.2015.09.007

Egan, A. F,, Chappel, J. A., Burghaus, P. A., Morris, J. S., McBride, J. S., Holder, A. A,
et al. (1995). Serum antibodies from malaria-exposed people recognize conserved
epitopes formed by the two epidermal growth factor motifs of MSP1 (19), the carboxy-
terminal fragment of the major merozoite surface protein of Plasmodium falciparum.
Infect. Immun. 63 (2), 456-466. doi: 10.1128/iai.63.2.456-466.1995

Garman, S. C,, Simcoke, W. N, Stowers, A. W., and Garboczi, D. N. (2003). Structure of
the C-terminal domains of merozoite surface protein-1 from Plasmodium knowlesi reveals a
novel histidine binding site. J. Biol. Chem. 278 (9), 7264-7269. doi: 10.1074/jbc.M210716200

Han, J. H,, Cheng, Y., Muh, F., Ahmed, M. A, Cho, J. S., Nyunt, M. H,, et al. (2019).
Inhibition of parasite invasion by monoclonal antibody against epidermal growth
factor-like domain of Plasmodium vivax merozoite surface protein 1 paralog. Sci. Rep. 9
(1), 3906. doi: 10.1038/s41598-019-40321-2

Han, J. H,, Cho, J. S., Cheng, Y., Muh, F., Yoo, W. G, Russell, B, et al. (2018).
Plasmodium vivax merozoite surface protein 1 paralog as a mediator of parasite
adherence to reticulocytes. Infect. Immun. 86 (9), 1-13. doi: 10.1128/IA1.00239-18

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2023.1314533

Hart, M. N., Mohring, F., DonVito, S. M., Thomas, J. A., Muller-Sienerth, N., Wright,
G. J., et al. (2023). Sequential roles for red blood cell binding proteins enable phased
commitment to invasion for malaria parasites. Nat. Commun. 14 (1), 4619. doi:
10.1038/s41467-023-40357-z

Holder, A. A, Blackman, M. J., Burghaus, P. A, Chappel, J. A,, Ling, I. T., McCallum-
Deighton, N., et al. (1992). A malaria merozoite surface protein (MSP1)-structure,
processing and function. Mem. Inst. Oswaldo Cruz. 87, 37-42. doi: 10.1590/S0074-
02761992000700004

Holder, A. A, and Freeman, R. R. (1984). The three major antigens on the surface of
Plasmodium falciparum merozoites are derived from a single high molecular weight
precursor. J. Exp. Med. 160 (2), 624-629. doi: 10.1084/jem.160.2.624

Ito, D., Hasegawa, T., Miura, K., Yamasaki, T., Arumugam, T. U., Thongkukiatkul,
A, et al. (2013). RALP1 is a rhoptry neck erythrocyte-binding protein of Plasmodium
falciparum merozoites and a potential blood-stage vaccine candidate antigen. Infect.
Immun. 81 (11), 4290-4298. doi: 10.1128/IA1.00690-13

Kocken, C. H., Ozwara, H., van der Wel, A., Beetsma, A. L., Mwenda, J. M., and
Thomas, A. W. (2002). Plasmodium knowlesi provides a rapid in vitro and in vivo
transfection system that enables double-crossover gene knockout studies. Infect.
Immun. 70 (2), 655-660. doi: 10.1128/IA1.70.2.655-660.2002

Lee, K. S., Cox-Singh, J., and Singh, B. (2009). Morphological features and differential
counts of Plasmodium knowlesi parasites in naturally acquired human infections.
Malar. J. 8, 73. doi: 10.1186/1475-2875-8-73

Lee, S. K., Wang, B,, Han, J. H., Nyunt, M. H.,, Muh, F., Chootong, P., et al. (2016).
Characterization of pv92, a novel merozoite surface protein of Plasmodium vivax.
Korean ]. Parasitol. 54 (4), 385-391. doi: 10.3347/kjp.2016.54.4.385

Li, J,, Ito, D., Chen, J. H,, Lu, F,, Cheng, Y., Wang, B, et al. (2012). Pv12, a 6-Cys
antigen of Plasmodium vivax, is localized to the merozoite rhoptry. Parasitol. Int. 61
(3), 443-449. doi: 10.1016/j.parint.2012.02.008

Lim, C., Hansen, E., DeSimone, T. M., Moreno, Y., Junker, K., Bei, A,, et al. (2013).
Expansion of host cellular niche can drive adaptation of a zoonotic malaria parasite to
humans. Nat. Commun. 4, 1638. doi: 10.1038/ncomms2612

Mohring, F., Hart, M. N,, Patel, A, Baker, D. A., and Moon, R. W. (2020). CRISPR-
cas9 genome editing of Plasmodium knowlesi. Bio Protoc. 10 (4), €3522. doi: 10.21769/
BioProtoc.3522

Mohring, F., Hart, M. N., Rawlinson, T. A., Henrici, R., Charleston, J. A., Diez
Benavente, E., et al. (2019). Rapid and iterative genome editing in the malaria parasite
Plasmodium knowlesi provides new tools for P. vivax research. Elife 8, €45829. doi:
10.7554/eLife.45829

Moon, R. W,, Hall, J., Rangkuti, F,, Ho, Y. S., Almond, N., Mitchell, G. H,, et al.
(2013). Adaptation of the genetically tractable malaria pathogen Plasmodium knowlesi
to continuous culture in human erythrocytes. Proc. Natl. Acad. Sci. U. S. A. 110 (2),
531-536. doi: 10.1073/pnas.1216457110

Moon, R. W, Sharaf, H., Hastings, C. H., Ho, Y. S., Nair, M. B,, Rchiad, Z., et al.
(2016). Normocyte-binding protein required for human erythrocyte invasion by the
zoonotic malaria parasite Plasmodium knowlesi. Proc. Natl. Acad. Sci. U. S. A. 113 (26),
7231-7236. doi: 10.1073/pnas.1522469113

Moss, D. K., Remarque, E. ], Faber, B. W, Cavanagh, D. R,, Arnot, D. E., Thomas, A.
W., et al. (2012). Plasmodium falciparum 19-kilodalton merozoite surface protein 1
(MSP1)-specific antibodies that interfere with parasite growth in vitro can inhibit MSP1
processing, merozoite invasion, and intracellular parasite development. Infect. Immun.
80 (3), 1280-1287. doi: 10.1128/IAL.05887-11

Muh, F., Kim, N,, Nyunt, M. H,, Firdaus, E. R., Han, J.-H., Hoque, M. R,, et al. (2020).
Cross-species reactivity of antibodies against Plasmodium vivax blood-stage antigens to
Plasmodium knowlesi. PloS Negl. Trop. Dis. 14 (6), e0008323. doi: 10.1371/
journal.pntd.0008323

Muh, F,, Lee, S. K., Hoque, M. R,, Han, J. H,, Park, J. H,, Firdaus, E. R, et al. (2018a). In
vitro invasion inhibition assay using antibodies against Plasmodium knowlesi Duffy
binding protein alpha and apical membrane antigen protein 1 in human erythrocyte-
adapted P. knowlesi A1-H.1 strain. Malar. J. 17 (1), 272. doi: 10.1186/s12936-018-2420-4

Muh, F,, Lee, S.-K., Hoque, M. R, Han, J.-H., Park, J.-H., Firdaus, E. R, et al. (2018b).
In vitro invasion inhibition assay using antibodies against Plasmodium knowlesi Duffy
binding protein alpha and apical membrane antigen protein 1 in human erythrocyte-
adapted P. knowlesi A1-H. 1 strain. Malar. J. 17, 1-11. doi: 10.1186/s12936-018-2420-4

World Health Organization. (2022). World Malaria Report 2022 (World Health
Organization).

Ribaut, C., Berry, A., Chevalley, S., Reybier, K., Morlais, I, Parzy, D., et al. (2008).
Concentration and purification by magnetic separation of the erythrocytic stages of all
human Plasmodium species. Malar. J. 7, 45. doi: 10.1186/1475-2875-7-45

Semenya, A. A,, Tran, T. M., Meyer, E. V., Barnwell, J. W., and Galinski, M. R. (2012).
Two functional reticulocyte binding-like (RBL) invasion ligands of zoonotic Plasmodium
knowlesi exhibit differential adhesion to monkey and human erythrocytes. Malar. J. 11,
228. doi: 10.1186/1475-2875-11-228

Shearer, F. M., Huang, Z., Weiss, D. J., Wiebe, A., Gibson, H. S., Battle, K. E., et al.
(2016). Estimating geographical variation in the risk of zoonotic Plasmodium knowlesi

frontiersin.org


https://doi.org/10.1016/0092-8674(90)90295-P
https://doi.org/10.1073/pnas.89.15.7085
https://doi.org/10.1186/s12936-018-2256-y
https://doi.org/10.1186/s12936-018-2256-y
https://doi.org/10.1038/nmeth.3015
https://doi.org/10.1084/jem.172.1.379
https://doi.org/10.1016/0166-6851(91)90127-R
https://doi.org/10.1371/journal.pbio.0000005
https://doi.org/10.1038/nature07327
https://doi.org/10.1016/j.micinf.2014.02.002
https://doi.org/10.1128/IAI.01117-12
https://doi.org/10.1097/00062752-200103000-00005
https://doi.org/10.1097/00062752-200103000-00005
https://doi.org/10.1084/jem.180.2.497
https://doi.org/10.1371/journal.ppat.1003344
https://doi.org/10.1093/cid/ciz237
https://doi.org/10.1074/mcp.O113.028357
https://doi.org/10.1038/ncomms11187
https://doi.org/10.1016/j.chom.2015.09.007
https://doi.org/10.1128/iai.63.2.456-466.1995
https://doi.org/10.1074/jbc.M210716200
https://doi.org/10.1038/s41598-019-40321-2
https://doi.org/10.1128/IAI.00239-18
https://doi.org/10.1038/s41467-023-40357-z
https://doi.org/10.1590/S0074-02761992000700004
https://doi.org/10.1590/S0074-02761992000700004
https://doi.org/10.1084/jem.160.2.624
https://doi.org/10.1128/IAI.00690-13
https://doi.org/10.1128/IAI.70.2.655-660.2002
https://doi.org/10.1186/1475-2875-8-73
https://doi.org/10.3347/kjp.2016.54.4.385
https://doi.org/10.1016/j.parint.2012.02.008
https://doi.org/10.1038/ncomms2612
https://doi.org/10.21769/BioProtoc.3522
https://doi.org/10.21769/BioProtoc.3522
https://doi.org/10.7554/eLife.45829
https://doi.org/10.1073/pnas.1216457110
https://doi.org/10.1073/pnas.1522469113
https://doi.org/10.1128/IAI.05887-11
https://doi.org/10.1371/journal.pntd.0008323
https://doi.org/10.1371/journal.pntd.0008323
https://doi.org/10.1186/s12936-018-2420-4
https://doi.org/10.1186/s12936-018-2420-4
https://doi.org/10.1186/1475-2875-7-45
https://doi.org/10.1186/1475-2875-11-228
https://doi.org/10.3389/fcimb.2023.1314533
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Lee et al.

infection in countries eliminating malaria. PloS Negl. Trop. Dis. 10 (8), €0004915. doi:
10.1371/journal.pntd.0004915

Singh, B., and Daneshvar, C. (2013). Human infections and detection of Plasmodium
knowlesi. Clin. Microbiol. Rev. 26 (2), 165-184. doi: 10.1128/CMR.00079-12

Singh, A. P., Ozwara, H., Kocken, C. H., Puri, S. K., Thomas, A. W., and Chitnis, C. E.
(2005). Targeted deletion of Plasmodium knowlesi Duffy binding protein confirms its
role in junction formation during invasion. Mol. Microbiol. 55 (6), 1925-1934. doi:
10.1111/§.1365-2958.2005.04523 x

Sorette, M. P., Shiffer, K., and Clark, M. R. (1992). Improved isolation of normal
human reticulocytes via exploitation of chloride-dependent potassium transport. Blood
80 (1), 249-254. doi: 10.1182/blood.V80.1.249.249

Frontiers in Cellular and Infection Microbiology 13

10.3389/fcimb.2023.1314533

Spielmann, T., Fergusen, D. J., and Beck, H. P. (2003). etramps, a new Plasmodium
falciparum gene family coding for developmentally regulated and highly charged
membrane proteins located at the parasite-host cell interface. Mol. Biol. Cell. 14 (4),
1529-1544. doi: 10.1091/mbc.e02-04-0240

Wang, Y., Kaneko, O., Sattabongkot, J., Chen, J.-H., Lu, F., Chai, J.-Y,, et al. (2011).
Genetic polymorphism of Plasmodium vivax msplp, a paralog of merozoite surface

protein 1, from worldwide isolates. Am. J. Trop. Med. Hyg. 84 (2), 292. doi: 10.4269/
ajtmh.2011.10-0432

Waters, A. P., Higgins, D. G., and McCutchan, T. (1993). Evolutionary relatedness of

some primate models of Plasmodium. Mol. Biol. Evol. 10 (4), 914-923. doi: 10.1093/
oxfordjournals.molbev.a040038

frontiersin.org


https://doi.org/10.1371/journal.pntd.0004915
https://doi.org/10.1128/CMR.00079-12
https://doi.org/10.1111/j.1365-2958.2005.04523.x
https://doi.org/10.1182/blood.V80.1.249.249
https://doi.org/10.1091/mbc.e02-04-0240
https://doi.org/10.4269/ajtmh.2011.10-0432
https://doi.org/10.4269/ajtmh.2011.10-0432
https://doi.org/10.1093/oxfordjournals.molbev.a040038
https://doi.org/10.1093/oxfordjournals.molbev.a040038
https://doi.org/10.3389/fcimb.2023.1314533
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Merozoite surface protein 1 paralog is involved in the human erythrocyte invasion of a zoonotic malaria, Plasmodium knowlesi
	Introduction
	Materials and methods
	In situ analysis of pkmsp1p
	Rhesus macaque blood and cord blood samples
	Expression and purification of recombinant protein
	Animal immune sera production and IgG purification
	SDS-PAGE and immunoblotting analysis
	Reticulocyte enrichment from cord blood
	Protein binding assay by flow cytometry
	In vitro cultivation of blood-stage parasites and parasite protein extraction for western blot
	Indirect immunofluorescence assay
	Invasion inhibition assay
	Tight synchronization of fully mature schizonts for transfection
	Transfection of the parasites and genotyping
	Two-step nested PCR
	Bioinformatic analysis for single guide RNA selection
	Real-time PCR
	Statistical analysis

	Results
	Characterization of PkMSP1P
	PkMSP1P-19 binds to human reticulocytes
	Gene disruption in P. knowlesi identifies that PkMSP1P is important for the growth of blood-stage parasites
	Assessment of anti-PkMSP1P-19-specific IgG potency on knocked-out parasites

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


