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Heparin, a sulfated glycoconjugate, reportedly inhibits the blood-stage growth of the malaria parasite
Plasmodium falciparum. Elucidation of the inhibitory mechanism is valuable for developing novel
invasion-blocking treatments based on heparin. Merozoite surface protein 1 has been reported as a
candidate target of heparin; however, to better understand the molecular mechanisms involved, we
characterized the molecules that bind to heparin during merozoite invasion. Here, we show that heparin
binds only at the apical tip of the merozoite surface and that multiple heparin-binding proteins localize
preferentially in the apical organelles. To identify heparin-binding proteins, parasite proteins were
fractionated by means of heparin affinity chromatography and subjected to immunoblot analysis with
ligand-specific antibodies. All tested members of the Duffy and reticulocyte binding-like families bound to
heparin with diverse affinities. These findings suggest that heparin masks the apical surface of merozoites
and blocks interaction with the erythrocyte membrane after initial attachment.

M
alaria is a major infectious disease worldwide; approximately 219 million people are infected with
malaria annually, more than 660,000 of whom die (WHO report, 2012)1. This disease is caused by
the infection of human erythrocytes with a protozoan parasite of the genus Plasmodium. Four human-

specific Plasmodium species are currently known, including P. falciparum, P. vivax, P. malariae, and P. ovale.
Among these, P. falciparum causes the most virulent form of human malaria.

This parasite has two hosts: female mosquitoes of the genus Anopheles and humans. Sexual reproduction
occurs in the mosquitoes, and intra-erythrocytic proliferation takes place in the human bloodstream via repeated
cycles of erythrocyte invasion, cell division, and cell rupture. The process by which parasitic merozoites invade
erythrocytes involves the following steps: attachment, apical reorientation, junction formation, and formation of
a protective parasitophorous vacuole2,3.

Each invasion step is mediated by various proteins. In the initial attachment, merozoite surface proteins
(MSPs) are thought to play an important role4. Apical membrane antigen-1 (AMA1) is believed to mediate
active invasion by associating with rhoptry neck proteins (RONs)5,6. A number of factors are thought to mediate
junction formation between merozoites and erythrocytes through sialic acid–dependent and –independent path-
ways; these factors include the Duffy binding-like (DBL) family that contains erythrocyte-binding antigen-175
(EBA-175), BAEBL (also known as EBA-140), JESEBL (also known as EBA-181), and EBL-1; and the reticulocyte
binding-like (RBL) family, which contains P. falciparum reticulocyte-binding homolog 1 (PfRH1), PfRH2a,
PfRH2b, PfRH4, and PfRH57. These molecules recognize specific receptors on the erythrocyte surface, some
of which have been identified, for example glycophorin A is a receptor for EBA-175, glycophorin B for EBL-1,
glycophorin C for BAEBL, complement receptor 1 for PfRH4, and basigin for PfRH57. The function of the DBL
and RBL proteins are redundant because knockout strains of all of the dbl and rbl genes except for PfRH5 have
been generated and show insignificant loss of invasion efficiency7.

Because the clinical manifestations of malaria are caused by asexual blood-stage parasites, a study of P.
falciparum in this stage is important for developing effective treatments for malaria. In fact, almost all antimalarial
drugs inhibit parasite growth through a blood stage–specific mechanism. However, parasites resistant to these
drugs have emerged8,9 highlighting the need for novel drug targets.
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Recently, the inhibition of merozoite invasion by heparin was
observed using real-time microscopy10. Merozoites reportedly
attached to erythrocytes normally but could not proceed to the next
step, apical reorientation, in the presence of heparin. Heparin is a
polysaccharide consisting of repeating disaccharide units of an uro-
nic acid molecule and a glucosamine molecule; it has abundant sul-
fate groups that confer its anionic charge. Several studies have
reported the importance of these sulfate groups for the inhibitory
activity of heparin10,11 and various sulfated polysaccharides, such as
curdlan sulfate, dextran sulfate, pentosan sulfate, and fucoidan, l-
and i-carrageenans, as well as heparin and heparan sulfate (HS),
inhibit the growth of blood-stage parasites in vitro11–15, although
some sulfated polysaccharides, such as k-carrageenan and chondroi-
tin sulfates A (CSA) and C show no apparent inhibition11,14,15. Some
sulfated polysaccharides including dextran sulfate16 and fucoidan17

have shown in vivo inhibitory activity in the blood-stage growth of P.
berghei. In addition, artificially sulfated compounds, such as (poly)-
vinylsulfonate18 and sulfated cyclodextrin19, also reportedly inhibited
growth in vitro and in vivo. These studies collective suggest that
sulfated compounds have promise as novel antimalarial agents.

Although the inhibitory mechanism remains uncertain, our pre-
vious study showed that the addition of soluble heparin and HS
inhibited the binding of BAEBL to erythrocytes by competitively
inhibiting the binding to HS on the erythrocyte surface20,21.
However, this finding was not sufficient to explain the nearly com-
plete invasion inhibition by heparin because BAEBL is not an essen-
tial ligand for the invasion22. Erythrocyte binding of some parasite
ligands, including full-length MSP1, the C-terminal 42-kDa frag-
ment of MSP1 (MSP1–42), and PfRH5 is disrupted by heparin10,11,23,
raising the possibility that heparin-induced inhibition of the binding
of multiple ligands results in invasion inhibition.

In this study, to better understand the mechanisms of invasion
inhibition by sulfated polysaccharides, we examined the binding of
heparin (as a model of a sulfated polysaccharide) to merozoite
proteins or to the merozoite surface. Many molecules derived from
parasite cultures, including erythrocyte-binding proteins, were
found to interact with heparin. Further characterization demon-
strated that the heparin-binding proteins are primarily localized in
the apical organelles and are secreted to the apical tip. We found
that proteins in the DBL and RBL families bound to heparin, and
that some of them bound with high affinity. These results suggest
that heparin-induced disruption of the interaction between the
apical surface of merozoites and the erythrocyte surface contri-
butes to invasion inhibition. This finding provides useful informa-
tion for the development of novel antimalarial drugs and for
understanding the role of HS on the erythrocyte surface during
merozoite invasion.

Results
Heparin binding to the erythrocyte surface does not cause inva-
sion inhibition of merozoite. Several previous studies have sug-
gested that heparin or other anion saccharides inhibit the invasion
of P. falciparum merozoites10,11,13,14,18,19,21,24, and some reports have
suggested that the molecular targets of heparin are the merozoite
proteins10,21,23. However, no report has excluded erythrocyte pro-
teins as candidate targets. To investigate whether heparin has
inhibitory effects on the susceptibility of erythrocytes to merozo-
ites, we assessed merozoite invasion of erythrocytes that were
preincubated with heparin (Fig. 1). When the erythrocytes were
not washed, merozoites were unable to invade due to the presence
of heparin. However, after washing, the susceptibility of the
erythrocytes to merozoite invasion was restored to the same levels
as in the control erythrocytes in the absence of heparin. These results
suggest that heparin decreases the infectivity of merozoites, but not
the susceptibility to erythrocytes.

Heparin interacts with the merozoite surface. To investigate
whether heparin interacts with the merozoite surface, we examined
the binding between intact merozoites and heparin-agarose beads
(Fig. 2). Several GFP- expressing merozoites stained with DAPI were
observed on the surface of heparin-agarose beads (Fig. 2A). In the
binding assay, the addition of soluble heparin decreased the punctate
nuclear-staining pattern of the merozoites on the beads surface but
not the diffuse pattern of background signals (Fig. 2B middle panel).
On the other hand, the addition of soluble CSA, which has no or little
inhibitory effect on merozoite invasion, caused no apparent decrease
in merozoite binding to the bead surface (Fig. 2B right panel). This
result demonstrates that the merozoite surface attaches to the
heparin-agarose beads specifically and suggests that some heparin-
binding proteins are expressed on the merozoite surface.

To prove that biotinylated heparin has the same binding prop-
erties as heparin, we demonstrated that biotinylated heparin cor-
rectly recognizes the surface of infected erythrocytes, as shown
previously25 (Fig. 3A). In addition, biotinylated heparin inhibited
merozoite invasion at the same level as did unlabeled heparin
(Fig. 3B). These results demonstrate that biotinylation has no effect
on the nature of heparin. Isolated merozoites were incubated with
biotinylated heparin and analyzed by means of flow cytometry
(Fig. 3C). This assay detected the binding of biotinylated heparin
to the merozoite surface. In addition, this binding was competitively
inhibited by unlabeled heparin, indicating that biotinylated and
unlabeled heparin recognize identical targets.

To detect the localization of heparin-binding proteins on the sur-
face of merozoites, the merozoites treated with biotinylated heparin
were observed by using confocal laser scanning microscopy
(Fig. 3D). Heparin showed a similar localization pattern to that of
EBA-175, demonstrating that heparin binds predominantly to the tip
of the apical end.

Organelles containing abundant heparin-binding proteins were
detected by observing biotinylated heparin bound to fixed and per-
meabilized merozoites on a glass slide (Fig. 3E). Compared with the
localization of EBA-175 (microneme), MSP1–19 (surface), and the
nucleus, heparin-binding proteins were found to be more abundant
in the apical organelles, such as the micronemes and/or rhoptries.

Figure 1 | The binding of heparin to the erythrocyte surface does not
inhibit merozoite invasion. Three microliters of packed erythrocytes were

mixed with CM in the absence or presence of 230 mg/mL heparin and

incubated at 37uC overnight. The erythrocytes were washed 0–3 times

before being used for the invasion assays. The invasion rates were

calculated by dividing the parasitemia of the test cultures by that of the

cultures that lacked heparin. The results are shown as the means of three

independent experiments, and the error bars represent standard errors.

The asterisk (*) indicates significant differences (p , 0.05) as determined

by t-tests.

www.nature.com/scientificreports
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Many parasite proteins interact with heparin. To examine whether
various proteins could bind to heparin, we incubated 35S-labeled
parasite proteins with a series of coated agarose beads and
subjected them to autoradiography (Fig. 4A). Numerous parasite
proteins bound to heparin-agarose beads, whereas no proteins
bound to glutathione-Sepharose, Ni-NTA–agarose, or protein G-
Sepharose beads.

Next, we evaluated the erythrocyte-binding potential of the para-
site proteins adsorbed to the heparin-agarose beads. After adsorption
to the beads, unbound proteins were subjected to an erythrocyte-
binding assay (Fig. 4B). The number of erythrocyte-binding proteins
was drastically decreased by adsorption to heparin-agarose but not to
glutathione-Sepharose beads. These results demonstrate that eryth-
rocyte-binding proteins also bind to heparin.

Heparin-binding proteins can be separated from the schizont ly-
sate by use of affinity chromatography with a heparin column.
Taken together, the above findings suggest that heparin interacts
with many erythrocyte-binding proteins secreted from the apical
organelles to the apical surface. These characteristics closely resem-
ble those of ligand molecules that mediate junction formation.
Heparin has been reported to disrupt the erythrocyte binding of
several ligand molecules involved in junction formation, including
BAEBL21 and PfRH523. We, therefore, hypothesized that heparin
might inhibit the binding of additional proteins involved in junc-
tion formation.

To isolate proteins that interact with heparin, we used affinity
chromatography with a HiTrap heparin HP column (Fig. 5A). In
this method, proteins weakly bound to heparin are eluted in buffer
containing a lower concentration of NaCl. The collected fractions are
then analyzed by SDS-PAGE, followed by silver staining (Fig. 5B). In
the E2–9 fractions, clear bands were detected, and the band patterns
observed in each lane were reproducible.

The flow through (FT) and E3–9 fractions were analyzed by
immunoblot analysis using specific antibodies against well-known
ligands that mediate merozoite invasion. A full-length form of
AMA1 (AMA1–83) was the most abundant in the FT but was detect-
able in E3–9 fractions, consistent with a previous report suggesting

non-specific binding between heparin and AMA110. A 66-kDa pro-
cessed form of AMA1 (AMA1–66), however, did not bind to heparin
and was detected only in the FT fraction, whereas the shorter forms
of AMA1 (AMA1–52, AMA1–48, and AMA1–44) bound to heparin
and were eluted in the E3–5 fractions. PfRON2 was also eluted in the
E3–5 fractions. Although these two proteins and other RON mem-
bers reportedly form a complex during invasion, it is not certain
whether they bind to heparin as a complex.

The full-length and all processed forms of MSP1 containing the C-
terminal region corresponding to MSP1–42 bound to heparin and
were eluted in the E3–5 fractions. Therefore, the binding was rela-
tively weak.

Among the DBL and RBL family members, BAEBL and PfRH1
showed the highest affinity for heparin (eluted in E9), whereas EBA-
175, JESEBL, and PfRH4 showed lower affinity (eluted in E3–5), as
did MSP1. PfRH2 and PfRH5 (eluted in E6 and E7) showed greater
affinity than did EBA-175, JESEBL, and PfRH4. These results indi-
cate that all tested members of the DBL and RBL families bind
heparin with different affinities. The ligands with relatively high
affinity (BAEBL, PfRH1, PfRH2, and PfRH5) are associated with
junction formation and localize to micronemes or rhoptries, consist-
ent with the localization of the heparin-binding proteins shown in
Figure 3.

Approximately 30% of the total parasite proteins, however, were
detected in the bound and eluted fractions. Since it is unlikely that
heparin-binding proteins constitute such a significant fraction of the
total parasite proteins, we speculated that some parts of the eluted
proteins bound to the column with relatively low specificity. To
confirm the specificity, parasite proteins binding to the heparin affin-
ity column were competitively eluted with increasing concentrations
of soluble heparin. From 500 mg/mL to 10 mg/mL, eluted proteins
were detected by silver staining (Fig. 6A), suggesting that these pro-
teins specifically recognized heparin. However, approximately 42%
of the total proteins bound to the column were not eluted by up to
10 mg/mL heparin but were eluted by 2 M NaCl (Fig. 6B). These
proteins theoretically contained two possible types: proteins that
bound to the column nonspecifically and/or proteins that bound to
heparin with too high an affinity to be eluted by 10 mg/mL heparin.

Figure 2 | Merozoites bind to heparin-agarose beads. (A) Heparin-agarose beads were incubated with a GFP-expressing parasite culture in the late

schizont stage until the number of egressing merozoites increased. The beads separated from erythrocytes were washed, fixed, and stained with DAPI

(nuclei). In this panel, differential interference contrast (DIC) images, fluorescent signals of the parasite nuclei and GFP, and the merged signals are

shown. (B) During incubation of the beads with parasite cultures, 10 mg/mL soluble heparin (HEP), CSA, or PBS (no inhibitor) was added. After being

collected, washed, and fixed, the beads were stained with TO-PRO-3. In panels A and B, the white bars represent 5 mm.

www.nature.com/scientificreports
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The FT and fractions eluted with 500–10,000 mg/mL heparin and
with 2 M NaCl were analyzed by immunoblotting using specific
antibodies against MSP1 and the DBL and RBL proteins (Fig. 6C).
All tested proteins were eluted by soluble heparin, suggesting that
these proteins bind to heparin specifically. Two of these proteins,
BAEBL and PfRH5, were eluted incompletely by 10 mg/mL heparin,
suggesting that they have an extremely high affinity for heparin. The
affinity determined by heparin elution should more faithfully rep-
resent the affinity to heparin than that determined by NaCl elution.

Heparin disaccharides (HDS) 1-S and CSA were used as control
competitors, because inhibition of invasion by these compounds is
much less efficiently than that by heparin10,11,14. In particular, because
HDS 1-S were generated by digestion of heparin with heparinases
and contain three major sulfate groups (N-, 2-O-, and 6-O-sulfate
groups), the same concentration of heparin and HDS 1-S carry
almost the same amount of negative charge. If only negative charge
is important for binding to parasite proteins, HDS and/or CSA
should also elute parasite proteins bound to the heparin-affinity
column. However, few protein bands were detected in the fractions
eluted by 1000–10000 mg/mL HDS, and no apparent bands were
detected in the fractions eluted by CSA (Fig. 6A). A smaller propor-
tion of proteins relative to the total proteins bound to the column

were eluted by HDS (ca. 30%) and CSA (ca. 25%) compared with
heparin (ca. 58%) (Fig. 6B). The proteins eluted by HDS were
assumed to bind to heparin only by electrostatic interaction or by
specific recognition of a disaccharide unit. For these proteins, no
parasite proteins associated with merozoite invasion were detected
by immunoblotting (Fig. 6D).

Clone-specific disruption of the AMA1/RONs complex by heparin
contributes little to the inhibition of invasion. It was recently
revealed that the AMA1/RONs complex has a critical role in the
merozoite invasion of P. falciparum5,6,26. Because we observed a
relatively weak interaction between heparin and the complex
components (AMA1 and RON2), we investigated the possibility
that heparin inhibits AMA1/RONs complex formation.

As shown previously27, the bands corresponding to RON2, RON4,
and RON5 coimmunoprecipitated with AMA1 (Fig. 7A). These
bands from the 3D7 clone disappeared with the addition of the R1
peptide, whereas those from the HB3 clone did not. This R1 peptide
reportedly binds to AMA1 and inhibits complex formation and mer-
ozoite invasion in a clone-specific manner; R1 peptide is effective for
the 3D7 clone but not for the HB3 clone5,28. We confirmed this

Figure 3 | Heparin-binding proteins localize predominantly at the apical ends of merozoites. (A) The binding specificity of biotinylated heparin was

verified. A parasite culture in the late schizont stage was smeared onto glass slides, fixed with methanol, and treated with a rabbit anti-EBA-175 antibody

(red) and either unlabeled heparin (Hep) or biotinylated heparin (Biot-Hep; green). Signals were detected by using streptavidin–Alexa Fluor 488 and

Alexa Fluor 633 secondary antibodies. The white bars represent 5 mm. (B) Invasion inhibitory activity of biotinylated heparin. Invasion inhibition assays

were performed in the presence of 5 or 50 mg/mL CSA, biotinylated heparin (Biot-Hep), or unlabeled heparin (Hep). The percentages of invasion

inhibition were calculated by dividing the parasitemia of the test cultures by that of the control cultures, multiplying the result by 100, and then

subtracting the result from 100. The results are shown as the means of three independent experiments; the error bars represent standard errors.

(C) Binding between heparin and merozoite surfaces. Parasite cultures at the late schizont stage were cultured with 50 mg/mL biotinylated heparin in the

absence (grey) or presence of 1 mg/mL heparin (green line) or CSA (red line) for 1 h. Free merozoites were isolated from the culture supernatant, stained

with fluorescent streptavidin, and analyzed by flow cytometry. The dashed line shows untreated merozoites. (D) The heparin binding site on the

merozoite surface. Biotinylated heparin was incubated with a parasite culture at the late schizont stage. When the number of egressing merozoites

increased, the culture was fixed and stained with an antibody against EBA-175 (apical end) or MSP1–19 (surface). The biotinylated heparin and the

antibody on the parasite surface were visualized by using fluorescent-labeled streptavidin or secondary antibodies. (E) Localization of heparin-binding

proteins in merozoites. The localization of heparin-binding proteins was compared with EBA-175 (microneme and apical end), MSP1–19 (surface), or

nuclei by immunofluorescent staining using biotinylated heparin, specific antibodies, and TO-PRO-3. (D), (E) The fluorescent signals of the marker

proteins and heparin (hep), DIC images, merged fluorescent signals, and a schematic for their localization are shown. M, micronemes; R, rhoptries; N,

nuclei.

www.nature.com/scientificreports
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specificity in our system and confirmed that the bands are RONs,
consistent with previous reports.

Next, by using this assay, we examined whether heparin or CSA
affects the complex formation (Fig. 7B). In the case of the HB3 clone,
neither heparin nor CSA significantly decreased the coprecipitation
of RON2 or RON4. Although RON5 of the HB3 clone appeared to be
decreased by CSA (Fig. 7B), no such decrease occurred in any other
experiments (data not shown). Densitometric analysis showed that
formation of the complex between AMA1 and RONs was inhibited
partially by the addition of either heparin or CSA (Fig. 7C), suggest-
ing that, to induce the invasion inhibition, heparin targets molecular
events other than those involving AMA1 and RONs. On the other
hand, in the case of the 3D7 clone, AMA1/RONs complex formation
was clearly inhibited by heparin but not by CSA. Densitometric
analysis showed that the complex was partially disrupted by the
addition of heparin but almost completely disrupted by the R1 pep-
tide. These results demonstrate that heparin inhibits AMA1/RONs
complex formation in a clone-specific manner.

If this heparin-induced complex disruption is a key factor for the
invasion inhibition by heparin, heparin would be expected to cause
no significant invasion inhibition of the HB3 clone. However, con-
trary to this expectation and without disruption of AMA1/RONs
complex formation, heparin inhibited the invasion of the HB3 clone
(Fig. 7D). Accordingly, disruption of this complex formation is not a
true target of heparin.

Figure 4 | Erythrocyte-binding proteins of parasites bind to heparin-
agarose beads. (A) Pull-down assays of radiolabeled culture supernatants

of P. falciparum using heparin-agarose (HEP), glutathione-Sepharose

(GLU), Ni-NTA–agarose, or protein G-Sepharose beads. (B) Erythrocyte-

binding assays of radiolabeled culture supernatants, which were pre-

adsorbed to heparin-agarose (HEP) or glutathione-Sepharose (GLU)

beads or were not pre-adsorbed (NT). Proteins that bound to the beads or

erythrocytes were eluted and analyzed by means of autoradiography. The

molecular masses (kDa) are indicated on the left.

Figure 5 | Affinity chromatography of schizont proteins on a heparin column. (A) The elution profile of heparin-binding proteins of the P. falciparum

HB3 clone. A schizont lysate was diluted with the binding buffer and separated by affinity chromatography on a heparin column. The proteins were

washed and eluted from the column with a stepwise gradient of NaCl (0.2–1.5 M; thin line). Flow-through fractions of the lysate (FT), the wash buffer

(wash), and the elution buffer (eluate) were collected (1.0 mL each) and subjected to protein quantification (thick line). (B) The eluate fractions

containing proteins (E2–12) were analyzed by use of SDS-PAGE and silver staining. The molecular masses (kDa) are indicated on the right. (C) Eight

fractions (FT and E3–9) were analyzed by immunoblotting. The arrowheads indicate specific bands. The molecular masses (kDa) are indicated on the left.

www.nature.com/scientificreports
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Discussion
To reveal the mechanisms by which heparin inhibits merozoite inva-
sion, it is important to understand when the inhibition occurs and
whether this inhibition results from heparin interaction with the host
cells or with the parasites. Previous studies found that heparin had
little to no effect on the intracellular development of schizont- or
ring-stage parasites10,11,24. Instead, direct evidence using real-time
microscopy suggested that heparin inhibits merozoite invasion10;

however, it remained clear whether heparin targets merozoites or
erythrocytes for invasion inhibition. This study showed that heparin
has an insignificant effect on erythrocytes with regard to merozoite
invasion. Therefore, future studies should focus on interactions
between merozoites and heparin to reveal the inhibitory mechanisms
of heparin.

We found that various parasite proteins bind to heparin, by using
pull-down assays of 35S-labeled parasite proteins and heparin affinity

Figure 6 | Elution of parasite proteins bound to the heparin column by soluble heparin or other sulfated compounds. (A) Parasite proteins eluted by

soluble competitors (heparin, HDS, or CSA) were electrophoresed on SDS-PAGE and subjected to silver staining. Parasite proteins capable of binding to

the heparin column were separated from a schizont lysate by using a HiTrap Heparin HP column with a bed volume of 1 mL, washed with 10 mL of wash

buffer, and eluted by 1 mL of increasing concentrations of the soluble competitors. After the competitive elution at the maximum concentration of

10 mg/mL, the remaining proteins in the column were eluted with 2 M NaCl. Flow-through fractions of the lysate (FT), proteins eluted by the wash buffer

(wash), by the soluble competitors, or by 2 M NaCl were electrophoresed on SDS-PAGE and subjected to silver staining. The names of the competitors

used for the elution are indicated on the right. The molecular masses (kDa) are indicated on the left. (B) The protein amount eluted by the competitors or

NaCl was estimated by quantitative densitometry of the silver-stained gel using Image J software (ver. 1.45 s), because heparin in the eluted fractions

interfered with the protein quantification by the Bradford method as used in Fig. 5. The ratios of eluted proteins (by either the competitors or 2 M NaCl)

to total proteins bound to the column was calculated. (C), (D) An unbound fraction (FT) and bound/eluted fractions with heparin (C) or HDS (D) were

analyzed by immunoblotting.

www.nature.com/scientificreports
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chromatography of mature schizont proteins. Heparin is reportedly
capable of binding to various mammalian proteins: coagulation fac-
tors, lipoprotein lipases, growth factors, and DNA- and RNA-assoc-
iated enzymes29,30. Although heparin may bind to various types of
parasite proteins, as it does in mammals, we found that almost all of
the erythrocyte-binding proteins of P. falciparum have the capacity
to bind to heparin. This finding raises the possibility that the binding
of heparin to various erythrocyte-binding proteins leads to their
binding inhibition, resulting in invasion inhibition.

Our study also showed direct binding between merozoites and
heparin-agarose beads, which strongly suggests that heparin binds
directly to the merozoite surface. In addition, immunofluorescence
studies demonstrated that the heparin localization was restricted to
the apical surface. The intracellular localization of heparin-binding

proteins was observed mainly in apical organelles, such as micro-
nemes or rhoptries.

Curiously, although this study and a previous one10 showed that
heparin could bind to MSP1–42, which is localized on the merozoite
surface, we did not find co-localization of MSP1 with heparin on the
merozoite surface. We speculate that because MSP1–42 forms com-
plexes with other MSP fragments4, the heparin-binding sites in
MSP1–42 may have been masked and inaccessible. In addition,
because of its relatively low affinity for MSP1–42, heparin preferen-
tially binds to proteins with higher affinities that are localized on the
apical surface of merozoites.

Our data suggest that heparin-binding proteins include the eryth-
rocyte-binding proteins that are localized in the apical organelles and
that they are transported to the apical surface. These characteristics
are similar to those of the ligand molecules that are associated with
junction formation. However, junction formation is mediated by
multiple receptor–ligand interactions. To disrupt junction forma-
tion, heparin would have to block either the essential interaction or
multiple alternative interactions. The former possibility was exam-
ined. Formation of the AMA1/RONs complex, one of the few essen-
tial types of machinery needed for junction formation, was disrupted
by heparin in the 3D7 clone but not in the HB3 clone. However,
despite no apparent disruption of the complex, heparin sufficiently
blocked the invasion of the HB3 clone, suggesting that complex
disruption is not a main target of heparin. In addition, when com-
paring the two live video microscopic studies of merozoite invasion
in the presence of the R1 peptide or heparin, we see that the R1
peptide did not interfere with primary attachment or reorientation
but participated in further processes despite the appearance of echi-
nocytosis31, whereas heparin interfered with reorientation but not
with primary attachment10. Therefore, these two inhibitors inhibit
different invasion processes, with heparin inhibiting molecular
events other than AMA1/RONs complex formation.

Our findings support the latter possibility that multiple alternative
interactions are involved, because all of the DBL and RBL family
members that we tested bound to heparin. A remarkable finding is
that heparin bound to PfRH2, PfRH4, and PfRH5, all ligands that
mediate sialic acid–independent pathways7. This finding suggests
that heparin inhibits both sialic acid–dependent and sialic acid–inde-
pendent pathways. This possibility is consistent with a previous find-
ing that both sialic acid–dependent and –independent invasion of P.
falciparum merozoites is inhibited to the same degree by heparin10.

Do all of these interactions really occur on the merozoite surface?
To answer this question, we must look at when the different parasite
ligands bind to heparin. According to the model proposed by Singh
et al.32, the DBL proteins localized in micronemes, but not the RBL
proteins localized in rhoptries, are secreted onto the merozoite sur-
face during merozoite egress and subsequently interact with their
specific receptors during the invasion. These interactions trigger
the secretion of rhoptry proteins to the apical surface. Therefore,
the DBL family proteins are accessible to heparin before initial
attachment, but the RBL family proteins would be inaccessible.
Binding of heparin to the DBL family proteins would then to lead
to a blockade of the receptor–ligand interactions, resulting in a fail-
ure of the RBL-family proteins to secrete to the surface. Alternatively,
the binding of heparin to the DBL family proteins may trigger the
secretion of rhoptry proteins before junction formation. However,
there is contradictory evidence for PfRH4 and EBA-175 playing
equivalent roles in merozoite invasion33,34. Further detailed research
on the molecular events that surround merozoite invasion is required
to fully understand the true targets of heparin.

Our model is consistent with a previous video microscopic obser-
vation10. According to this previous report, in the presence of hep-
arin, merozoites attach to the erythrocyte surface normally but do
not proceed to the next step: deformation of the erythrocyte mem-
brane and/or apical reorientation of the merozoites. We found that

Figure 7 | Clone-specific disruption of the AMA1/RONs complex by
heparin contributes little to invasion inhibition. (A), (B) Radiolabeled

schizont lysates from the HB3 or 3D7 clones were immunoprecipitated

with the 28G2 monoclonal antibody (anti-AMA1) in the presence or

absence of 1 mg/mL heparin (HEP), CSA, or the R1 peptide, and then

subjected to autoradiographic analysis. The arrowheads indicate the bands

that correspond to each molecule. The bands corresponding to RON2

from the HB3 clone exhibited slower mobility on SDS-PAGE than did

those from the 3D7 clone. The asterisk in panel B denotes a nonspecific

band that did not appear consistently but did not disappear in the presence

of the R1 peptide. The molecular masses (kDa) are indicated on the left.

(C) Relative protein levels of each RON protein co-immunoprecipitated

with AMA-1 in the absence or presence of heparin, CSA, or the R1 peptide.

The optical densities of each band were measured with Image J software.

Data are shown as the means of two independent experiments. (D)

Invasion inhibitory activities of heparin against the P. falciparum HB3 and

3D7 clones. Invasion assays were performed in the presence of heparin at a

final concentration of 0.02, 0.2, 2, 20, or 200 mg/mL. The percentages of

invasion inhibition were calculated by dividing the parasitemia of the test

cultures by that of the control cultures, multiplying the result by 100, and

then subtracting the result from 100. The results are shown as the means of

three independent experiments; the error bars represent standard

deviations.
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heparin binding was restricted at the apical surface of merozoites,
implying that other regions of the merozoite surface normally attach
to the erythrocyte surface, a finding that is consistent with the result
of the video microscopy. Under normal conditions, this attachment
triggers deformation of the erythrocyte membrane at the site of
attachment, which is predicted to be the actual mechanism of apical
reorientation35,36. Yet, in the presence of heparin, membrane
deformation is inhibited10. Although neither the parasite nor the
erythrocyte factors involved in this process have been identified,
heparin must interfere with such factors to inhibit membrane
deformation. However, some studies have suggested that eryth-
rocyte deformation is not an essential step for merozoite inva-
sion31,35. Given that heparin inhibits merozoite invasion almost
completely, it must inhibit essential steps. In our model, the binding
of heparin to the apically expressed parasite ligands inhibits junc-
tion formation between the apical surface of merozoites and the
erythrocyte membrane, which is essential for merozoite invasion.
Consistent with this model, in the movie data of Boyle et al.10, after
attachment to the erythrocyte surface, the merozoites appeared to
move and roll on the erythrocyte surface in the presence of heparin,
but do not form tight junction. Therefore, our model also fit with
these previous observations.

Heparin inhibits the invasion of Toxoplasma gondii, which, like
P. falciparum, belongs to the phylum Apicomplexa. However, a
much greater concentration of heparin (IC50 . 1.0 mg/mL) is
required for invasion inhibition of T. gondii, compared with that
needed for P. falciparum (IC50 5 5–10 mg/mL). Moreover, CSA
also inhibits the invasion of T. gondii at comparable levels to
heparin37. Given the numerous similarities among host cell inva-
sion mechanisms, the reason for these differences between T. gon-
dii and P. falciparum is unclear. We assume that the differences are
due to the repertoires of ligand molecules used for the parasite
invasion. The DBL and RBL families, which were shown to bind
to heparin in this study, are specific to Plasmodium species. If
heparin is primarily targeted to these family members, it should
inhibit the host cell invasion of P. falciparum merozoites more
effectively than that of T. gondii tachyzoites.

Several studies have reported that some sulfated polysaccharides
inhibit the growth of blood-stage Plasmodium parasites in vitro and
in vivo10–13,15–17,21. Some compounds to which sulfate groups were
artificially added have been reported to have inhibitory effects on
parasite growth in vitro and in vivo18,19. These data suggest that the
sulfate groups on these polysaccharides and these compounds play
an important role in growth inhibition, and may have potential as a
new type of antimalarial drugs. Here, we propose a model for the
inhibition mechanism by heparin, a representative of the sulfated
polysaccharides. However, the question remains: are the structural
features or negative charge of sulfated compounds important? In
this regard, our data suggest that disaccharide heparin fails to bind
to the DBL and RBL proteins, in agreement with previous similar
reports10,11. Therefore, a polysaccharide structure consisting of at
least 5 monosaccharide units with sulfate groups is required for the
invasion inhibition.

In summary, here, we show that heparin targets multiple mole-
cules that mediate the parasite invasion of erythrocytes, providing
important clues for the development of antimalarial drugs to block
the merozoite. Because multiple molecules are not likely to simul-
taneously acquire resistance to heparin, the risk for emergence of
parasites resistant to heparin is assumed to be extremely low. In
agreement with this inference, a previous study indicated that no
parasite with increased resistance to heparin was selected in the
presence of heparin10. By identifying the target molecules of hep-
arin, it may be possible to develop compounds that bind those
target even more specifically than heparin. Therefore, the result of
this study could help in the development of new therapies against
malaria.

Methods
P. falciparum cultures. The P. falciparum clones HB3, 3D7, and GFP-expressing
parasite (3D7HT-GFP) were obtained from the Malaria Research and Reference
Reagent Resource Center (MR4; American Type Culture Collection, Manassas, VA).
B1 erythrocytes from a single individual were used in all cultures and experiments.
The cells were washed twice in incomplete RPMI-1640 medium containing 25 mM
HEPES and 367 mM hypoxanthine, and then stored at 50% hematocrit and 4uC. The
cultures were maintained at 1%–3% hematocrit in complete medium (CM) that was
composed of incomplete medium containing 5 mg/mL AlbuMAX II (Invitrogen,
Carlsbad, CA), 27 mM NaHCO3, and 10 mg/mL gentamicin as previously
described38.

Antibodies. The anti-EBA-175 antibody was produced by immunization of rabbits
with the synthetic peptides CYKVNEREDERTLTKE and CMNRESDDGELYDEN,
which comprise amino acids 1092–1107 and 1117–1130, respectively, of EBA-175
(GenBank Accession No. XP_001349207). These regions overlap the previously
reported region39. A rabbit was immunized as previously described21. The rabbit
polyclonal antibody against the C-terminal 19-kDa fragment of MSP1 (MSP1–19)
and a rat monoclonal antibody against AMA1 (28G2)40 were obtained from MR4. The
rabbit anti-AMA1-C1 antibody was kindly provided by Drs. Carol A. Long and.
Kazutoyo Miura (National Institute of Health, Bethesda, MD, USA)41. The rat anti-
JESEBL antibody and the rabbit anti-PfRH4 antibody were kindly provided by Dr.
Louis H. Miller (National Institute of Health)42,43. The rabbit anti-clag3.1 antibody
was kindly provided by Dr. Osamu Kaneko (Nagasaki University, Japan)44. The rabbit
antibody against PfRON2 was kindly provided by Dr. Takafumi Tsuboi (Ehime
University, Japan)26. The mouse anti-PfRH1, PfRH2a/b, and PfRH5 antibodies were
obtained by immunization of mice with recombinant proteins or synthetic peptides,
identical to those previously reported: R515 for PfRH145, S3 for PfRH2a/b46, and the
peptide LIKCIKNHENDFNKIC for PfRH547.

Polysaccharides. Heparin, CSA, and biotinylated heparin were purchased from
Sigma-Aldrich (St. Louis, MO) and heparin disaccharide 1-S from Dextra Laboratory
(Reading, UK). The R1 peptide VFAEFLPLFSKFGSRMHILK was synthesized
(Operon Biotechnologies, Tokyo, Japan).

Invasion inhibition assays. Invasion assays were performed as described
previously48. Briefly, 3 mL of packed erythrocytes were mixed with 6 3 105 schizonts,
which were enriched by the Percoll-sorbitol method 25 h after synchronization with
the 5% D-sorbitol method. After being cultured for 20 h, parasitemias of ring-stage
parasites were evaluated by using Giemsa-stained culture smears.

Immunofluorescent staining. To detect the binding of merozoites to heparin-
agarose beads, purified schizont-stage parasites were suspended in CM. The
suspension was then mixed with heparin-agarose beads and 10 mg/mL soluble
heparin or CSA and incubated at 37uC, 5% CO2, and 5% O2. Parallel cultures were
prepared by the addition of fresh erythrocytes to the purified schizonts and
monitored for increases in ring forms to determine the optimal time to observe
parasite egress. When the number of egressing parasites was estimated to be
increasing in the culture, the beads were suspended in 10 mL of ice-cold ICM and
centrifuged at 120 3 g for 10 sec at 4uC to precipitate only the beads. The supernatant
containing parasitized erythrocytes and free merozoites was removed. The beads were
then washed with ICM three times with centrifugation under the same condition,
fixed, and blocked as described previously49. After incubation with 5 mM DAPI or
2 mM TO-PRO-3 iodide (Invitrogen) for 1 h at room temperature, the beads were
rinsed three times with PBS. Lastly, 3–4 mL of the suspension was spotted onto a glass
slide, mounted under a coverslip, and observed under a fluorescent microscope
(model BZ-9000; Keyence, Osaka, Jaman) and/or a confocal laser-scanning
microscope (LSM510; Carl Zeiss, Oberkochen, Germany).

To detect heparin binding sites on the merozoite surface, a synchronous culture at
the late schizont stage was mixed with 30 mg/mL biotinylated heparin and cultured.
Parallel cultures were monitored to determine the optimal time to observe parasite
egress. When the number of egressing parasites was estimated to be increasing in the
cultures, the cultures were centrifuged at 800 3 g for 5 min at room temperature and
washed with ICM once and with PBS twice. The cells were then fixed with phosphate
buffer containing 1% paraformaldehyde and 0.1% glutaraldehyde for 20 min on ice
and subsequently washed with PBS. After being blocked with 1% bovine serum
albumin (BSA) overnight at 4uC, they were incubated with an antibody for 30 min at
37uC. After being washed, the slides were incubated with 2 mg/mL Alexa Fluor 633
goat anti-rabbit IgG (H 1 L) (Invitrogen) and 5 mg/mL streptavidin–Alexa Fluor 488
(Invitrogen). After being washed, the slides were observed as described above.

To detect the localization of heparin-binding molecules in merozoites, a syn-
chronous culture at the late schizont stage was smeared and fixed with methanol for
5 min at room temperature. After being blocked with 0.3% BSA for 30 min at 37uC,
the slides were incubated with 50 mg/mL biotinylated heparin and an antibody for
30 min at 37uC. After being washed, the slides were incubated with secondary anti-
bodies and observed as described above.

Metabolic labeling of parasite proteins. Metabolic labeling of parasite proteins with
L-[35S]methionine and L-[35S]cysteine was performed as previously described50.
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Pull-down assays. Pull-down assays were performed as previously described21 using
heparin-agarose, Ni-NTA–agarose, glutathione-Sepharose (GE Healthcare,
Buckinghamshire, UK), or protein G-Sepharose beads (GE Healthcare).

Erythrocyte-binding assays. Erythrocyte-binding assays were performed as
previously described50.

Affinity chromatography using a heparin column. To collect mature schizonts
containing merozoites, the egress of schizonts was halted by adding E-64 cysteine
protease inhibitor (Sigma-Aldrich) to a highly synchronized culture of P. falciparum
HB3 clone at the schizont stage51. After 3–8 h, parasite lysates were prepared by
saponin treatment52 and were solubilized with lysis buffer [10 mM NaH2PO4 (pH
6.7) containing 100 mM NaCl, 1 mM EDTA, and 1.0% Triton X-100] and a protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) for 1 h at 4uC. After
centrifugation at 91,000 3 g for 1 h at 4uC, the supernatant was diluted with binding
buffer [10 mM NaH2PO4 (pH 6.7) containing 100 mM NaCl] and applied to a
HiTrap heparin HP column (GE Healthcare) that was equilibrated with binding
buffer. The column was washed with wash buffer [10 mM NaH2PO4 (pH 6.7)
containing 100 mM NaCl and 0.1% Triton X-100] and proteins were eluted from the
column with a stepwise gradient of 0–1.5 M NaCl or 0–10 mg/mL soluble heparin or
CSA in wash buffer. Protein concentrations in each fraction (1.0 mL) were analyzed
by using the Protein Quantification Kit-Raid (Dojindo, Kumamoto, Japan).

Immunoblot analysis. Immunoblot analysis was performed as previously
described53.

Immunoprecipitation. Immunoprecipitation was performed as previously
described50. Briefly, synchronized and purified schizonts were labeled with L-
[35S]methionine and L-[35S]cysteine for 3 h. The parasites were harvested by
centrifugation and washed once with PBS. Proteins were extracted from the parasite
pellet in Lysis buffer containing one of the inhibitors. After centrifugation, the
supernatants were preincubated at 4uC for 1 h with an equal volume of protein G-
Sepharose beads. Aliquots of the recovered supernatants were diluted with IP buffer
[10 mM NaH2PO4 (pH 6.7) containing 100 mM NaCl, 0.5% Triton X-100, and 0.5%
BSA] containing one of the inhibitors, incubated with an antibody for 2 h, then
incubated for 1.5 h at 4uC with 50% protein G-Sepharose beads. After this incubation,
the beads were washed twice with NETT buffer [50 mM Tris–HCl (pH 7.4), 0.15 M
NaCl, 5 mM EDTA, and 0.5% Triton X-100] containing 0.5% BSA, and three times
with NETT. Finally, proteins were eluted from the beads with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by
autoradiography.

Flow cytometry. Synchronous cultures at the late schizont stage with increasing
numbers of ring forms were mixed with 50 mg/mL biotinylated heparin and cultured
for 1 h. The cultures were centrifuged at 500 3 g for 5 min at room temperature to
separate free merozoites from erythrocytes. The supernatants containing free
merozoites were passed through 1.2-mm filters (Whatman, UK) and centrifuged at
3300 3 g for 5 min at room temperature. The merozoites were then washed with
FACS buffer consisting of PBS containing 2% fetal calf serum and 0.1% sodium azide
and were incubated with 10 mg/mL ethidium bromide and 10 mg/mL streptavidin–
Alexa Fluor 488 on ice for 1 h. After being washed three times with FACS buffer, the
merozoites were analyzed on a FACSCalibur system using Cell Quest software
(Becton Dickinson, San Jose, CA). To distinguish merozoites from erythrocytes or cell
debris, merozoites were gated by size in the forward scatter channel and by
fluorescence in FL2.
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