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Figure 3| Cytotoxicity and Activated Partial Thromboplastin Time (APTT) assays (a) Cytotoxicity assays using 293T cells. Cultures of 293T cells
(100 pl) were seeded into 96-well flat-bottom plates and incubated at 37°C. At about 50% confluence, the old media were replaced with fresh media
containing the inhibitors heparin (HEP), gellan gum (GG), gellan sulfate (SGG), A-carrageenan (LA), hydrolyzed A-carrageenan (HLA), k-carrageenan
(KP), or oversulfated k-carrageenan (OSK) and the cells were incubated at 37°C for 48 h. MTT (10 pl) was then added to the cultures, which were kept in
the dark overnight (about 12 h) at room temperature. Absorbance was read at 595 nm and the % cell viability was computed as: % cell viability =
(absorbancesgs ,, Of treated group + absorbancesgs nm of control group) X 100%. Means and standard deviations from the means were computed from
triplicates assays in three independent experiments. (b) APTT assays. Pooled plasma from adult C57BL/6 and BALB/c mice were used for the APTT
anticoagulant assays. 10 pl of heparin, gellan gum, and gellan sulfate each diluted in PBS were mixed with 100 pl of plasma for final concentrations of 10
and 100 pg/ml and then incubated at 37°C for 1 minute. The APTT assays were performed using Drihemato® APTT Test Reagent Card (A&T
Corporation, Japan) according to manufacturer’s instructions. Coagulation times (in seconds) were read in a Drihemato® system Coag2V machine. Two
independent experiments for each assay were performed in triplicates and means and standard deviations were calculated.

gellan sulfate were 28.7 s and 35.7 s, respectively (Figure 3B). For
plasma with native gellan gum, mean APTT times were 22.5 s at
10 pg/ml, and 19.7 s at 100 pg/ml. These data demonstrate that
our synthesized gellan sulfate does not have strong anticoagulant
activity.

Discussion

Polysaccharides from marine sources are currently gaining popular-
ity for their potential medical and therapeutic applications. Seaweed-
derived polysaccharides such as carrageenans™ and fucoidan®® have
been shown to inhibit the growth and invasion of P. falciparum in
vitro. However, in in vivo studies, although a decrease in parasitemia
may have been observed, there was no significant improvement in
the recovery of mice from the illness***°. In addition, A-carrageenan
was found to increase the permeability of the blood-brain barrier of
rats when injected subcutaneously®, which could aggravate the dis-
ease by adding to the development of cerebral malaria.

Although the exact mechanism of inhibition by these sulfated
polysaccharides has yet to be defined, it appears to involve the inter-
actions of the malarial invasion proteins with the sulfated proteogly-
cans, like heparan sulfate and chondroitin sulfate, that are present on
the surface of most cell types including erythrocytes. These interac-
tions have been demonstrated by Boyle et al.'® and our group'”,
which showed that heparin interacts with the invasion proteins
MSP1 and EBA-140.

Naturally occurring polysaccharides have been modified by sulfa-
tion and assessed for their anticoagulant, antibacterial, and antiviral
activities. Galactomannans from seed extracts were modified by sul-
fation and shown to have activities against yellow fever virus and

dengue 1 virus in vitro and in vivo®, and against HIV in vitro™.
Sulfated konjac glucomannans have also been shown to act against
HIV™,

Modification of k-carrageenan improves its action against a vari-
ety of pathogens. Low molecular weight k-carrageenan (3 kDa) and
K-carrageenan oligosaccharides (KOS), as well as their sulfated deri-
vatives have anti-influenza virus effects both in vitro and in vivo®*!,
KOS had also enhanced immunostimulatory and antitumor activ-
ities®”’. In addition, k-carrageenan that was covalently bound to 3'-
azido-3'-deoxythymidine AZT, was found to be active against HIV
in vitro®.

Gellan sulfate has been prepared for use in various medical appli-
cations, for example, as an artificial ligand to remove the extra
domain A containing fibronectin (EDA(+)FN) from the plasma of
rheumatoid arthritis patients*’, and as a novel anticoagulant®.

For these reasons, we synthesized oversulfated k-carrageenan and
gellan sulfate to assess their activities against malaria parasites in
vitro. Elemental analysis showed that our synthesized oversulfated
Kk-carrageenan and gellan sulfate had sulfate contents of 13.6% and
9.57%, respectively (Table 1). The degree of substitution values (DS)
were calculated as 3.0 for k-carrageenan and 3.7 for gellan®***. Note
that the maximum DSs for carrageenan and gellan are 4.0 and 10.0,
respectively. Thus, sulfation rates (%) of k-carrageenan and gellan
sulfate relative to their maximum DSs were calculated as 75% and
37%.

The synthesized oversulfated «-carrageenan and hydrolyzed A-
carrageenan showed no activity against Plasmodium parasites, which
differs from the findings of previously reported studies with modified
carrageenans. These differences could be attributed to the different
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modes of invasion and replication of the viruses within host cells
compared with that of parasites.

Our results show that our synthesized gellan sulfate effectively
inhibited both the growth and invasion of the P. falciparum mero-
zoites in vitro unlike the native gellan gum yet similar to heparin.
However, unlike heparin, gellan sulfate is a potential artificial ligand
for EDA(+)FN from the plasma of rheumatoid arthritis patients
because it does not bind to proteins such as plasma fibronectin
and antithrombin III*. Yet, gellan sulfates with 17.5% sulfation or
greater were found to be potent anticoagulants, like heparin in APTT
assays by Miyamoto et al.*’. In our cytotoxicity and anticoagulant
assays, our synthesized gellan gum, with 37% sulfation was found to
have low cytotoxicity and anticoagulant activity. However, at pre-
sent, we cannot determine the exact reason for these different results.
Given that there is insufficient information about the effects of gellan
sulfate in vivo, and considering these results, it is suggested that the
synthesized gellan sulfate must be used with caution in future in vivo
studies. It will also be of interest to explore the mechanism by which
gellan sulfate inhibits growth and invasion of red blood cells by the
Plasmodium parasite. In future studies, we intend to investigate if
gellan sulfate can inhibit parasite adhesion to the red blood cell
similar to other glycosaminoglycans, and how the gellan sulfate
molecule interacts with the Plasmodium parasite invasion proteins
that interact with heparin such as MSP1 and BAEBL.

Methods

Polysaccharides and sulfation of k-carrageenan and gellan gum. The
polysaccharides used in this study were heparin and A-carrageenan (Sigma-Aldrich,
St. Louis, Mo.), and k-carrageenan and gellan gum (WAKO Pure Chemical Ltd. Co.,
Osaka, Japan). Hydrolyzed A-carrageenan, oversulfated k- carrageenan, and gellan
sulfate were synthesized as Yuan et al.*® with modifications.

A-carrageenan (1% (w/v) in distilled water) was hydrolyzed with 0.1 M HCl to pH
4.0 for 1 h at 70°C* with stirring. The reaction was neutralized with NaHCO; and
filtered. The supernatant was concentrated by evaporation and desalted by dialysis
against distilled water for 48 hat 4°C using a Cell Sep H1 tube (MWCO 1,000, Orange
Scientific Inc. Belgium). The retained solution was lyophilized and dried in vacuo for
24 h at room temperature.

K-carrageenan was sulfated by an SOs-pyridine complex, as previously described™.
Two grams of Iyophilized k-carrageenan (from a 1% (w/v) solution in distilled water)
was added to N,N-dimethylformamide (DMF) (84 ml) at 60°C for 30 min. To this
mixture, 16 mlof SO;-DMF complex was added and the mixture was stirred for4 hat
70°C. The SO3-DMF complex was prepared by dropping 20 ml of CISO;H into
100 ml of DMF in an ice water bath. After cooling to room temperature, the mixture
was neutralized with saturated NaHCO; solution, dialyzed against deionized water
for 2 days, and the dialysate was freeze-dried to give sulfated k-carrageenan. Gellan
(1% (w/v)) was treated with 0.1 M HCI up to pH 3.0. The acid-treated gellan gum
(insoluble fraction) was recovered by filtration and extensively washed until neu-
tralized and then lyophilized. Sulfation was carried out in the same manner as for k-
carrageenan to give gellan sulfate. The degree of substitution (DS) of the sulfonyl
group for k-carrageenan and gellan was defined as the molar number of sulfonyl
group per di-saccharide and tetra-saccharide units. DS was calculated based on
elemental analysis, according to the equation given by Rochas et al.** as follows: DS =
(S%/atomic mass of S)/(C%/atomic mass of C X number of carbons for one unit).
Atomic masses of Cand S are 12 and 32, respectively. The numbers of carbons in one
unit of carrageenan and gellan are 12 and 24, respectively. The sulfation rate (%) was
calculated by taking the ratio of the DS of the sulfonyl group to the maximum DS of 4
for x-carrageenan and 10 for gellan.

Prior to being added to the cultures, the polysaccharides were dissolved in distilled
water to a concentration of 2 mg/ml, and then filtered through a 0.22-pm filter and
further diluted with appropriate complete media. Polysaccharides that were insoluble
at room temperature, namely K-carrageenan, A-carrageenan, and gellan gum, were
dissolved in distilled water at 80°C; heparin, oversulfated k-carrageenan, hydrolyzed
A-carrageenan, and gellan sulfate were dissolved at room temperature.

Analytical methods. *C NMR spectra were obtained from a JEOL 500 MHz
spectrometer operating at 500 MHz. The spectra for the oversulfated x-carrageenan
were recorded at 25°C, whereas the spectra for the native gellan gum and the gellan
sulfate were recorded at 90°C. Chemical shifts (6 in ppm) were expressed relative to
the resonance of D,O (*H NMR) (6 = 4.8) and DMSO (*CNMR) (6 = 39.5). Samples
for NMR analysis were dissolved in DMSO (oversulfated x-carrageenan = 60 mg/ml;
native gellan gum = 5 mg/ml; gellan sulfate = 20 mg/ml) and trace amounts of D,O
were subsequently added.

The concentration of S was analyzed with an Ion Chromatography System Dionex
ICS-1100/1600 (Thermo Scientific Inc., MA USA). The concentration of C was
analyzed with a 2400 Series II CHNS/O System (Perkin Elmer Inc., MA, USA). DS
was calculated using the formula of Rochas et al.>* as described earlier.

In vitro culture of Plasmodium falciparum parasites. The chloroquine-sensitive
line Plasmodium falciparum 3D7 and the chloroquine-resistant line, P. falciparum
Dd2 parasites were maintained in continuous culture as described by Radfar et al.*. In
this method, the parasites are grown in human A* red blood cells and maintained in
culture medium containing RPMI 1640, 25 mM HEPES, 100 pM hypoxanthine,
12.5 pg/ml gentamicin sulfate supplemented with 2.5% (w/v) Albumax II, and

62.5 pg/ml of NaHCO;. Cultures were kept at 37°C, 5% CO,, and 5% O,, with daily
medium changes; conditions were maintained at 1% hematocrit and 1% parasitemia.

Cell culture. Human embryonic kidney derived 293T cells were grown at 37°C, 5%
CO,, and 5% O, in culture medium containing DMEM, L-glutamine, penicillin-
streptomycin, and 62.5 pg/ml NaHCO3, supplemented with 10% fetal calf serum and
passaged every two days at 70%-80% confluency.

Growth inhibition. Growth inhibition assays (GIAs) were performed as previously
described®. Predominantly ring stage cultures were first synchronized by sorbitol
treatment. GIAs were carried out at the next day, when the cultures were mostly in the
late trophozoite stage. Infected red blood cells were mixed with fresh Type A* RBCs to
make cultures with 0.30% parasitemia and 1% hematocrit. A 25-pl aliquot of culture
was then transferred into 96-well plates and 2.5 pl of the inhibitors was added to each
well such that the final concentrations were 9, 4.5, 2.25, and 0.9 ug/ml. Three
independent experiments were performed and all were done in triplicate; parallel
cultures were also maintained. The cultures were incubated at 37°C, with 5% CO.,
and 5% O,. At 48 h post-incubation, 5 pl of complete medium was added to each
culture. Flow cytometry was used to determine the parasitemia after 90-96 h when
the parasites were mostly in the trophozoite-schizont stages.

Flow cytometry. Flow cytometry was used to determine the parasitemia of the
cultures®”, Cultures were mixed with 10 pg/ml ethidium bromide in PBS and left at
room temperature for 1 h in the dark. The cell pellets were then resuspended in
500 plof PBS and transferred into flow cytometry tubes. Flow cytometric analysis was
carried out on a FACSCalibur cell analyzer (BD Biosciences) and the data were
analyzed with WinMDi ver. 2.9.

Invasion inhibition. For the invasion inhibition assays***’, cultures were purified by
using a MACS® (Miltenyl Biotec, Japan) magnetic bead separation column to obtain
trophozoite and schizont stage parasites. Purified schizonts were mixed with
complete medium to obtain hematocrit of 1%, and fresh A* red blood cells were
added for a total parasitemia of 5% with ring stage parasitemia of almost 0%. Cultures
(100 pl) were transferred into 96-well plates and the inhibitors heparin, gellan gum,
and gellan sulfate were added to a final concentration of 10 pg/ml. Cultures were
incubated for 20 hat 37°C, with 5% CO, and 5% O,. For this, two independent assays
were done in duplicates.

Assessment of invasion inhibition. Culture supernatants were aspirated and the cell
pellets were smeared and stained with Giemsa staining to determine ring stage
parasitemia. Means and standard deviations of ring stage parasitemia were obtained,
and the percent inhibition was computed by using the following formula: [Eq.2]
{(Mean% Ring stage parasitemia of untreated cultures - Mean% Ring stage
parasitemia of inhibitor-treated cultures) +~ Mean% Ring stage parasitemia of
untreated cultures} X 100%.

Cytotoxicity assays. MTT assays were performed using 293T cells. Cells were seeded
in 96-well flat-bottom plate with a culture volume of 100 plat a 2: 1000 dilution and
incubated at 37°C, 5% CO», and 5% O,. After 24 h, at about 50% confluency, the old
media were aspirated and replaced with 100 pl of complete medium containing
inhibitors at concentrations of 500, 250, 100, 50, 25, and 10 pg/ml. The cells and
inhibitors were then incubated at 37°C, 5% CO,, and 5% O, for 48 h. MTT solution
(10 pl of 5 mg/ml) was added to the culture, which was kept in the dark at room
temperature overnight. The following morning, the old media were aspirated and
100 pl of DMSO was added as an MTT solvent. The cells were then assessed by
measuring absorbance at 595 nm and the % cell viability was computed as follows®:
[Eq. 3] % cell viability = (absorbancesgs ,,, 0f treated group + absorbancesgs p,, of
control group) X 100%.

Invitro anticoagulant activated partial thromboplastin time (APTT) assay. APTT
assays were carried out using plasma from healthy mice*’. Blood was collected from
the hearts of normal adult female C57BL/6 and BALB/c mice under terminal
anesthesia. The blood was immediately mixed with 3.2% trisodium citrate ata 9:1
blood: anticoagulant ratio. Plasma was obtained by spinning the blood in a bench top
centrifuge for 15 minutes and was then pooled. Heparin, gellan gum, and gellan
sulfate (10 pl) each diluted in PBS were mixed with 100 pl of plasma for a final
concentration of 10 and 100 pg/ml and then incubated at 37°C for 1 minute. The
APTT assays were performed using the Drihemato® APTT Test Reagent Card (A&T
Corporation, Japan) according to manufacturer’s instructions. Coagulation times
were recorded in seconds (s).

Animals. Adult female C57BL/6 and BALB/c mice purchased from CLEA Japan
(Tokyo, Japan) were maintained in controlled light and dark conditions and given
food and water ad libitum.
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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.

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)". 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 vacuole®’.

Each invasion step is mediated by various proteins. In the initial attachment, merozoite surface proteins
(MSPs) are thought to play an important role*. Apical membrane antigen-1 (AMA1) is believed to mediate
active invasion by associating with rhoptry neck proteins (RONs)>¢. 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 PfRH5". 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 PfRH5’. The function of the DBL
and RBL proteins are redundant because knockout strains of all of the dbl and rbl genes except for PIRH5 have
been generated and show insignificant loss of invasion efficiency”.

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 emerged®® highlighting the need for novel drug targets.

| 3:3178 | DOI: 10.1038/srep03178 1



Recently, the inhibition of merozoite invasion by heparin was
observed using real-time microscopy'®. 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 heparin'®'" and various sulfated polysaccharides, such as
curdlan sulfate, dextran sulfate, pentosan sulfate, and fucoidan, A-
and t-carrageenans, as well as heparin and heparan sulfate (HS),
inhibit the growth of blood-stage parasites in vitro'™"%, although
some sulfated polysaccharides, such as k-carrageenan and chondroi-
tin sulfates A (CSA) and C show no apparent inhibition'>'*'*. Some
sulfated polysaccharides including dextran sulfate'® and fucoidan'’
have shown in vivo inhibitory activity in the blood-stage growth of P.
berghei. In addition, artificially sulfated compounds, such as (poly)-
vinylsulfonate® and sulfated cyclodextrin'®, 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 surface’®*.
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 invasion®. Erythrocyte binding of some parasite
ligands, including full-length MSP1, the C-terminal 42-kDa frag-
ment of MSP1 (MSP1-42), and PfRHS5 is disrupted by heparin'®'"*,
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 merozoites'®!1>!18122124 and some reports have
suggested that the molecular targets of heparin are the merozoite
proteins'®*"?. 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.
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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 pg/mL heparin and
incubated at 37°C 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.

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
previously” (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.
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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 DAPT
(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 pm.

Many parasite proteins interact with heparin. To examine whether
various proteins could bind to heparin, we incubated **S-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 notto
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
BAEBL* and PfRH5%. 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 AMA1*. 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 pg/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.
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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 pum. (B) Invasion inhibitory activity of biotinylated heparin. Invasion inhibition assays
were performed in the presence of 5 or 50 pg/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 pig/mL biotinylated heparin in the
absence (grey) or presence of 1 mg/mL heparin (greenline) 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.

The FT and fractions eluted with 500-10,000 pg/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 heparin'®'"'. 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 pg/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 AMAI/RONs complex has a critical role in the
merozoite invasion of P. falciparum®?°. 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 previously?, 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 clone®**. We confirmed this
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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.
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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 RONS5 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 AMAI1/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.
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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.
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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/mlL, 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.

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

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 parasites'®"*. Instead, direct evidence using real-time
microscopy suggested that heparin inhibits merozoite invasion'%

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 >*S-labeled parasite proteins and heparin affinity
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