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Erythrocyte invasion is critical to the pathogenesis and sur-
vival of the malarial parasite, Plasmodium falciparum. This
process is partly mediated by proteins that belong to the Duffy
binding-like family, which are expressed on the merozoite sur-
face. One of these proteins, BAEBL (also known as EBA-140), is
thought to bind to glycophorin C in a sialic acid-dependent
manner. In this report, by the binding assay between recombi-
nant BAEBL protein and enzyme-treated erythrocytes, we show
that the binding of BAEBL to erythrocytes is mediated primarily
by sialic acid and partially through heparan sulfate (HS).
Because BAEBL binds to several kinds of HS proteoglycans or
purified HS, the BAEBL-HS binding was found to be indepen-
dent of the HS proteoglycan peptide backbone and the presence
of sialic acid moieties. Furthermore, both the sialic acid- and
HS-dependent binding were disrupted by the addition of soluble
heparin. This inhibition may be the result of binding between
BAEBL and heparin. Invasion assays demonstrated that HS-de-
pendent binding was related to the efficiency of merozoite inva-
sion. These results suggest that HS functions as a factor that
promotes the binding of BAEBL and merozoite invasion. More-
over, these findings may explain the invasion inhibition mecha-
nisms observed following the addition of heparin and other sul-
fated glycoconjugates.

Malaria caused by Plasmodium falciparum kills approxi-
mately 1 million people per year. After entering the human
bloodstream, the parasite propagates asexually via repeated
cycles of erythrocyte invasion, cell division, and cell rupture.
The process by which the parasitic merozoites invade erythro-
cytes involves the following steps: attachment, apical reorien-
tation, junction formation, and the formation of a protective
parasitophorous vacuole (1).

The Duffy binding-like (DBL)? family is composed of adhe-
sion molecules that are critical for junction formation between
the apical end of the merozoite and the erythrocyte surface.
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Proteins in this family, such as EBA-175 (erythrocyte-binding
antigen-175), are homologous to Plasmodium vivax Duffy-
binding protein. These proteins contain one or more DBL
domains, which are composed of conserved cysteine residues
and are associated with erythrocyte binding (2). EBA-175 is
bound to glycophorin A on the erythrocyte surface in a sialic
acid-dependent manner (3). However, erythrocytes that are
treated with neuraminidase remain susceptible to the merozo-
ites of some clones (4), indicating the existence of sialic acid-
independent invasion pathways. These alternative pathways
are thought to be mediated, at least in part, by other members of
the DBL family (5).

Parasite growth is inhibited by the addition of heparin, some
sulfated saccharide anions, and sulfated chemical compounds
(6—11). Although the inhibition mechanisms remain unclear,
these reports suggest the possibility that sulfated moieties play
a role in merozoite invasion. In addition to invasion, heparan
sulfate (HS) is believed to function as a receptor for PfEMP1
(P. falciparum erythrocyte membrane protein 1), which is
expressed on parasite-infected erythrocytes (iRBC). Thus, HS
mediates the binding of iRBC to vascular endothelial cells or
other erythrocytes (12-14).

In the present study, we focused on BAEBL (also known as
EBA-140), which belongs to the DBL family and is thought to
mediate an alternative pathway. Although BAEBL was shown
to bind to erythrocytes in a sialic acid-dependent manner, as
previously reported (15-19), additionally, we showed here that
BAEBL binds to erythrocytes in an HS-dependent manner.
Moreover, heparin was demonstrated to inhibit both of these
binding pathways. The results of invasion inhibition assays sug-
gest that HS plays a role in merozoite invasion. Further research
on the mechanisms of inhibition by heparin and the identifica-
tion of novel factors involved in merozoite invasion will facili-
tate the development of new antimalarial drugs that inhibit
invasion.

EXPERIMENTAL PROCEDURES

Cells—Spodoptera frugiperda Sf9 insect cells were main-
tained in SF900II SFM (Invitrogen) that was supplemented with
10% fetal calf serum. Trichoplusia ni Tn5 insect cells were
maintained in EX-CELL 405 medium (SAFC Biosciences,
Lenexa, KS). Plat-E cells generated from 293T cells (20) were
maintained in Dulbecco’s modified Eagle’s medium (Nissui,
Tokyo, Japan) supplemented with 10% fetal calf serum, 1 ug/ml
puromycin, and 10 ug/ml blasticidin. Jurkat-EcoVRc cells
(kindly provided by Dr. Masayuki Shimojima) were maintained

VOLUME 285-NUMBER 3-JANUARY 15,2010


http://www.jbc.org/cgi/content/full/M109.021576/DC1

in RPMI 1640 medium (Sigma) supplemented with 10% fetal
calf serum. Jurkat-EcoVRc cells are Moloney murine leukemia
virus-sensitive Jurkat human T cells that express the mouse
cationic amino acid transporter and that were prepared using a
self-inactivating human immunodeficiency virus vector (21).

P. falciparum Parasite—The P. falciparum clone HB3 was
obtained from the Malaria Research and Reference Reagent
Resource Center (American Type Culture Collection, Manas-
sas, VA). B+ erythrocytes from a single individual were used in
all of the cultures and experiments. The cells were washed twice
in incomplete RPMI 1640 medium that contained 25 mm
HEPES and 367 um hypoxanthine and then stored at 50% he-
matocrit at 4 °C. Cultures were maintained at 3% hematocrit in
complete medium that was composed of incomplete medium
that contained 5 mg/ml AlbuMAX II (Invitrogen), 27 mm
NaHCOj, and 10 ug/ml gentamicin (22).

Antibodies—An anti-BAEBL antibody was produced by
immunization with the synthetic peptides CNKVNKDKKRN-
EESL and CSSRDSENGRGDTTS, which comprise amino acid
residues 565-578 and 947-960, respectively, of the BAEBL pro-
tein (GenBank™ accession number AAK49521). Specifically, a
rabbit was immunized intradermally with 0.3 mg of both syn-
thetic peptides in Freund’s complete adjuvant (CAPPEL,
Aurora, OH) three times at weekly intervals and then intravas-
cularly with 0.05 mg of the peptides three times at weekly inter-
vals. Serum was obtained from the rabbit 1 week after the sixth
immunization.

Plasmid Construction—The baculovirus expression vector
pBSV-8His was kindly provided by Dr. Peter F. Zipfel (Hans
Knoll Institute, Jena, Germany) (23). The Fc region of murine
IgG2a was cloned from the mouse IgG2a-pcDNA3.1 plasmid
(kindly provided by Dr. Yorihiro Nishimura, National Institute
of Infectious Diseases, Tokyo, Japan) into the Sphl/BamHI sites
of the pMIB/V5-His B plasmid (Invitrogen). The resultant plas-
mid, designated mouse IgG2a-pMIB/V5, was used as a template
for PCR using the following primers: 5'-CATGCTGCAGC-
CCAGAGGGCCCACAATC-3" (Pstl site underlined) and
5'-GATCCCGGGAGAATTCCACCACACTGGAC-3" (Smal
site underlined). The amplified fragment was cloned into the
Pstl/Smal sites of pBSV-8His, and the resultant plasmid was
designated pBSV-Fc-8His. Four types of BAEBL region II con-
struct were amplified by PCR using the BAEBL-HB3-TS8,
BAEBL-E12-T8, BAEBL-Dd2/Nm-T8, and BAEBL-PNG3-T8
plasmid (kindly provided by Dr. Louis H. Miller (National Insti-
tutes of Health, Bethesda, MD)) (24) as a template, respectively,
and the following primers: 5'-GCGGATCCCAATATACGTT-
TATACAGAA-3’ (BamHI site underlined) and 5'-GCGAAT-
TCATATCGTGTTTTGTTTTAGG-3" (EcoRI site under-
lined). These amplified fragments were cloned into the
BamHI/EcoRI sites of pBSV-Fc-8His. The resultant plas-
mid was designated pBSV-Fc-BaeblHB3-8His, pBSV-Fc-
BaeblE12-8His, pBSV-Fc-BaeblDd2/Nm-8His, and pBSV-
Fc-BaeblPNG3-8His, respectively. The fusion proteins
expressed by these plasmids contained amino acids 141-755
of the BAEBL region II (GenBank™ accession number
AAK49521).

The expression vectors for four series of alanine mutant of
BAEBL were constructed by the method described in the sup-
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plemental materials using primers shown in supplemental
Table S1.

Constructs that contained the cDNAs of glypican 4, synde-
can 1, and syndecan 4 were produced by reverse transcription-
PCR using the total RNA of 293T cells as a template and the
following primers: for glypican 4, 5'-CCCAAGCTTACCAT-
GGCACGGTTCGGCTTG-3' (HindIlI site underlined) and
5'-CCGCTCGAGTTTGAGAATTATCTCCACTCTCTC-
TGC-3’ (Xhol site underlined); for syndecan 1, 5'-CCCAAG-
CTTCCGGTCCGGGCAGCATCAG-3" (HindIII site under-
lined) and 5-CCGCTCGAGCGTCAGGCATAGAATTCC-
TCCTG-3" (Xhol site underlined); and for syndecan 4,
5'-CGGGATCCAGTCCGCGGTGGCCATGG-3' (BamHI site
underlined) and 5'-GGAATTCACGCGTAGAACTCATTG-
GTGG-3' (EcoRI site underlined). The amplified fragments
for glypican 4 and syndecan 1 were cloned into the HindIII/
Xhol sites, and the fragment of syndecan 4 was cloned
into the BamHI/EcoRI sites of pMX (25). The resultant plas-
mids were designated pMX-glypican4, pMX-syndecanl, and
pMX-syndecan4, respectively.

Recombinant Baculovirus Expression—Each of the prepared
plasmids (pBSV-Fc-8His, pBSV-Fc-BaeblHB3-8His, pBSV-Fc-
BaeblE12-8His, pBSV-Fc-BaeblDd2/Nm-8His, and pBSV-Fc-
BaebIPNG3-8His) and BaculoGold linearized baculovirus DNA
(BD Biosciences) were co-transfected into Sf9 cells using the
Cellfectin reagent (Invitrogen), as described previously (26).
The five generated recombinant baculoviruses were designated
Bac-Fc, Bac-Fc-BaeblHB3, Bac-Fc-BaeblE12, Bac-Fc-BaeblDd2/
Nm, and Bac-Fc-BaeblPNG3, respectively. After three or
four passages, the viruses were inoculated into Tn5 cells. At
72 h postinfection, the culture supernatants were collected.
The recombinant proteins secreted into the medium were
purified as previously described (23) and dialyzed in phosphate-
buffered saline. These proteins were separated by 5-20% gradi-
ent SDS-PAGE (Atto, Tokyo, Japan) and visualized by silver
staining.

Mammalian Expression Using a Retroviral Vector—To pro-
duce Jurkat cells that express glypican 1, glypican 4, syndecan 1,
or syndecan 4, we transfected pMX-glypicanl (27), pMX-
glypican4, pMX-syndecanl, and pMX-syndecan4 separately
into Plat-E cells using Lipofectamine 2000 (Invitrogen). Jurkat-
EcoVRc cells were incubated with the culture supernatant
from the transfected Plat-E cells and analyzed 2-4 days
postinfection.

Flow Cytometry—Erythrocytes (2.5 X 10°) were treated with
heparitinase from Flavobacterium heparinum (EC 4.2.2.8;
Seikagaku Corp., Tokyo, Japan) or neuraminidase from Vibrio
cholerae (EC 3.2.1.18; Sigma) for 1 h at 37 °C, and then washed
in fluorescence-activated cell sorting buffer (2% fetal calf serum
and 0.1% NaNj; in phosphate-buffered saline). The enzyme-
treated or -untreated cells (1 X 10° cells) were resuspended in
27 nM solutions of the purified recombinant proteins and incu-
bated for 1 h at 4 °C. The binding levels of the recombinant
proteins were measured using an anti-mouse IgG antibody
labeled with fluorescein isothiocyanate, as described previously
(28), and quantified using a FACSCalibur (BD Biosciences) and
the WinMDI 2.9 software (available from the Scripps Research
Institute Web site). The values of the geometric mean fluores-
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cence intensities were used to calculate the binding inhibition
percentages. The percentage of binding inhibition was calcu-
lated by subtracting mean fluorescence intensity of mIgG2aFc
from mean fluorescence intensity of BAEBL/Fc in the presence
and absence of enzyme, respectively, dividing the former result
by the latter result, multiplying the result by 100, and then sub-
tracting the result from 100.

The effect of heparin, HS, and fetuin on the binding of pro-
tein was determined in the following experiment. The recom-
binant proteins were incubated with equivalent amounts of
heparin from porcine intestinal mucosa (Hoechst Marion
Roussel, Tokyo, Japan), HS from bovine kidney (Sigma), or
fetuin from fetal calf serum (Sigma) at 4 °C for 1 h. These solu-
tions were then mixed with erythrocytes (1 X 10°) and incu-
bated for 1 h at 4 °C. The binding levels of the recombinant
proteins were detected and quantified as described above.

ELISA-based Binding Assay—The ELISA-based assay was
performed as described previously (29). Briefly, ELISA plate
wells were coated overnight at 4 °C with purified HS in coating
buffer that contained 50 mm sodium bicarbonate (pH 9.6). The
wells were then blocked with 3% skim milk at 37 °C for 1 h.
Diluted recombinant proteins were added to the wells to allow
binding. Aftera 1-h incubation at room temperature, the bound
proteins were detected with a horseradish peroxidase-conju-
gated anti-mouse IgG F(ab’) fragment (1:5000 dilution; Amer-
sham Biosciences) and the TMB microwell peroxidase sub-
strate system (KPL, Gaithersburg, MD).

To inhibit binding, diluted heparin solution was added to the
wells coated with HS and blocked with 3% skim milk immedi-
ately before the addition of equal amounts of BAEBL. After a
1-h incubation at room temperature, the bound proteins were
detected as described above.

To measure the disassociation constant (K,) for the binding
of BAEBL to HS, various concentrations of BAEBL/Fc were
added to ELISA plate wells coated with 10 ug/ml HS. Bound
protein was detected as described above. The obtained data
were analyzed by Scatchard plot analysis (30, 31).

Pull-down Assay—To collect the culture supernatant of
P. falciparum, iRBC that was purified using Percoll-sorbitol
was cultured for 20 h. The supernatant was collected by centri-
fugation at 100,000 X g for 10 min at 4 °C and stored at —80 °C
until use. Pull-down assays were performed using heparin-aga-
rose (Sigma), Ni*>"-NTA-agarose (Qiagen, Hilden, Germany)
or glutathione-Sepharose (GE Healthcare) beads. BAEBL was
precipitated by the addition of a 50% suspension of each type of
bead to a 5-fold dilution of the supernatant in NETT (150 mm
NaCl, 5 mm EDTA, 50 mm Tris, pH 7.4, 0.5% Triton X-100,
0.02% NaN,) that contained 0.5% bovine serum albumin. After
rotation for 3.5 h at 4 °C, the beads were washed twice with
NETT containing 0.5% bovine serum albumin and three times
with NETT. The beads were then boiled for 5 min in equal
volumes of 2X sample buffer that contained 0.125 m Tris, pH
6.8, 4% SDS, 20% glycerol, and 10% 2-mercaptoethanol. The
eluates were separated by SDS-PAGE, transferred to a polyvi-
nylidene difluoride membrane, and then probed with a rabbit
anti-BAEBL polyclonal antibody, as described previously (26).

Invasion Assay—Invasion assays were performed as
described previously (32, 33). Briefly, 1 X 107 target erythro-
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FIGURE 1. Recombinant region Il of BAEBL protein expressed as Fc fusion
protein. A, schematic representations of P. falciparum BAEBL and the recom-
binant fusion proteins. BAEBL is composed of a signal peptide (SP), a region I,
a 3’ cysteine-rich region (3'Cys), a transmembrane domain (TMD), and a cyto-
plasmic tail (Tail). The region Il of BAEBL was cloned into the pBSV-Fc-Hisg
vector, which contains a secretion signal sequence (FHL-1), the Fc region of
mouse 1gG2a (mlgG2aFc), and an octahistidine C-terminal tag (8xHis).
B, recombinant proteins expressed using the baculovirus expression system
and purified on Ni?*-NTA-agarose. Each protein (25 ng) was separated by
5-20% gradient SDS-PAGE and subjected to silver staining. The molecular
masses (kDa) are indicated on the /eft.

cytes were treated with heparitinase or neuraminidase or incu-
bated with the recombinant protein for 2 h at 37 °C. After they
were washed with phosphate-buffered saline, the treated eryth-
rocytes were mixed with 2 X 10° iRBC, predominantly early
schizont, which were enriched by the Percoll-sorbitol method
at 25 h after synchronization with the 5% p-sorbitol method
(33). After 20 h, parasitemia of the ring stage parasite was eval-
uated using Giemsa-stained culture smears. The percentage of
invasion inhibition was calculated by dividing the parasitemia
of test cultures by that of control cultures, multiplying the result
by 100, and then subtracting the result from 100.

The effects of heparin on merozoite invasion were deter-
mined by the addition of a diluted heparin solution to each
culture immediately after the addition of iRBC. Invasion inhi-
bition was detected and quantified as described above.

RESULTS

Recombinant Region II of BAEBL Protein Expressed as Fc
Fusion Protein—To analyze the binding of BAEBL, we prepared
arecombinant BAEBL protein. Region II of BAEBL, which was
derived from the P. falciparum HB3 clone, was fused with the
Fc region of murine IgG2a at the N terminus and an octahisti-
dine tag at the C terminus. The recombinant protein was
expressed using a baculovirus expression system and desig-
nated BAEBL/Fc (Fig. 1A). Similarly, a recombinant protein of
Fc region alone, designated mIgG2aFc, was prepared as a neg-
ative control. These recombinant proteins were purified on
Ni**-NTA-agarose. The protein purities were confirmed by
SDS-PAGE with silver staining (Fig. 1B). Because a single band
appeared at the expected molecular mass for each fusion pro-
tein, the prepared proteins were considered to be pure.

Flow cytometric analyses were performed to confirm binding
between the recombinant proteins and erythrocytes (Fig. 24).
The binding affinity of BAEBL/Fc was compared with that of
mlgG2aFc. Because BAEBL/Fc showed more potent affinity to
erythrocyte than did mIgG2aFc, BAEBL/Fc was confirmed to
be bound to erythrocytes.
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Using the invasion assay, we investigated whether the pre-
treatment of erythrocytes with the recombinant proteins inhib-
ited merozoite invasion (Fig. 2B). BAEBL/Fc inhibited invasion
in a dose-dependent manner and showed ~38% invasion inhi-
bition at the concentration of 150 um. In contrast, mIgG2aFc
showed no inhibitory effect. Because the observed inhibition
rates are very similar to those observed in previous experiments
using anti-BAEBL antibodies (18), it is reasonable to assume
that our fusion proteins bind to a merozoite invasion receptor,
thereby blocking invasion.

Recombinant BAEBL/Fc Binds to Erythrocytes via HS and
Sialic Acid—In our previous study, we identified the interaction
between BAEBL and glypican 1, a kind of heparan sulfate pro-
teoglycan (HSPG), by retrovirus-mediated expression cloning
(27). In addition, we found that seven potential glycosaminogly-
can (GAG)-binding motifs, characterized by XBBXBX and
XBBBXXBX (where B represents a basic residue, and X repre-
sents a hydropathic residue) (34), are predicted for BAEBL, and
five of these motifs are located in region II (Fig. 3). These results
enhance the possible binding of BAEBL mediated by HS.

However, previous investigations have reported that BAEBL
isbound to erythrocytes in a sialic acid-dependent manner (15—
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FIGURE 2. BAEBL/Fc binds to erythrocytes and inhibits the merozoite
invasion. A, binding of recombinant proteins to erythrocytes. The cells were
incubated with each of the recombinant proteins. Cell surface binding was
detected using the FACSCalibur system. B, merozoite invasion inhibition by
recombinant proteins. Erythrocytes were preincubated with buffer ora 0.15,
1.5, 15, or 150 nm concentration of each recombinant protein at 37 °C for 1 h
and then mixed with iRBC. Parasitemia was assessed at 20 h postinoculation,
as described under “Experimental Procedures.” Results are shown as the
means of three independent experiments, and the error bars represent S.E.
values. Asterisks and double asterisks indicate significant differences (p < 0.05
and p < 0.001, respectively), as determined by t test.
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FIGURE 3. The amino acid sequence of P. falciparum BAEBL. The locations of potential GAG-binding motifs
are shown in white letters on a black background. The region Il expressed as the fusion protein in the present
study is shaded in gray. These sequences are available from GenBank™ (accession number AAK49521).
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19). Therefore, to examine the binding properties of BAEBL, we
selected neuraminidase, which is a sialic acid-specific lyase, and
heparitinase, which is an HS-specific lyase, for enzymatic diges-
tions of the erythrocytes. The binding of BAEBL to the enzyme-
treated erythrocytes was quantified by flow cytometry (Fig. 44).
The binding efficiency of the heparitinase-treated erythrocytes
dropped to ~60—-70%. In contrast, the binding efficiency of the
neuraminidase-treated erythrocytes dropped to less than 10%.
These results indicate that although BAEBL uses both sialic
acid and HS moieties for binding to erythrocytes, a sialic acid
moiety rather than an HS moiety is essential for binding.

Moreover, the preincubation of BAEBL/Fc with HS or hepa-
rin, which is chemically similar to HS but more highly sulfated
(35), inhibited the binding of BAEBL to erythrocytes (Fig. 4B).
These results confirm the involvement of the HS moiety in the
binding of BAEBL. In addition, considering that BAEBL-eryth-
rocyte binding is primarily mediated by sialic acid, heparin
treatment is suggested to inhibit the sialic acid-dependent
binding of BAEBL.

On the other hand, in the presence of fetuin, which is a sialic
acid-rich glycoprotein, the binding inhibition was not
observed. This might suggest the importance of something
other than sialic acid (e.g. a special conformation of the protein
backbone) in the sialic acid-mediated binding of BAEBL.

To determine whether predicted GAG-binding motifs are
key factors for the binding of BAEBL with HS or erythrocytes,
the basic amino acids represented by “B” in four XBBXBX
motifs (GAG1, GAG3, GAG4, and GAG5 in Fig. 3) were substi-
tuted by alanine. GAG2-deleted BAEBL was not made because
of the different type of motif (XBBBXXBX). Amino acid resi-
dues "*QKRTHL'" were substituted by "**QAATAL'" in
BAEBL-AGAG1/Fc, 3**MKKSKT*' by 3°°MAASAT?*"!
in BAEBL-AGAG3/Fc, **LHRGHE*" by **LAAGAE®*' in
BAEBL-AGAG4/Fc, and “*’KRKEKI®*® by ®**KAAEAI®*® in
BAEBL-AGAGS5/Fc. As compared with the wild type, BAEBL-
AGAG1/Fcand -AGAG4/Fc showed greatly reduced binding to
erythrocytes, and BAEBL-AGAG3/Fc showed slightly reduced
binding, whereas BAEBL-AGAGS5/Fc did not show apparent
reduction (Fig. 4C). These results suggest the importance of the
putative GAG-binding motifs, especially GAG1 and GAG4,
for the binding of BAEBL to
erythrocytes.

According to previous studies on
BAEBL, polymorphisms in four par-
ticular amino acid positions of
region I are suggested to determine
its receptor specificity (24) or its
affinity to erythrocytes (36). To ver-
ify the possibility that the HS-
dependent binding of BAEBL is
involved in such alterations deter-
mined by the polymorphisms, we
prepared Fc fusion proteins of
BAEBL derived from E12 (ISKK),
Dd2/Nm (VSTK), and PNG3
(INRE) clones in addition to HB3
clone (VSKK). These proteins were
tested for binding to the enzyme-
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Erythrocytes (10° cells) were pretreated with buffer; 0.0016,0.016,0.16,0r 1.6
milliunits of heparitinase; or 0.004, 0.04, 0.4, or 4 milliunits of neuraminidase
and then incubated with BAEBL/Fc or migG2aFc. B, binding inhibition of
BAEBL/Fc preincubated with soluble heparin. The recombinant protein was
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mg/ml). The mixtures were incubated at 4 °C for 1 h and then added to eryth-
rocytes. G, the binding of motif-deleted BAEBLs to erythrocytes. Erythrocytes
(10° cells) were incubated with 24 nm mlgG2aFc (dashed line), BAEBL/Fc (solid
line), BAEBL-AGAG1/Fc, BAEBL-AGAG3/Fc, BAEBL-AGAG4/Fc, or BAEBL-
AGAG5/Fc. The bindings of motif-deleted BAEBLs are shaded in black. D, bind-
ing inhibition of BAEBL/Fc derived from four types of BAEBL variants to
enzyme-treated erythrocytes. BAEBL/Fc from HB3 (VSKK), E12 (ISKK), Dd2/Nm
(VSTK), and PNG3 (INRE) were incubated with erythrocytes pretreated with
buffer, 1.6 milliunits of heparitinase, or 4 milliunits of neuraminidase. Bound
protein was quantified, and percentage of binding inhibition was calculated
as described in “Experimental Procedures.” Results are shown as the means of
three independent experiments. Error bars, S.E. Asterisks and double asterisks
indicate significant differences (p < 0.05 and p < 0.001, respectively) as deter-
mined by t test.

treated erythrocytes (Fig. 4D). To the neuraminidase-treated
erythrocytes, all types of BAEBL showed ~90% binding inhibi-
tion. These results indicate that all types are bound to erythro-
cytes in a sialic acid-dependent manner. On the other hand, to
the heparitinase-treated erythrocytes, each type showed
36 —55% binding inhibition. The binding of BAEBL from PNG3
(VSKK) was inhibited at the highest level (~55%), BAEBL from
E12 (ISKK) showed the second highest inhibition (~46%), and
the other variants showed relatively lower inhibition (~36—
40%). As a result of the ¢ test, there were no significant differ-
ences except for a significant difference between HB3 and
PNG3 (p = 0.036). These results suggested the possibility that
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the polymorphisms in BAEBL slightly affect the HS-dependent
binding.

Recombinant BAEBL/Fc Binds to HS and Heparin Indepen-
dently of Its Peptide Backbone or Sialic Acid—To investigate the
HS-dependent binding of BAEBL in detail, HSPGs were
expressed on Jurkat cells. Cell membrane-associated HSPGs
generally comprise two different families: (i) the glypican family
to which GPI-anchored HSPGs belong and (ii) the syndecan
family to which transmembrane HSPGs belong (37). We chose
glypican 1, glypican 4, syndecan 1, and syndecan 4 for expres-
sion using retrovirus vectors, because each of these molecules
represents a subfamily into which the family is subdivided
based on the amino acid sequences (37). Jurkat cells transduced
with the HSPG expression retrovirus vectors showed higher
affinity for BAEBL/Fc than those transduced with a mock vec-
tor (Fig. 5). These results suggest that HSPG expression on the
cell surface enhances the binding affinity of BAEBL/Fc, irre-
spective of its core protein structure. Several potential N-glyco-
sylation sequences together with GAG attachment sequences
are predicted to be located in the core proteins of glypican 1,
glypican 4, and syndecan 1, whereas no N-glycosylation sites are
predicted for syndecan 4 (37). This indicates that the sialic acid
and HS moieties do not need to be present in a single molecule
to increase the binding of BAEBL/Fc.

Using ELISA-based methods with purified HS as the coating
antigen, the reactivity between BAEBL and HS under con-
trolled conditions was estimated (Fig. 6A and supplemental
Table S2). BAEBL/Fc, but not mIgG2aFc, bound to HS with a
K, of 8.18 = 2.54 X 10~ ? M. This binding was inhibited by the
addition of soluble heparin. These results suggest that HS alone
can mediate the binding of BAEBL.

Moreover, in a heparin bead pull-down assay, BAEBL/Fc was
absorbed to a greater extent by heparin-agarose than by gluta-
thione-Sepharose (Fig. 6B). In contrast, these two bead types
were not significantly different with regard to the absorption of
mlgG2aFc. These results showed that BAEBL/Fc binds to hep-
arin, which in turn suggest that the binding of heparin to
BAEBL/Fc induces the binding inhibition for erythrocytes.

Unexpectedly, all of the motif-deleted BAEBL proteins as
well as wild type also bound to HS and heparin with relatively
equal affinity (Fig. 6C and supplemental Table S2). This result
contrasts with the apparent binding reduction of BAEBL-
AGAG1/Fcand -AGAG4/Fcto erythrocytes (Fig. 4C). We spec-
ulate the possibility that the single motif deletion does not
reduce the protein binding under artificial conditions because
of the residual motifs, whereas some motifs (e.g. GAG1 or
GAG4) function essentially under physiological condition.

BAEBL Secreted from P.falciparum Also Binds to Heparin—
All of the analyses described above were performed using the
recombinant fusion protein with the binding region of BAEBL.
To elucidate whether BAEBL derived from a P. falciparum cul-
ture can bind to HS and to its analog heparin, we carried out
pull-down assays with heparin-agarose beads. Beads incubated
with the supernatant of P. falciparum iRBC were subjected to
Western blotting using an anti-BAEBL polyclonal antibody
(Fig. 7). As reported previously, this antibody detects a specific
protein (140 kDa) (15-17) in the iRBC supernatant. Of the
three bead types (heparin-agarose, Ni*"-NTA-agarose, and
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FIGURE 5. Binding of BAEBL to four types of HSPGs expressed on Jurkat cells.
Jurkat-EcoVRc cells transduced with a retrovirus vector from an empty plasmid
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syndecan 4 were incubated with BAEBL/Fc (solid line) or mlgG2aFc (dashed line).
Bound protein was detected as described under “Experimental Procedures.”

glutathione-Sepharose), only the extract from heparin-agarose
included the BAEBL protein. These results indicated that
BAEBL derived from P. falciparum cultures binds to heparin,
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FIGURE 6. Recombinant BAEBL/Fc binds to purified HS and heparin.
A, ELISA-based binding assays of BAEBL to HS. Purified HS was coated onto the
wells of an ELISA plate and tested for binding efficiency to the recombinant pro-
teins. The bound protein was detected with a horseradish peroxidase-conju-
gated anti-mouse IgG F(ab’) fragment. Binding inhibition was evaluated by the
addition of buffer or 1076, 107>, 10% or 1 ug/ml soluble heparin to the HS-
coated wells immediately before the addition of equal amounts of BAEBL. The
optical densities at 450 nm (OD450) are shown as the means of three indepen-
dent experiments. Error bars, S.E. The asterisks indicate a significant difference
(p < 0.01) as determined by t test. B, heparin bead pull-down assays for recom-
binant proteins. A recombinant protein (500 ng) was incubated with one of two
bead types (heparin-agarose and glutathione-Sepharose) for 3.5 h at 4 °C. Eluates
(Elu) from the washed beads and 50 ng of untreated protein (Input) were sepa-
rated by 5-20% gradient SDS-PAGE and subjected to silver staining. C, BAEBL/Fc
(wild type (wt)) and four kinds of motif-deleted BAEBL/Fc (AGAG1-AGAG5) were
incubated with heparin-agarose beads. After they were washed, the bound pro-
tein and 25 ng of untreated protein (input) were analyzed as described above.
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FIGURE 7. BAEBL secreted from P. falciparum also binds to heparin. Cul-
ture supernatants of the P. falciparum HB3 clone were incubated with hepa-
rin-agarose, Ni*"-NTA-agarose or glutathione-Sepharose for 3.5 hat 4 °C. The
culture supernatants (Sup) of P. falciparum-infected and uninfected erythro-
cytes and the eluates (Elu) from the washed beads were separated on 8%
SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The spe-
cific band (arrowhead) for BAEBL was detected using a rabbit anti-BAEBL poly-
clonal antibody. The molecular masses (kDa) are indicated on the /eft.

raising the possibility that BAEBL interacts physiologically with

HS. These observations are in agreement with the results of the
recombinant fusion protein analyses.
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FIGURE 8. HS-dependent binding is involved in merozoite invasion.
A, inhibition of merozoite invasion of enzyme-treated erythrocytes. Erythro-
cytes (107 cells) were treated with buffer, with 0.016, 0.16, 1.6, or 16 milliunits
(mU) of heparitinase, or with 0.04, 0.4, 4, or 40 milliunits of neuraminidase at
37 °C for 2 h, followed by the invasion assay. B, inhibition of merozoite inva-
sion of erythrocytes treated with heparitinase (16 milliunits) and neuramini-
dase (40 milliunits) simultaneously. In parallel, the treatment with either
enzyme was performed. C, inhibition of merozoite invasion by the addition of
soluble heparin. Erythrocytes were mixed with iRBC (2 X 10° cells), immedi-
ately before the addition of buffer or heparin at a final concentration of 0.01,
0.02, 0.05, 0.12, 0.23, 0.47, 1.17, 2.33, 23.3, or 233 pg/ml. In all experiments,
parasitemia was assessed at 20 h post-inoculation, and percentage of inva-
sion inhibition was calculated, as described under “Experimental Proce-
dures.” Results are shown as the means of three independent experiments.
Error bars, S.E. Asterisks and double asterisks indicate significant differences
(p < 0.05and p < 0.001, respectively) as determined by t test.

HS-dependent Binding Is Involved in Merozoite Invasion—To
determine whether HS-dependent binding is important for
merozoite invasion, we performed an invasion assay using
erythrocytes treated with heparitinase or neuraminidase (Fig.
8A). Consistent with previous studies, neuraminidase treat-
ment partially inhibited merozoite invasion of the HB3 clone
(58%) (4). In the case of heparitinase treatment, the maximal
invasion inhibition is 35%. These data indicate that HS is at least
partly associated with merozoite invasion. Simultaneous treat-
ment with these two enzymes did not show a significant
increase of the invasion inhibition (Fig. 8B). This result suggests
that the invasion pathway via sialic acid and HS is virtually the
same.

To examine further the relationship between invasion and
HS, we examined the effects of heparin on merozoite invasion
(Fig. 8C). The addition of high concentrations of heparin (2.33—
233 ug/ml) potently inhibited merozoite invasion, as previously
reported (7, 38). However, low concentrations of heparin
(=1.17 pg/ml) enhanced merozoite invasion. These results

1722 JOURNAL OF BIOLOGICAL CHEMISTRY

suggest that although appropriate concentrations of heparin
functionally facilitate merozoite invasion, excessive levels of
heparin cause inhibition.

DISCUSSION

In the present study, we show that BAEBL interacts with HS
and heparin. This interaction appears to be independent of
both the HSPG peptide backbone and the sialic acid moieties on
the backbone. The treatment of erythrocytes with heparitinase
decreased the binding rate of BAEBL to ~36 —55% and the mer-
ozoite invasion rate to ~35%. These results suggest that HS on
the surface of erythrocytes plays an important if not essential
role in the binding of BAEBL and merozoite invasion.

BAEBL was predicted to contain seven potential GAG-bind-
ing motifs, five of which are located in region II. Two XBBXBX
motifs, termed GAG1 and GAG4, are shown to play a critical
role in the binding of BAEBL to erythrocytes. This suggests the
possibility that these two motifs mediate not only the HS-de-
pendent binding of BAEBL but also the sialic acid-dependent
binding because sialic acid, but not HS, is essential for the bind-
ing. Blockage of these motifs by soluble heparin is thought to
induce the binding inhibition of BAEBL. However, we cannot
show the experimental evidence that these motifs mediate the
binding to HS or heparin because of the insignificant difference
between the binding of wild-type BAEBL and that of motif-
deleted BAEBLs to HS or heparin. We speculate that, in the
binding assay in vitro, each of the motifs could independently
support the binding of BAEBL, resulting in nonphysiological
redundancy. This redundancy might cause the relatively high
affinity between BAEBL and HS (K,0f8.18 + 2.54 X 10~ ° m). In
the case of glycoprotein C of pseudorabies virus, because three
GAG-binding motifs function independently, deletion of a sin-
gle motif did not show the binding reduction (39), similar to our
result. Moreover, they found that each motif recognizes the
structural features of heparin selectively (e.g. a specific sulfate
group or a minimum size of the oligosaccharide fragment) (40).
In our case, HS or sialic acid containing a special structure rec-
ognized by GAG1 and GAG4 might be major on the erythro-
cyte surface.

In addition, sialic acid was found to be essential for BAEBL to
be bound to erythrocytes. In contrast to HS, this binding
requires something other than sialic acid moieties, such as a
peptide backbone, because the addition of a sialic acid-rich pro-
tein, fetuin, did not show the binding inhibition of BAEBL. In
the previous study of EBA-175, the amino acid sequence spe-
cific for glycophorin A is necessary for the binding (3). The
authors speculated that the peptide may be involved in direct
binding to EBA-175 or may contribute a unique conformation
of the sialic acid residues. By a similar mechanism, BAEBL may
also recognize a specific receptor, in agreement with previous
reports demonstrating that BAEBL binds to glycophorin Cin a
sialic acid-dependent manner (17-19).

If glycophorin C is a sialic acid-mediated receptor for
BAEBL, the question remains as to what roles HS plays. To
understand the relationship between sialic acid and HS, we
focus on a question raised by our results; although there is HS
on the surface of the neuraminidase-treated erythrocytes, the
binding of BAEBL to such erythrocytes was abolished almost
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completely. A possibility that we speculate upon is that the
expression level of HS on erythrocytes is so low that the binding
between BAEBL and HS on the neuraminidase-treated eryth-
rocytes was hardly detected. Indeed, previous studies indicated
the small amounts of HS on erythrocyte surface (13, 41). How-
ever, this speculation contradicts the findings that heparitinase
treatment of erythrocytes reduced the binding of BAEBL by
~36-55%.

To solve this discrepancy, we hypothesize that the small
amount of HS supports the sialic acid-mediated binding of
BAEBL and facilitates merozoite invasion by increasing the
encounter rate and/or the affinity between BAEBL and a spe-
cific receptor during junction formation. The small amount of
HS on erythrocytes also plays an important role as a receptor
for PfEMP1 (12-14, 42). These facts raise the question of why
P. falciparum uses HS, despite low level expression on the
erythrocyte surface, for its survival or pathogenesis. Consider-
ing the previous report that the quantity of HSPGs seemed to
decrease during the differentiation of the hematopoietic cell
line into more mature erythrocytes (41), Vogt et al. (13) sug-
gested the interesting possibility that quantity and quality of
HSPGs would change over time, and the younger erythrocytes
would carry more HS than the older ones. If this is the case,
P. falciparum merozoites might tend to infect younger erythro-
cytes and utilize HS as a marker of young erythrocytes.

HS has been known as a co-receptor to regulate a broad vari-
ety of ligand-receptor encounters (43). For example, in the case
of herpes simplex virus infections, HS plays important roles.
Herpes simplex virus contains multiple structural glycopro-
teins on the envelope surface, which are designated gB, gC, gD,
gH, and gL. Among these proteins, gB, gC, and gD bind to HS.
gD is believed to have three alternative entry receptors: herpes-
virus entry mediator, nectin 1, and specific O-sulfated moieties
on HS (44). The deletion of amino acids 7-32 of gD eliminates
the physical and functional interactions of gD with all of the
receptors, with the exception of nectin-1. These results suggest
that the binding interfaces for herpesvirus entry mediator and
specific O-sulfated HS overlap (45). This is similar to our find-
ing that BAEBL region II has the ability to bind to HS and sialic
acid separately. Furthermore, herpes simplex virus gB and gC
are believed to mediate binding of virion to HS on the cell sur-
face (46—48). Similar to our findings, although this binding
significantly enhances the efficiency of herpes simplex virus
infection, it is not absolutely essential.

The functional alterations derived from the polymorphisms
inregion Il are necessary to understand functions of BAEBL. To
date, two different proposals for the meaning of these polymor-
phisms were suggested. One proposal is that these polymor-
phisms determine the receptor specificity because the binding
patterns of different BAEBL variants to neuraminidase- or tryp-
sin-treated erythrocytes were drastically changed (24). The
other is that these polymorphisms influence not the receptor
specificity but the binding affinity to erythrocytes (36). Our
results tend to support the latter possibility because the neur-
aminidase treatment equally inhibited the binding of all BAEBL
variants. On the other hand, the heparitinase treatment showed
the subtle differences in the binding inhibition of the BAEBL
variants. A BAEBL variant from PNG3 (INRE) is inhibited at
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the highest level, E12 (ISKK) at the second highest level, and the
other two forms (VSKK and VSTK) at relatively lower levels. In
previous results reported by Maier et al. (36), INRE and ISKK
forms were bound to erythrocytes at higher levels, but VSKK
and VSTK forms were at lower levels. These correlations
between our results, and those from the previous study may
suggest that the HS-mediated binding of BAEBL is related to
the binding affinity of BAEBL to erythrocytes. However, we did
not observe the clear differences in the binding affinities of the
BAEBL variants to erythrocytes (data not shown). We speculate
that one reason for this was caused by the experimental system.
In this study, purified recombinant region Il of BAEBL was used
for binding assays, whereas the previous study (36) used para-
site culture supernatants. Region II alone might be insufficient
for the complete binding of BAEBL in the former system; oth-
erwise, contents in the supernatant other than BAEBL might
affect the binding of BAEBL in the latter system. However, our
system may largely explain properties of BAEBL because
BAEBL/Fc binds to the erythrocyte surface molecule related to
the merozoite invasion, judging from the invasion inhibition of
the merozoite by BAEBL/Fc.

In the present study, the addition of soluble heparin and HS
inhibited the binding of BAEBL and the merozoite invasion into
erythrocytes. Several studies have already reported that heparin
and other sulfated glycoconjugates inhibit the growth of malar-
ial parasites (7-9, 11). In addition, some sulfated chemical com-
pounds inhibit parasite entry into erythrocytes (6, 10). Our
results showing the binding inhibition of BAEBL by heparin are
not sufficient to explain the almost complete inhibition of the
merozoite invasion by heparin because BAEBL is not an essen-
tial ligand for the invasion (18). The binding of full-length
MSP-1 (merozoite surface protein-1), which is bound to eryth-
rocytes in a sialic acid-dependent manner, was suggested to be
inhibited by the addition of saccharide anions, including hepa-
rin (7). In addition, bindings of PfRH5 (P. falciparum reticulo-
cyte-binding homologue 5) and EBA-175 to erythrocytes were
also reported to be inhibited by the addition of heparin (49).
Here we observed the same result with BAEBL, which suggests
the possibility that binding inhibition of multiple ligands,
including, at least, BAEBL, MSP1, EBA-175, and PfRH5, by
heparin results in invasion inhibition. One potential mecha-
nism for this inhibition, as proposed by Clark et al. (7), is that
the saccharide anions, such as heparin, effectively mimic the
anionic character of the erythrocyte surface receptor, thereby
competitively inhibiting MSP-1 binding to erythrocytes. Our
findings that soluble heparin inhibited both sialic acid- and HS-
dependent bindings of BAEBL by the blockage of some critical
motifs support the notion of competitive binding inhibition.
However, PfRH5 does not fit this proposal because PfRH5 binds
to erythrocytes in a sialic acid-independent manner (49).

In addition to the inhibitory effect, heparin oppositely
showed the enhancement of the merozoite invasion at low con-
centrations. Because no binding enhancement of BAEBL was
observed in this study, soluble heparin may affect invasion
pathways independently of BAEBL.

Previous papers have suggested inhibitory effects of other
sulfated glycoconjugates (e.g. dextran sulfate, pentosan polysul-
fate, fucoidan, and sulfatides) on merozoite invasion (7, 11).
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The binding of BAEBL to erythrocytes may also be inhibited by
these glycoconjugates.

There are other reports on the role of HS in P. falciparum
survival. In addition to the ligands mentioned above, binding of
the PfEMP1 DBL1a domain to HS has been shown (12, 14, 42).
A recent study reported that highly sulfated HSPGs on hepato-
cytes are involved in the cleavage of a malaria sporozoite pro-
tein, known as circumsporozoite protein. Circumsporozoite
protein signals the transition from migration to invasion (50).
Thrombospondin-related anonymous protein on the surface of
sporozoites may interact with HSPGs on hepatocytes (51, 52).
Additionally, the existence of HS in salivary glands and midguts
of the mosquito has been reported (53). Because of the binding
to circumsporozoite protein, this HS was suggested to mediate
the transmission of the parasite. O-Glycosylated mosquito pro-
tein was also reported to have an important role in ookinete
invasion of the midgut (54). Thus, HS and other GAGs are
employed as receptors for various ligands that are expressed at
different stages of the parasite, suggesting the importance of HS
in the parasite life cycle. Interestingly, most of these reports
suggest the possibility that the parasite ligand has multiple
receptors, one of which is HS.

Further detailed analyses will elucidate heparin-mediated
inhibition mechanisms and the significance of the binding to
HS. This information will assist in the development of an effec-
tive antimalarial agent that inhibits the binding of various par-
asite molecules and has mild or no adverse effects as compared
with heparin.
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