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Summary

Severe Plasmodium faldparum malaria is characterized by excessive sequestration of infected and
uninfected erythrocytes in the microvasculature of the affected organ. R osetting, the adhesion
of P. faldparum—infected erythrocytes to uninfected erythrocytes is a virulent parasite phenotype
associated with the occurrence of severe malaria. Here we report on the identification by sin-
gle-cell reverse transcriptase PCR and ¢cDNA cloning of the adhesive ligand P. falapanum
erythrocyte membrane protein 1 (PfEMP1). R osetting PIEEMP1 contains clusters of glycosami-
noglycan-binding motifs. A recombinant fusion protein (Duffy binding-like 1-glutathione S
transferase; Duffy binding-like- 1-GST) was found to adhere directly to normal erythrocytes,
disrupt naturally formed rosettes, block rosette reformation, and bind to a heparin-Sepharose
matrix. The adhesive interactions could be inhibited with heparan sulfate or enzymes that re-
move heparan sulfate from the cell surface whereas other enzymes or similar glycosaminogly-
cans of a like negative charge did not affect the binding. PFEEMP1 is suggested to be the roset-
ting ligand and heparan sulfate, or a heparan sulfate-like molecule, the receptor both for
PfEMP1 binding and naturally formed erythrocyte rosettes.

he mortality of human malaria is caused by Plasmodium

Jaldparum, an intracellular protozoan that invades and
multiplies in liver and red blood cells during its vertebrate
life cycle. The virulence of the parasite is associated with
the capacity of the infected erythrocyte to adhere to endo-
thelial cells and to erythrocytes, which is known as roset-
ting. This may cause impaired local oxygen delivery and
thereby death of the human host (1-3). Cerebral malaria is
the most malignant form of the infection due to massive se-
questration of infected and uninfected erythrocytes in the
brain microvasculature.

After being transported from the internal parasite, anti-
gens involved in the binding of cells are thought to be con-
centrated and subsequently exposed to the exterior of the
erythrocyte at minute (~100 nm diam), electron-dense ex-

U A bbreviations used in this paper: aa, amino acid; ATS, acidic COOH-ter-
minal segment; CIDR, cysteine-rich interdomain region; DBL, Duffy
binding-like; GAG, glycosaminoglycan; GST, glutathione S transferase;
mRNA, messenger RNA; PIEMP 1, Plasmodium falaparum erythrocyte
membrane protein 1; pRBC, parasitized RBC; RT-PCR, reverse tran-
scriptase PCR ; TM, transmembrane.

crescences called knobs (4). P. falaparum erythrocyte mem-
brane protein 1 (PfEMP1) is one such antigen, a polypeptide
of 200-350 kD encoded by the var family of P. faldparum
genes (5-7). The feature of antigenic variation and switch-
ing of the surface of the parasitized R BC (pR BC) has been
attributed to the var genes. Up to 150 such genes are har-
bored in the genome, but only one PfEMP1 is thought to
be expressed at any one time. PfEMPI has features of an
adhesive molecule and has been associated with the cytoad-
herent properties of the infected red cell (8, 9). For exam-
ple, the expression of PEEMP1-encoding var genes has been
shown to correlate with the capacity of the pR BC for bind-
ing to host receptors, including CD36 and intercellular ad-
hesion molecule ICAM)-1 (9, 10).

A role for PEEMP1 in rosetting was recently suggested
by Rowe et al. (11) and complement receptor 1 was found
to be an associated host counterpart. However, the ABO
blood group antigens, as well as CD36, were previously
discovered to act as rosetting receptors (12, 13) and P. fala-
parum rosettes are furthermore disrupted by low concentra-
tions of heparin, an effect that is immediate and reversible
(14, 15). The latter suggested that the parasite also uses the
negatively charged, sulfated glycosaminoglycans (GAG) as
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rosetting receptors. GAGs are composed of repeated units
of sulfated or acetylated disaccharides and are present in the
human body bound to a protein core in the form of pro-
teoglycans (PGs; 16). Heparan sulfate and chondroitin sul-
fate are GAGs exposed on all human cell surfaces, but they
are diverse and vary from cell to cell and may be within the
same cell due to secondary modifications of the extensive
carbohydrate chains (deacetylations, O-sulfations, etc.). Hepa-
rin is only found in mast cells and is characterized by a
higher degree of sulfation and epimerization than heparan
sulfate. However, heparan sulfate and heparin are similar
due to heparin-like stretches also found in heparan sulfate
(17). Polypeptides with a capacity to adhere to the nega-
tively charged GAGs have been suggested to be composed
of clusters of positively charged amino acid residues con-
tained in the consensus sequences XBBXBX or XBBBXXBX
where B is a basic residue such as lysine, arginine, or histi-
dine (18). These motifs have been identified both in hu-
man polypeptides and in various microbial invaders and
they have been discovered to mediate binding both at a lin-
ear and at a three-dimensional level (19).

Here we describe the identification by single-cell reverse
transcriptase PCR (RT-PCR) of the PEEMP1 of a rosetting
parasite. Clusters of GAG-binding motifs were found in
the sequence. R ecombinant PIEEMP1 adheres to solid-phase
heparin, to heparan sulfate on the erythrocyte surface, and
disrupts rosettes. Further, naturally formed rosettes also seem
to be mediated by binding to the same GAG.

Materials and Methods

The Parasites. The P. faldparum parasites were cultured ac-
cording to standard methods with 10% AB* Rh™* serum added to
the buffered medium (RPMI supplemented with Hepes, genta-
mycin, and sodium bicarbonate). The FCR 3S1.2 was cloned with
micromanipulation from the previously limiting-dilution cloned
parasite FCR 3 (20). Its rosetting rate was routinely >80% (R *).
FCR3S/a was negatively enriched for low rosetting from FCR 3
using Ficoll-isopaque (<10%; R ™). It should be noted that
FCR 3S was previously called Palo Alto (Uganda) in our publica-
tions (14, 20-23). Molecular studies of the Palo Alto parasites
have revealed, however, that they are identical to parasites of the
FCR 3 lineage (24).

Optimiz ation of Single P. falaparum RT-PCR. Two degener-
ate primers (Duffy binding-like [DBL]-1.1, 5'-GG[A/ T] GC[A/T]
TG[TC] GC[A/T] CC[A/T] T[A/T][T/C] [A/C]G-3'; DBL-
1.2, 5'-A[A/ G][A/G]T A[T/C]TG [T/A]GG [A/T]AC [A/G]TA
[A/G]TC-3") that mapped to the conserved region of all PEEMP1
DBL-1 were modified from the sequences of Su et al. The ampli-
fication parameters were first optimized so that the amplified
products were visible with normal ethidium bromide staining (25).
In brief, one to five parasites, obtained by limiting dilution, were
directly emerged in the RT-PCR buffer (Stratagene Corp., La
Jolla, CA) with different concentration of primers, MgCl,, KCI, and
TrissHCI1. Both DNA and RN A were released from the parasites
by heating at 93°C for 3 min. The DN A was degraded by addi-
tion of 10 U DNase (Stratagene Corp.). Reverse transcription
was carried out immediately after addition of random primers and
reverse transcriptase (Perkin-Elmer Corp., Norwalk, CT). The
PCR reaction was subsequently performed in the same tube.

Through comparison of the amplification efficiency from different
reactions, the optimized parameters for single-cell RT-PCR were
found to be as follows: 100 mM Tris-Cl, pH 8.3, 3.5 mM MgCl,,
500 mM KCl, and the final concentration of primers was 1 pM.
In the subsequent experiments, individual trophozoite-infected
rosetting erythrocytes were isolated with a 5-jm glass pipette us-
ing an inverted microscope. The selected pR BC was stripped of
uninfected R BCs and repeatedly grabbed, ejected, and turned to
conclusively ensure that it had pigment and that the selected cell
was a single trophozoite-infected RBC (see Fig. 1 A). 50 cycles
of amplification at 93°C for 20 s, 55°C for 30 s, and 72°C for 1
min were needed for product detection. Several controls were in-
cluded in each experiment; one blank control (without parasite[s])
and one without reverse transcriptase to rule out the possibility
of contamination and amplification due to the presence of ge-
nomic DNA.

RT-PCR with Total RNA from Bulk-aitured FCR3S1.2 or
FCR3S/aand N orthem blot Andlysis.  Total RN A purification from
both FCR3S1.2 (R *) and FCR 3S/a (R ) parasites and R T-PCR
was performed as described (26). All the amplified products were
cloned with the Original TA Cloning Kit (Invitrogen, Carlsbad,
CA) and sequenced. Northern blot analysis was carried out using
standard methods (26). Membranes were probed overnight at
60°C using the 434-bp fragment labeled with a-[*?P]dCTP.
Washing was performed under stringent conditions (60°C, 0.1X
SSC) and the blots were examined in a phosphoimager (Molecu-
lar Dynamics, Sunnyvale, CA).

Cloning and Sequenang of the Whole DNA. A specific upstream
primer (L-6, 5'-GAC ATG CAG CAA GGA GCT TGA TAA-
3’) in the 434-bp sequence and a downstream primer (L-5, 5'-CCA
TCT CTT CAT ATT CAC TTT CTG A-3') mapping to the
conserved sequence of acidic COOH-terminal segment (ATS)
were generated and reverse transcription was carried out as de-
scribed above. PCR was performed with the Expand™ High Fi-
delity PCR System (Boehringer Mannheim GmbH, Mannheim,
Germany). A single 4.9-kb fragment was amplified, which was di-
gested into three fragments with HindIIl and EcoRV and cloned
into the pZErO-1 vector (Zero Background; Invitrogen). The se-
quencing was performed with LongR anger™ gel (FMC, R ock-
land, ME) on an A.L.F. Sequencer (Pharmacia, Biotech AB,
Uppsala, Sweden). The 5’ region of the FCR3S1.2-varl tran-
script was cloned by screening a cDN A library (Schlichtherle, M.,
unpublished data) with the 434-bp fragment as probe and seven
overlapping fragments were sequenced. The 3’ terminal region
was cloned by nested RT-PCR. Reverse transcription was
primed with oligo-dT and PCR was performed with a specific 5’
primer (P-1, 5'-CTT TCG ACT CTA CCA TCC T-3') up-
stream of transmembrane (TM) region and a 3’ primer (P-4, 5'-
TTA GAT ATT CCA TAT ATC TGA TA-3") mapping to the
COOH-terminal sequence of FCR 3 (var2) PIEEMP 1. Five overlap-
ping fragments were sequenced. 14 overlapping clones in total
were sequenced in both directions to ensure that the sequence
was correct and was transcribed from a single gene.

Sequence Analysis. The DNA and amino acid sequence analy-
sis (editing, translation, peptidesort, plot, etc.) was performed
with the Genetic Computer Group (GCG, Madison, WI) (27)
program. Alignment of the deduced amino acid sequence with
the published PIEEMP1 sequences in EMBL/ GenBank/ DDBJ was
made to identify the sequence. The identification of potential
GAG-binding motifs in FCR3S1.2-varl and in the other pub-
lished PfEMP1 sequences was done by searching for the presence
of either of the four amino-acid motifs: KK, KR, RK, or RR
first, and then manually checking each of the identified sequences
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for the presence of the motifs XBBXBX or XBBBXXBX where
B is a basic amino acid (K, R, H) and X is a hydropathic residue.
A certain degree of liberty concerning the location of the basic
residues in the motifs is acceptable (18).

Expression of DBL-1 or ATS Using the pGEX-4T-1 Veaor.
Both DBL-1 and AT'S fragments were amplified by specific prim-
ers (Ex-1.1, 5'-ATC GAA TTC TGC AAA AAA GAT GGA
AAA GGA A-3" and D-1, 5'-GTATTT TTT TTG TTT GTC
AAA TTG-3' for DBL-1; Ex-2, 5'-ATC GAATTC TCT GAA
AAT TTA TTC CAA A-3' and P-4 for ATS). The amplified
fragments were inserted into the EcoRI cloning site of pGEX-
4T-1 downstream of the glutathione S transferase (GST) se-
quence. The Esderichia wli BL21 was used as the expression strain.
Expression of both fusion proteins was induced with 0.1 mM iso-
prophyl B-d-thiogalactoside (IPTG) at 30°C for 4 h and the fu-
sion proteins were purified on glutathione—Sepharose (Pharma-
cia) as described in the instructions provided by the manufacturer
(GST Gene Fusion System; Pharmacia). The expression con-
structs were sequenced by cycle sequencing to check that the re-
combinant plasmids were of the expected sequences in the correct
reading frames. Thrombin cleavage of the fusion proteins was per-
formed according to a standard procedure. Western-blot analysis
of DBL-1-GST and ATS-GST fusion proteins was with a biotin-
labeled anti-GST mAb (clone GST-2, IgG2b; Sigma Chemical
Co., St. Louis, MO) and alkaline phosphatase—avidin (Sigma
Chemical Co.) to reveal the pattern of protein expression. Al-
though the induction of expression was at a low temperature and
the purification was in the presence of a cocktail of enzyme inhib-
itors (0.5 mM EDTA, 1 mM Pefabloc™SC [AEBSF]; Boehringer
Mannheim), there was still some breakdown of the DBL-1-GST.
The fusion proteins, stained by the anti-GST mAb, disappeared
with thrombin treatment, leaving a 27-kD GST protein. This in-
formation together with the knowledge that the plasmids were of
the expected sequences ensured that the fusion proteins were in-
deed the correct ones.

Hepanin Binding and Blocking A ssay. The potential binding of
the fusion proteins to heparin was studied by mixing either DBL-
1-GST, ATS-GST fusion protein, or GST alone (20 pl, 150 pg/ ml
in PBS) with 20 pl of 50% heparin—Sepharose (Pharmacia) and
incubating it for 5 min at room temperature in the absence of se-
rum; binding to uncoupled Sepharose was used as control. The
heparin—Sepharose and protein mixture was washed three times
in large volumes of PBST buffer (PBS plus 0.05% Tween 20) be-
fore extracting bound proteins in loading buffer for 10% SDS-
PAGE. Inhibition of DBL-1-GST fusion protein binding to hep-
arin with heparin, heparan sulfate, or chondroitin sulfate (Lovens
Kemiske Fabrik, Ballerup, Denmark) was also tested. 20 .l of 150
ng/ ml DBL-1-GST fusion protein was mixed separately for 5
min with an equal volume of heparin, heparan sulfate, or chon-
droitin sulfate, titrated from 5 to 0.25 mg/ ml, before the addition
of Heparin—Sepharose. The inhibitory activities were checked by
SDS-PAGE.

Enthrogyte Binding and Blodking A ssay.  10-well immunofluo-
rescence glass slides were precoated with 10% poly-1-lysine in
PBS for 30 min. Monolayers of RBCs were made by addition
of 20 pl of 0.5% 3X washed bloodgroup O Rh*RBC in PBS
to each well. 20 pl DBL-1-GST, ATS-GST, or GST alone (80
g/ ml) in PBS was added to the wells for 30 min. The DBL-1-GST
fusion protein was in subsequent experiments incubated in the
presence of an equal volume of heparin, heparan sulfate, or chon-
droitin sulfate (titrated from 10 to 0.25 mg/ ml) to study the in-
hibitory activity of each GAG. Slides were washed three times
with PBS and the fusion protein binding was detected with the
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biotin-labeled anti-GST mAb and an ExtraAvidin"FITC conju-
gate (Sigma Chemical Co.). The fluorescence was assessed Op-
tiphot-2 UV microscope with x10 ocular and an oil lens with a
magnification of 100; Nikon, Tokyo, Japan).

Rosette Distuption Assay.  The assay was performed essentially
as described (12). The recombinant fusion proteins (25 wl in PBS
of DBL-1-GST or ATS-GST) were added to 25 pl aliquots of an
~80% rosetting culture of FCR3S1.2 in a microtiter plate. The
mixtures were incubated for 30 min at 37°C after which the ro-
setting rate was scored and compared to mock-treated controls af-
ter staining with acridine orange.

Enzyme Treatment of Nonmal RBCs. Human bloodgroup O
Rh™ erythrocytes (5% suspension in R PMI) were, before C-FDA
labeling (22), incubated for 60-90 min with either heparinase III
(25°C, pH 7.5; Sigma Chemical Co.), chondroitinase ABC (37°C,
pH 8.0; Sigma Chemical Co.) or with dostridium perfiingens neu-
raminidase (37°C, pH 6.0; Sigma Chemical Co.). Cells were
washed three times after treatment and resuspended in complete
malaria medium, with 10% serum. Control erythrocyte suspen-
sions were mock treated, washed, and incubated as above.

Results

Identifiation of R osetting PAEMPI. A single-cell RT-PCR
assay was developed using micromanipulation with the aim
of identifying and isolating the PFEEMP1 of a rosetting para-
site. Since the PfEMP1 messages are mostly expressed at
ring stage, it is always difficult to amplify cDN A from sin-
gle trophozoites, but we were successful in four out of
eight pRBCs studied, and when amplified, it was always a
434-bp sequence that was found (Fig. 1 B). This was con-
firmed by amplification of var transcripts from bulk cultures
where the 434-bp amplificate was again detected unique to
the rosetting P. faldparum and was not found present in
nonrosetting parasites (Fig. 1 C). Both the single-cell and
the RT-PCR with the total RNA from the bulk cultures
were repeated several times to make sure that the results
were reproducible. Further, the 434-bp product was also
found present in 7 out of 12 ring stage parasites using sin-
gle-cell RT-PCR (data not shown). Sequence analysis re-
vealed that the amplified product encoded the semicon-
served sequence of the 5'-located DBL-1 domain of the var
genes. 10 434-bp sequences obtained from separate ampli-
fications were found to be identical. 9 distinct PCR -ampli-
fied var transcripts from nonrosetting parasites were also
isolated, subcloned, and sequenced. They were in all in-
stances different from the 434-bp sequence (not shown)
and only one of them contained a single GAG-binding
motif (see below and not shown). Northern-blot analysis
with messenger RN A (mRNA) from the FCR 3S1.2 clone
and the 434-bp sequence as the labeled probe revealed a
transcript of ~7.5 kb where the difference with the size of
the coding cDN A of 6.7 kb is accounted for by a relatively
large untranslated 5’ region (Sundstrom, A., unpublished
data). The weak hybridization seen with mRNA from R ~
parasites is probably due to hybridyzation to a different trans-
cript (Fig. 1 D). Thus, we conclude that a unique PfEMP1
transcript is found in rosetting parasites.

dAdNA Stuaure of Rosetting PAEMPI. The entire cod-
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ing region of the var transcript containing the 434-bp motif
was assembled with the 13 overlapping fragments and the
coding sequence was found to be composed of 6,684 bp
(Fig. 2 D), which encodes a 2,228 amino acid (aa) poly-
peptide with an estimated molecular weight of 260 kD. A
single trypsin-sensitive polypeptide of a similar size was seen
after 1%I-lactoperoxidase surface labeling of the FCR 3S1.2
(Fig. 1 E).

In an in-depth analysis of the expressed FCR 3S1.2-varl
transcript, we found that the overall structure was similar to
the published var sequences. However, it was shorter than
most previous sequences since it contained two DBL do-
mains (DBL-1 and -4), rather than four, separated by a
cysteine-rich interdomain region (CIDR; Fig. 2 B). Both
the TM region and the negatively charged ATS of the
FCR3S1.2-varl were highly homologous (~80%) to pre-
viously published sequences. However, neither the poten-
tially variable sequences of 434-bp var gene fragment nor
the other regions of the cDNA were contained in other
published var sequences.

Rosetting PFEMP1 Contains Clusters of Glyawsaminoglyamn-
binding Motifs,. We examined the FCR3S1.2-varl sequence
for the presence of potential GAG-binding motifs since we
had previously found that rosetting was a heparin-sensitive
cell-to-cell interaction. We identified 19 potential GAG-
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Figure 1. Identification of rosetting PEEMP1. (A) R osetting, single P. fuld-
parum—infected erythrocyte is seen by light microscopy held by a 5-pm mi-
cropipette (A, ). The uninfected erythrocytes are stripped of the infected
cell and careful examination confirms that it indeed is infected by a single par-
asite (A, 2-3). B shows the amplification of a 434-bp band in four (from reac-
tions 3, 4, 5, and 7) out of eight single-infected, rosetting erythrocytes using
degenerate primers generated from the primary sequence of the DBL-1 do-
main of PEEMP1. C shows the amplification pattern with the same primers as
in B of bulk cultures of rosetting (R*) FCR3S1.2 cultures and the R~
FCR 3¢/ a parasites. Note that the 434-bp product is only seen with the R*
parasites. D shows the hybridization pattern in Northern blotting of the 434-
bp sequence to mRNA extracted from the highly rosetting parasite
FCR3S1.2 (84% R *) and the weak hybridization to the R ~ FCR3S/ a para-
site (9% R ). E shows the autoradiogarph of a Triton X-100 insoluble, SDS-
soluble extract of FCR 3S1.2-infected erythrocytes after radio-iodination la-
beling. PIEEMP1 (arrow) is labeled on FCR 3S1.2-infected erythrocytes and is
cleaved by low concentrations of trypsin.

binding sequences and found that ~95% of them (18/19)
were located in the NH, terminus. 8/ 19 were situated in
DBL-1, 5/19 in the CIDR COOH terminus to DBL-1
and 5/19 in DBL-4. Only one potential GAG-binding
motif was seen beyond the TM region (Fig. 2 D). The
NH,-terminal distribution of these aa clusters is therefore
consistent with the accessibility of the FCR3S1.2-varl at
the surface of the pRBC and may explain the molecular
background to rosetting.

Rosetting PIEMPI Binds to a Heparan Sulfate-like GAG.
To confirm the above findings experimentally, we subse-
quently expressed two domains of the FCR 3S1.2-varl trans-
cript: one that had eight GAG-binding motifs (DBL-1,
1,008 bp corresponding to 336 aa) and one that was the
highly charged, ATS that lacks GAG-binding motifs (1,353
bp corresponding to 451 aa). The purified DBL-1-GST ef-
ficiently bound to heparin-coupled Sepharose already after
a few minutes at room temperature, whereas both the
ATS-GST fusion protein and a second DBL-1-GST con-
struct covering a distinct var sequence (var 2; reference 6)
that lacks GAG-binding motifs failed to bind to the heparin
matrix (Fig. 3 B and not shown). The adhesion could be
competed out in a dose dependent manner with heparin or
heparan sulfate but not with chondroitin sulfate, another
negatively charged erythrocyte surface expressed GAG

Identification of PEEMP1 as the R osetting Ligand
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Figure 2. Map of cDNA structure, sequencing clones, deduced amino acid sequence, and the location of GAG-binding motifs in the rosetting
PfEMP1 of FCR 3S1.2. A shows the location of the 434-bp fragment and the three fragments (7, /I, and II]) that were initially cloned for sequencing. Re-
striction enzyme digestion sites are indicated by arrows. Additional overlapping clones used for sequencing are shown below. B shows the primary struc-
ture of the rosetting FCR 3S1.2-PfEMPI. It has two DBL domains (DBL-1 and -4), one CIDR, one TM region, and one ATS. C shows the distribution
of aa in different regions of FCR3S1.2-PfEMP1. D shows the complete aa sequence of FCR3S1.2-PfEMP1. The location of potential GAG-binding
motifs are shown in pink. Motifs No. 4, 5 and 9, 10 (aa 221-232 and 533-549, respectively) are seen as a single stretch since they are located next to each
other. (See Materials and Methods for description of identification of GAG-binding motifs.) These sequence data are available from EMBL/ GenBank/

DDBJ under accession number AF003473.

(Fig. 3 C). Taken together, these indicate that the binding
of DBL-1 to heparan sulfate is dependent on structure and
not merely ionic interactions between the two molecules.
Therefore, heparan sulfate or a heparan sulfate-like GAG
seems to be the binding target for this PEEMP1.

Rosetting PFEMPI Binds Direaly to Erythrogytes.  To  study
the potential binding of the recombinant PIEMP1 to eryth-
rocytes we formed monolayers of uninfected erythrocytes
on glass slides. The cells were subsequently incubated with
different concentrations of the fusion proteins. Although
the ATS-GST did not bind to the erythrocytes as detected
with an anti-GST mAb, the DBL-1-GST gave a distinct
surface staining of all the uninfected erythrocytes (Fig. 3, D
and E). This was titratable and could be inhibited with hep-
arin (~50% inhibition at 1.25 mg/ ml, 100% inhibition at 5
mg/ ml) or heparan sulfate (~50% inhibition at 2.5 mg/
ml, 100% inhibition at 10 mg/ ml), but not with the re-
lated GAG, chondroitin sulfate, which suggests that the
binding was specific. A sescond DBL-1-GST construct cov-
ering a distinct var sequence (var2; reference 6) that lacks
GAG-binding motifs also failed to bind to the erythrocytes
(not shown). Heparan sulfate has been previously suggested
to be present on human erythrocytes (28-31) and we
therefore conclude that the DBL-1-GST fusion protein
binds with heparan sulfate specifically to both the solid-
phase matrix as well as to normal erythrocytes.
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Rewmbinant DBL-1 Disupts Rosettes and Blods R osette
Reformation.  The effect of the DBL-1 fusion protein on
preformed rosettes was studied to confirm the biological
role of PfEMP1 in rosetting. Aliquots of a highly rosetting
FCR3S1.2 culture were incubated with decreasing con-
centrations of DBL-1-GST, ATS-GST, or a second DBL-
1-GST construct covering a distinct var sequence (var2;
reference 6) that lacks GAG-binding motifs. DBL-1 caused
a dose-dependent rosette reversion with 40-50% reversion
at ~50 pg/ ml, whereas neither the ATS—-GST nor the var2
DBL-1 showed any effect on rosettes (Fig. 4 and not
shown). The rosettes were not reformed upon prolonged
incubation.

Rosetting Is Dependent on a Heparan Sulfate-like GAG.
To establish the role of heparan sulfate also in rosetting,
we studied the disruptive activity of different GAGs on
FCR3S1.2 rosettes. FCR3S1.2 rosettes were sensitive to
both heparin and to heparan sulfate, but neither chon-
droitin sulfate A, keratan sulfate, nor hyaluronic acid had
any effect on the rosettes (Fig. 5 A). Chondroitin sulfate B
had a slight effect only at high concentrations (Fig. 5 A).
These findings were confirmed by enzyme treatment of the
uninfected erythrocyte; heparinase, but not chondroitinase
or neuraminidase, treatment blocked the rosetting (Fig. 5 B).
Addition of heparan sulfate to the heparinase—cell mixture
completely blocked the heparinase activity suggesting that
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Figure 3. Rosetting FCR3S1.2-PfEMP1 binds to heparan sulfate. All the gels are 10% SDS-PAGE stained with Coomassie. A shows the expressed
GST, DBL-1-GST, or ATS-GST after purification on glutathione—Sepharose and SDS-PAGE. B shows the binding capacity of different fusion proteins
to heparin—Sepharose after SDS-PAGE. C shows the inhibition produced by different GAGs (20 pl, 5 mg/ ml) on the binding of DBL-1-GST to hep-
arin—Sepharose followed by SDS-PAGE. D and E show the binding of DBL-1-GST (D) and ATS-GST (E) to monolayers of normal R BCs as visualized

by an mAb to GST labeled with biotin and FIT C-avidin.

the heparinase activity seen was indeed due to the cleavage
of a heparan sulfate-like GAG and not due to a contamina-
tion causing proteolytic cleavage of erythrocyte surface—located
polypeptides.

Discussion

Herein we described the identification of PEEMP1 as the
rosetting ligand and heparan sulfate, or a heparan sulfate—like
molecule, as the rosetting receptor. A single-cell RT-PCR
technique was developed to investigate the association of
PfEMP1 expression with rosetting binding at the single-cell

level. The PfEMP1 messages were found to be present in
ring-stage parasites, in trophozoites, and in schizonts, although
they are less abundant in the more mature stage parasites.
However, these were studied in great detail since they do
form rosettes and rings do not. One PEEMP1 mR N A species
was amplified from single-rosetting parasites and the ap-
pearance of the same fragment in amplifications with total
RNA from R* bulk cultures, but not with total RNA
from non- or low-rosetting parasites, indicated that the
message was unique to rosetting parasites. It was evident,
however, that the parasites were not homogeneous, even
in cultures of a high-rosetting rate, suggesting that the non-
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rosetting parasites may express different PfEEMP1s. Simi-
larly, although we found strong hybridization to a ~7.5-kb
message from the rosetting parasites, there was still a small
hybridization to a slightly smaller species with RN A from
the R ~ parasites. This probably reflects the transcription of
a different var gene since the FCR S1.2 varl sequence was
not found in the amplified products from R ~ parasites.
Cloning of full-length cDN A from eukaryotic cells is al-
ways difficult. To achieve this, we first optimized the RT-
PCR parameters so that most PEEMP1 transcripts could be
amplified. With these conditions and a primer sequence
from the unique 434-bp rosetting PEEMP1 cDN A we were
able to amplify one large single down-stream fragment of
4.9 kb of cDNA, which upon the digestion with EcoR1
and HindIII was fragmented into distinct bands indicating
that the amplified product was composed of one sequence.

A

hyaluronic acid
chondroitin sulphate A
keratan sulphate

chondroitin sulphate B

Rosetting rate (% of control)

heparan sulphate

heparin

1 10 100 1000
ug/ml

Figure 5.

The 4.9-kb cDN A species was subsequently confirmed to be
a single amplificate by sequencing. Rosetting PEEMP1—
specific sequences of both the variable region, upstream to
the trans-membrane domain, and of the 434-bp fragment
were used to obtain the sequences of overlapping regions
of the 3’ and the 5’ regions of this transcript. Five overlap-
ping fragments were sequenced to ascertain the 3’ overlap
and seven to ascertain the 5’ overlap. The correctness was
further checked by RT-PCR with specific primers flank-
ing the overlapping regions after the assembly of the entire
coding sequence. Each of the 14 PCR -amplified fragments
were sequenced in both directions and the overlapping
fragments were found to be correct and identical in all re-
gions. Therefore, it is highly likely that the assembled tran-
script is indeed derived from one single gene.

The high sensitivity of rosettes to heparin made us spec-
ulate that the parasite uses sulfated carbohydrates as the ro-
setting receptor. The appearance of potential heparin-bind-
ing motifs in this PEEMP1 sequence was therefore checked
after the assembly of the transcript. Clusters of heparin-
binding motifs, the consensus sequence of which has been
previously proposed by others, were then identified. All the
motifs showed an identical or a similar composition to
other published heparin- or heparan sulfate-binding motifs
found in both malaria parasites and other organisms (32,
33). The expressed DBL-1, which had eight motifs, bound
to heparin—Sepharose, to the membrane of normal RBCs,
disrupted naturally formed rosettes, and blocked rosette re-
formation while the ATS fusion protein did not. The in-
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Effect of GAGs on P. falaparum rosetting. A shows disruption of rosettes exerted by different GAGs. FCR 3S1.2 cultures were incubated with

GAGs for 1 h at 37°C and compared to control culture. R esults are the means and standard error of three separate experiments. B shows the effect of en-
zyme treatment of uninfected, C-FDA-labeled erythrocytes in a competitive assay of rosette reformation in the presence of normal erythrocytes and
FCR 3S1.2-infected pR BCs. Results are the means and standard error of three separate experiments, or two experiments for neuraminidase. N euramini-
dase and chondroitinase ABC concentrations are in IU, whereas the heparinase III concentration is in Sigma units. (One Sigma unit corresponds to ~1.7

X 1073 1U.)
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hibitory activity of heparan sulfate, as well as the inability of
chondroitin sulfate to inhibit or block the attachment, in-
formed us that it was the molecular structure of the GAG that
is important for binding. In complementary experiments,
the DBL-1 region of a second var gene transcript (var-2)
that lacks GAG-binding motifs was expressed and found
not to bind to the heparin—Sepharose. Furthermore, it did
not bind to the erythrocyte surface, nor did it disrupt ro-
settes, which also supports a functional role of the GAG-
binding sequences in the rosetting DBL- 1.

The rosette reversion obtained by the addition of recom-
binant DBL-1 to naturally formed rosettes indicated that
the parasite uses PfEEMP1 as the rosetting ligand. The dele-
tion of rosetting by heparinase treatment of normal RBCs
gave us further confirmation about this specific ligand—recep-
tor interaction indeed suggesting that heparan sulfate, or a
heparan sulfate-like molecule, is involved in the binding.
Heparinase treatment also disrupted the rosettes of other
strains of parasites (TM 180, TM284), whereas the rosettes
of the strain R29 were not affected (not shown). Further,
the DBL-1 domain of R29 contains only one GAG-bind-
ing motif (11). These findings, taken together with those of
Rowe et al. (11), suggest that another receptor (i.e., CR1)
may play a role in rosetting of R29 (11). In separate exper-
iments, heparin-derived mono- and disaccharides that were
of the same net charge but had their sulfate groups at differ-
ent positions were studied for their rosette-disrupting activ-
ities. Those with the sulfate groups in the same position as
heparan sulfate inhibited binding, whereas the others did
not (Barragan, A., unpublished data, and see above). Fur-

thermore, although the N-sulfated monosaccharide glucosa-
mine, a component of heparan sulfate, had a good antiro-
setting activity, the identically N-sulfated galactosamine
had no such activity (Barragan, A., unpublished data). Hep-
arin has also been found to disrupt rosettes from 27 out of
54 fresh P. faldparum isolates (50%), suggesting that heparan
sulfate is used by these parasites as rosetting receptors (14).
The receptors used by the heparin-resistant fresh isolates
may be other GAGs, as we have found that rosettes of most
parasites may be disrupted by either one or the other of the
human GAGs (Barragan, A., unpublished data). Thus, we
conclude that FCR 3S1.2 uses heparan sulfate, or a heparan
sulfate—like molecule, on the erythrocyte surface as a roset-
ting receptor, and that the other GAGs may be receptors of
other parasites.

Heparan sulfate is a molecule present on almost all cells;
on erythrocytes it may be expressed on CD44 (see above
and references 28-31). 4 X 10° heparan sulfate molecules
have been calculated to be expressed at the surface of nor-
mal hepatocytes (34) and the density of the heparan sulfate—
like molecule on the RBCs could also be high if this in-
deed is the receptor used by the parasite for rosetting. The
involvement of GAGs as receptor structures for other cell-
to-cell interactions of P. falaparum has previously been sug-
gested, e.g., for endothelial binding, and for liver and
erythrocyte invasion (32, 35-37). Taken together, these
may indicate that the parasite has adapted a more general
strategy for interacting with the host by using the nega-
tively charged proteoglycans as receptors exposed on the
exterior of every cell surface.
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