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Accumulation of Plasmodium falciparum-infected erythrocytes in the placenta is a key feature of maternal
malaria. This process is mediated in part by the parasite ligand P. falciparum erythrocyte membrane protein
1 (PfEMP1) at the surface of the infected erythrocyte interacting with the host receptor chondroitin sulfate A
(CSA) on the placental lining. We have localized CSA binding activity to two adjacent domains in PFEMP1 of
an adherent parasite line and shown the presence of at least three active glycosaminoglycan binding sites. A
putative CSA binding sequence was identified in one domain, but nonlinear binding motifs are also likely to
be present, since binding activity in the region was shown to be dependent on conformation. Characterization
of this binding region provides an opportunity to investigate further its potential as a target for antiadhesion

therapy.

In Africa alone, over 20 million women each year are ex-
posed to the risk of maternal malaria, an infection that leads to
intrauterine growth retardation, low-birth-weight babies, and
high levels of infant mortality (16). The key feature of this
infection is the accumulation of Plasmodium falciparum-
infected erythrocytes in the placenta (17), which is associated
with parasite adhesion to the glycosaminoglycans (GAGs)
chondroitin sulfate A (CSA) (2, 8) and hyaluronic acid (3) on
the placental lining. Blocking the interaction between the in-
fected erythrocyte and the GAG receptors, for example by an
antiadhesive vaccine or small molecule, is therefore a rational
therapeutic strategy for the disease, but elucidation of the
mechanism of adhesion is a prerequisite.

The parasite protein P. falciparum erythrocyte membrane
protein 1 (PfEMP1) has been identified recently as the ligand
mediating CSA binding (5, 12), but the highly variable nature
of the protein (4, 13) would appear to limit its suitability as a
therapeutic target. Development of natural immunity requires
the acquisition of a wide range of variant-specific antibodies
directed against PFEMP1, following exposure to many different
parasite variants (6). In contrast, antibodies which block the
adhesion of infected erythrocytes to CSA may develop after a
limited number of infections in pregnant women. Such anti-
bodies may be strain independent and are associated with
reduced placental malaria (M. Fried, F. Nosten, A. Brockman,
B. J. Brabin, and P. E. Duffy, Letter, Nature 395:851-852,
1998). Given the large potential for generation of diversity in
PfEMP1 (195), it is possible that this represents the presence of
a functionally conserved binding site with a restricted variant
antigenic type, which is the antibody target. Thus, character-
ization of the CSA binding region of PfEMP1 is critical for
understanding pathogenesis and immunity.

Here we use a competitive enzyme inhibition assay to iden-
tify sites within a CSA binding region of PFEMP1 that interact
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directly with GAGs and to assess the importance of protein
conformation to this activity. This information is essential for
the wider investigation of binding-site conservation and future
assessment of the feasibility of antiadhesive therapeutic strat-
egies.

MATERIALS AND METHODS

Expression of fusion proteins. The glutathione S-transferase fusion proteins
were expressed from PCR products of the CS2 var gene in Escherichia coli by
using pGeX expression vectors (Amersham Pharmacia) and affinity purified
as previously described (12). The locations of the six proteins described are as
follows: CIDRa, amino acids (aa) 404 to 736; CIDRb, aa 716 to 905; DBL3, aa
911 to 1204; DBL3-C, aa 979 to 1123; DBL3-5, aa 911 to 1076; and DBL3-3’,
aa 1063 to 1204. The full gene sequence is available from GenBank under
accession number AF134154.

Reduction and alkylation of fusion proteins. The CIDRb and DBL3 fusion
proteins were reduced at 45°C for 1 h in 2-nmol amounts in the presence of 6 M
guanidine-0.02 M Tris (pH 8) buffer containing 20 mM dithiothreitol (7). The
proteins were then alkylated by the addition of 0.1 M iodoacetic acid and
incubation for 1 h at room temperature in the dark. After this time, the reduced
and alkylated protein was immediately buffer exchanged into 62 mM sodium
acetate (pH 4.8) buffer using a Nap-5 column (Amersham Pharmacia). A non-
reduced and nonalkylated sample of each protein was buffer exchanged down a
Nap-5 column in a similar manner to control for protein loss.

H 2 enzyme-based binding assay. Assays were performed essentially
as described previously (9). To determine the working concentration of CSA,
250 pl of a serial dilution of porcine rib CSA (Sigma Aldrich), 250 pl of 80
mM p-nitrophenyl phenylphosphonate (Sigma Aldrich), 250 wl of 100-U/ml
deoxyRNase IT (Sigma Aldrich), and 250 pl of 62 mM sodium acetate (pH 4.8)
buffer were mixed in glass tubes and incubated at 37°C for 15 min. All compo-
nents were diluted and reconstituted in sodium acetate (pH 4.8) buffer. The
reaction was then stopped with 100 ul of 2 N NH3H,O, and the absorbance was
read at 405 nm. A “negative” control value (substrate and buffer) was subtracted
from all readings, and a “positive” control value (substrate, enzyme, and buffer)
was used to calculate enzyme inhibition as (1 — test absorbance/positive-control
absorbance) X 100. The plot comparing inhibition with CSA concentration was
a steep exponential curve (data not shown), and 1 pug of CSA per ml was seen to
inhibit enzyme activity by approximately 80% and correspond to a phase of the
reaction at which a small change in concentration profoundly affected the degree
of inhibition observed.

For assay of the fusion proteins, a similar protocol was used with the CSA
concentration constant at 1 pg/ml, and the aliquot of buffer exchanged for a
serial dilution of the protein in the range 0.5 to 0.004 nmol. Arbitrary enzyme
activity was calculated relative to the “positive” control tube by subtracting the
value calculated by the formula above from 100.

Binding of peptides to CSA. A biotinylated peptide was synthesized (Chiron)
corresponding to the putative CS2-CSA binding motif KKKTIMDKLI. As a
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RIEALLKDEEEAVAAPDGRKKTIMDKLIEHFDKDAKGCIEHNEEKCN
QQKQQQPKPPTGEGPARSDSPQPPPAAPSGGGDEEDDDDDDEDNV
DANEEEEEVEETEEAPAVNGEGEELPPGPPATPVPAGPTVVDVCKIV
DG

C

GSNEISGCNPKESYPDWDCKKNIDNSHSGACMPPRRQKLCVRDLTQ
GGEIRKPEDILTKFINCAAKETHFAWHKYKKDNVNAENELKSGKIPEG
FREKOMYYTFGDFRDIFFGTDISSCRYIKDT SQTIKSKLGDQATTEKGDT
HIDDNKKLQEWWTIHGPKIWEGMLCALTNGLSESEKKNILQDYSYNK

FIG. 1. (A) Schematic representation of the location of the CIDR and DBL3
domains of the CS2 var gene. (B) Amino acid sequence of the CIDRbD protein,
showing a putative CSA binding motif (boxed) and an overlap with a region
associated with CD36 binding in other isolates (underlined). (C) Amino acid
sequence of the DBL3 protein and the smaller DBL3-5" (underlined), DBL3-C
(highlighted), and DBL-3’ (dashed underline) polypeptides.

negative control, the homologous region (GKRTIMDELI) of a var gene ex-
pressed by a CD36 binding, non-CSA binding 3D7 line 5B1 (Genebank accession
number AC005140) was also synthesized. Microtiter plates (Falcon 3077) were
coated for 1 h at 37°C with alternate rows of 50-pg/ml porcine rib CSA (Sigma
Aldrich) or 0.1% bovine serum albumin (BSA). The plates were washed three
times in 0.1% BSA, blocked for 2 h at 37°C with 0.1% BSA, and then washed
twice more in 0.1% BSA. Serial dilutions of the two peptides (400 to 50 nmol)
were made, and 25-pl aliquots added to adjacent rows containing CSA and BSA
before the mixture was incubated for 1 h at room temperature. The plates were
again washed twice in 0.1% BSA, and adherent peptide was detected by incu-
bating for 15 min at room temperature with horseradish peroxidase-streptavidin
(Silenus; 1/1,000 dilution), washing four times with 0.1% BSA, and developing
with a chromogenic substrate (2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid [ABST]). All components were diluted in TBS (20 mM Tris [pH 7.5], 150
mM NaCl, 1 mM CaCl,, 1 mM MgCl,). The developed color was read spectro-
photometrically at 405 nm, and values for each test (CSA) well had the corre-
sponding background control (BSA) values subtracted before plotting absor-
bance against peptide concentration.

RESULTS AND DISCUSSION

We previously described the cloning and sequencing of a
dominant var gene expressed by the P. falciparum line CS2,
which had been selected for its high-level binding to CSA (12).
The major domains of the gene were expressed as recombinant
fusion proteins, and antibodies raised against them were tested
for their ability to inhibit CSA binding. These data suggested
that the binding activity lay within the cysteine-rich interdo-
main region (CIDR) and Duffy binding-like region 3 (DBL3)
(Fig. 1A). The DBL3 domain was also implicated in subse-
quent work by others using a different CSA-binding isolate,
although no specific homology was found between the DBL
domains (5).

To further characterize the GAG binding activity of these
regions, we investigated the direct interaction of recombinant
proteins with CSA by using a fluid-phase homogeneous en-
zyme-based binding assay. The assay is based on the principle
that at an acidic pH, the activity of deoxyRNase II, which
converts a substrate to a colored product, can be nonspecifi-
cally inhibited by GAGs. When a GAG binding protein is
introduced, it competes the GAG off the enzyme and restores
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FIG. 2. Fusion proteins derived from the CS2 var gene sequence were as-
sayed for direct interaction with CSA. (A) The CIDRb and DBL3 fusion proteins
interacted with CSA, whereas the CIDRa protein showed no activity. ¢, CIDRa;
m, CIDRb; @, DBL3. (B) The end regions of DBL3 had independent CSA
binding activity, but the center region did not bind. ¢, DBL3-5'; A, DBL3-C; m,
DBL3-3". (C) Reduction and alkylation of CIDRb and DBL3 proteins substan-
tially reduces their affinity for CSA. @, CIDRb; m, CIDRb reduced and alky-
lated; A, DBL3; @, DBL3 reduced and alkylated. All results are mean and
standard error of the mean for three independent assays.

activity, giving a reliable indication of the relative binding
affinity of the protein (9).

Recombinant proteins corresponding to defined regions of
CS2-PfEMP1 (Fig. 1A) interacted with CSA in a specific man-
ner in this assay. The presence of either DBL3 or CIDRb
caused a steep recovery of enzyme activity, whereas the adja-
cent CIDRa had no effect (Fig. 2A). A full-length DBL4 fusion
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protein showed no activity (data not shown), consistent with
the antibody inhibition data, in which anti-CIDR and DBL3
inhibited CSA binding but anti-DBL4 did not (12), and rein-
forcing the specificity of the assay. This identifies the end of the
CIDR and the abutting DBL3 domain (Fig. 1B and C) as the
GAG-CSA binding region of CS2-PfEMP1. Whether the bind-
ing sites in these two regions act independently or coopera-
tively in the native protein remains to be determined. Of par-
ticular importance for potential antiadhesive therapy is that
antibodies directed to either individual site (CIDRb or DBL3)
or, indeed, an adjacent noninteracting site (CIDRa) have been
shown to inhibit adhesion (12). This suggests that targeting a
single motif in the binding region can be an effective strategy,
even in the presence of multiple binding sites.

To map the binding activity of DBL3 more closely, recom-
binant proteins corresponding to the 5’ (DBL3-5"), 3’ (DBL3-
3"), and central (DBL3-C) regions of the domain were tested in
the assay system (Fig. 1C). The two end regions were seen to
interact with CSA independently, indicating the presence of at
least two sites with GAG binding ability within DBL3, but the
central region (DBL3-C) showed no activity (Fig. 2B). Activity
of the DBL3 proteins appeared to be restricted to those which
contain the conserved cysteine-rich end blocks and raised the
possibility that binding may be dependent on conformation.
Reduction and alkylation of CIDRb and DBL3, which disrupts
disulfide bonding and destabilizes the tertiary structure, re-
duced the CSA binding activity of the proteins by 30 to 40% in
the assay (Fig. 2C). This effect suggests that some conforma-
tional restrictions do apply to the binding sites. However, re-
sidual activity demonstrates the presence of a proportion of
motifs which do not require folding to interact with GAGs.

Although only specific PPEEMP1 domains were seen to inter-
act with GAGs, in this assay system it was not possible to
demonstrate a preference of the proteins for CSA above other
sulfated GAGs, such as CSC and heparin. This probably results
from the use of relatively short recombinant proteins, which
fail to achieve the correctly folded tertiary structure that ap-
pears to be important in determining the GAG specificity (10).
We note, however, that the CS2 parasite line does not bind to
heparin, CSC, or other polysulfated sugars (14) and that the
DBL3 and CIDR region tested has been shown previously by
antibody inhibition data to be linked to CSA adhesion (12).
These findings make clear the importance of further studies on
the native structure of this region in order to understand the
molecular relationship of CSA affinity and specificity.

We examined the amino acid sequences of the DBL3 and
CIDRb regions (Fig. 1B and C) for potential binding motifs,
but sequence searches revealed no known glycoconjugate bind-
ing consensus sequences (10) in this region (or in any other
part of the CS2 PfEMP1). However, a literature search re-
vealed a description of a chondroitin sulfate binding motif,
implicated in a,B,-integrin-mediated melanoma cell adhesion,
ascribed to the 11-aa stretch KKEKDIMKKTI (11). A search
for this motif revealed a sequence of high identity, KKKTIM
DKLLI, within the CIDRb sequence (Fig. 1B). This was clearly
a prime candidate for the binding site in the CIDR, and a
biotinylated peptide was synthesized with this sequence and
shown in a solid-phase assay to bind to CSA in a dose-depen-
dent manner (Fig. 3). A similarly synthesized peptide bearing
the sequence of a homologous region from the CIDR from a
var gene expressed by a non-CSA-adherent parasite did not
bind in this assay, but once more the CS2 peptide was found to
bind to other sulfated GAGs. The motif was not seen in the
other reported var gene associated with CSA binding (5), and
extensive sequence analysis of var genes from field isolates will
be required to establish its general importance. A further point
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FIG. 3. A peptide corresponding to a putative CSA binding motif KKKTIM
DKLI (®) in the CS2 CIDR region adhered to CSA in a solid-phase assay,
whereas the homologous region GKRTIMDELI (m) from a non-CSA binding
var gene did not. Results are mean and standard error of the mean for three
independent assays. OD, optical density.

of interest is the location of the motif at the end of a region
previously implicated in the binding of parasite-infected eryth-
rocytes to CD36 (1) (Fig. 1B). This region appears well con-
served in the numerous CD36 binding lines described, but the
10-aa CS2-PfEMP1 motif is absent from them. CSA-adherent
placental parasites do not usually bind to CD36 (2, 8), and we
speculate that a motif required for CSA binding which in some
way disrupts the CD36 binding region could explain this ob-
servation.

Characterization of the CSA binding region of CS2-PfEMP1
reveals fundamental characteristics of the adhesive interaction
between P. falciparum and GAG/CSA. Particularly, it involves
at least three potential binding sites, and protein conformation
influences activity and GAG specificity. Additionally, we have
identified a putative CSA binding motif that will be the focus
of further investigation. Of major significance is the location of
specific areas that can now be examined in a wide variety of
CSA and placental binding isolates, enabling the identification
of conserved elements and facilitation of the rational design of
antiadhesive therapies.
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