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Attachment of erythrocytes infected by Plasmodium falciparum to receptors of the microvasculature is a
major contributor to the pathology and morbidity associated with malaria. Adhesion is mediated by the P.
Jalciparum erythrocyte membrane protein 1 (PfEMP-1), which is expressed at the surface of infected erythro-
cytes and is linked to both antigenic variation and cytoadherence. PFEMP-1 contains multiple adhesive
modules, including the Duffy binding-like domain and the cysteine-rich interdomain region (CIDR). The
interaction between CIDRa and CD36 promotes stable adherence of parasitized erythrocytes to endothelial
cells. Here we show that a segment within the C-terminal region of CIDRa determines CD36 binding
specificity. Antibodies raised against this segment can specifically block the adhesion to CD36 of erythrocytes
infected with various parasite strains. Thus, small regions of PFEMP-1 that determine binding specificity could
form suitable components of an antisequestration malaria vaccine effective against different parasite strains.

The unique adhesion properties of erythrocytes infected by the
Plasmodium falciparum parasite (2) play an important role in
pathologies associated with severe malaria. Sequestration of par-
asitized erythrocytes (PEs) to specific receptors of the host vas-
cular endothelium enables the parasite to avoid spleen-dependent
clearance mechanisms. Several receptors from the host cell en-
dothelium are involved in the mechanism of adhesion, including
thrombospondin (30), intercellular adhesion molecule 1 (ICAM-1)
(5), vascular adhesion molecule 1 (VCAM-1), chondroitin sul-
fate A (32), and CD36 (2). The combination of interactions
between different receptors and the PEs contributes to the
overall cytoadhesive property observed: ICAM-1 and VCAM-1 me-
diate an initial slowdown of circulating PEs before subsequent
stable binding to receptors such as CD36 (2). Cerebral malaria,
organ failure, and pregnancy-associated complications are at
least in part consequences of microvascular occlusions due to
the adhesion of PEs (22, 24, 39).

The antigenically diverse P. falciparum erythrocyte membrane
protein 1 (PfEMP-1) (1) is encoded by the var multigene family
and is expressed in a clonally variant manner at the erythrocyte
surface, playing a role both in adhesion and in antigenic variation
(34, 37). PEEMP-1 proteins have a mass of approximately 200 to
350 kDa and are located in knob-like protrusions at the surface of
PEs, mediating the attachment of infected red blood cells to the
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endothelial cells of the host (1, 19). The dual role of PFEEMP-1 in
both sequestration and immune evasion makes it a major viru-
lence factor of P. falciparum. A single PEEMP-1 molecule can
bind to multiple receptors due to the presence of multiple adhe-
sion domains. Various arrangements of two partially conserved
binding domains, the Duffy binding-like domain (DBL) and the
cysteine-rich interdomain region (CIDR), characterize each
PfEMP-1 molecule (Fig. 1A), with each domain having distinct
binding specificities (4, 6, 35, 36). Despite a low sequence con-
servation, these modules can be classified into six DBL subgroups
(DBLa, DBLB, DBLy, DBLe, DBL3, and DBLx) and three
CIDR subgroups (CIDRa, CIDR, and CIDRY) (16, 31). While
the binding properties for some of the DBL and CIDR domains
have been extensively studied, how sequence variations in the
different domains precisely influence their binding specificity is
still unclear (4, 6, 9, 14, 35). Major insights have recently been
gained from the three-dimensional (3D) structures of two DBL
domains, which recognize the Duffy antigen receptor for chemo-
kines and glycophorin A, respectively (33, 38). In spite of a con-
served overall structure, their binding properties are entirely dif-
ferent. No such information is currently available for any CIDR
domain in PfEMP-1.

The region within PEEMP-1 responsible for CD36 binding
was initially mapped in the Malayan Camp (MC) line of P.
falciparum to a 179-amino-acid fragment (MC-r179) within the
central M2 region of the CIDRa domain (4) and confirmed
using other parasite lines (15, 31). Comparison of various
CIDR domains from several strains of P. falciparum showed
that this cysteine-rich “minimal” binding domain had a con-
served sequence, including the presence of five cysteine resi-
dues forming the motif CX CX,CX;CXC (Fig. 1B). Con-
versely, the region recognized by CIDR molecules on CD36
maps to a hydrophobic segment located at residues 145 to 171

1837



1838 MO ET AL.

A

CD36

1

DBLa

( I
ARabtppoRoooRogontooRonoRoR ANfRORORERAQRDARARRRROGD

INFECT. IMMUN.

. 40 * 60 .

MC CIDR : EDKIMSYNAFEWMWVHDMLI-DSIKWRLEHGRCINKDKGKTCIKG--CNKKCICFQKWVEQKKT-EWGKIKDHFR 71
3D7 CIDR f: EEKSMHYHPFEWKWVTEMLI-DSMYWRKELKSCINNKR-GKCKNKK-CNNDCKCYESWVQQKEN-EWKLILQHFK 71
3D7 CIDR a: CKSVKSYNGFEWKWVHDMLI-DSMOWRDEHGNCINKDNDNTCRNNKKCNKECGCFQKWVEQKKK -EWGNIKKHED 73
3D7 CIDR ¢: EQKVTSYNAFFWKWVHDMLH-DSVEWRERLNSCINNAKSQNCKNNEKCNKECGCFEKWVKQKKEKEWEAIKDHFG 74
307 CIDR i: DQKVTSYNAFEWKWVSEMLD-DSIKWRAELDKCLKNDK-KTCG-KKKCNRDCKCEKKWVEQKKEKEWKAIKKHFK 72
3D7 CIDR 1: GQEFKSYYSFFYGSIIDMLK-DEVDWRDKLNNCINNETKA-CHNG--CNKNCDCYKRWVEKKQQ-EWSNIKKHFG 70
307 1640 w: GAEKITSFHEFFELWVKNLLKDTMKWENEIKDCINNTNITDCNDE--CNKNCVCEDKWVKQKEEE-WKNVKKVEE 72

(=] (& QO Qs "
lRpoRERGRRCR  RRRERDD ARebopDDRROd
* 100 = 120 * 140 *
MC CIDR - -~ ~WTHDDFLQTLIMKL LLLET IQDTY G- - === ========~ DANEIKRIEALLEQAGVGGIDF : 126
3p7 CIDR £ DYNYALKALLDVKEILTNIKDTYG--————-———~—- ~NVKELEGINNMLEKENENN4EQ :@ 126
307 CIDR a: KQUOIVIEGHPLGELSHCGVLEWNLKEEFLKDESTEDKENKVSAE-———---— EAKEIKHLKKMLOQAGVDVADL @ 138
307 CIDR ¢ < ~-~-CDAGVTLAAVLKLEFLNEDTEEKSEKGLDAE-—- - -~~~ EAKEIKHLROMLEQAGVR--DL : 132
307 CIDR i : KQHDMIE--|---TGMPEEMALKILLNDVFLQD-MEKAQG- == ~~====~-~ ~DPGHIAK---- IKELL----- : 126
307 CIDR 1 : KQUDLLEEIKG---EDFGKILEFYLKSIFLQD-MKEAQG-------—=-=--~ ~DPKATKRFTDLL- === ==-- : 119
307 1640 w: SKH--- - IQDKYYLDINKLFESFLEKVISELDQGEAKWNGLKEELKKKIESSHANEGIK ----DSESAIELL-|-- : 136
- -
ARlpRneRoeonEoReoRRRRlR
160 * 180 . 200 .

MC CIDR LYTKGEVAEKDTTIDKLLQWEGKEADKCLKTHTDDTCPPQEDRSVAR 1 179

3p7 CIDR £ - SG- - -~ GNNSQKKNT IDLMIDHEGKEAQNCKENNPD - KCENTELE---- 1 166

307 CIDR a PCTKGPVAGQNTTIDKL LNQEDKDAKDCQSKHND - ~CPQPP -~~~ -~ : 184

307 CIDR ¢ GGPCTEGGVAEQNT IMDKF LDEELKEABGCKN- - -~~~ CPRPK~~---= 175

3D7 CIDR i : KHNDEK--VNNLSNMETIFDFLLQEEEQDAQKCVSNNP-EKCEETQ-----~ 160

3D7 CIDR 1 : -<-QKKNNPGTDDTTKTIIDKFLQEELTDANRCKETHKDD-CSQQE-~~~~~ 159

3D7 1640 W: =4~LDHLKESA-~=========meeeemns TTCKDNNANEACSSSQ-~ -~~~ 161

L)

FIG. 1. (A) Schematic representation of the modular organization in the ectodomain of a PFEMP-1 protein in the 3D7 clone of Plasmodium
falciparum. The various modules of PFEMP1 that mediate cytoadhesion (DBLa«, -B, -y, and -3 and CIDRa«) are indicated in different colors. The
CIDRa domain mediates attachment to the CD36 receptor. (B) Amino acid sequences alignment of CIDR domains from P. falciparum strains 3D7
and MC. Accession numbers for CIDR-f and PFE1640w are given in Materials and Methods. MC CIDR (accession no. AAA89134, residues 576
to 753), CIDR-a (PFA0765c, residues 610 to 793), CIDR-c (PFD0005w, residues 633 to 807, CIDR-i (PFL0005w, residues 589 to 748), and CIDR-1
(PFB1055c, residues 583 to 741) are also shown. See reference 31 for a classification of CIDR domains and their CD36 binding function. The seven
conserved cysteine residues are numbered C1 to C7 (highlighted in yellow) to follow the convention introduced earlier (4). Predicted a-helices are
displayed above the sequences and numbered. Putative loops that connect helices a2-a3 and a4-a5, which were deleted for binding studies (see

text), are boxed.

of the CD36 receptor (4). The importance of CD36 in the
stable attachment of PEs to the endothelium suggests that
disruption of this interaction would significantly interfere with
the ability of the parasite to sequester. Thus, a better definition
of the molecular basis of the binding specificity of CIDR do-
mains would undoubtedly assist the development of molecules
with antiadhesive properties and possibly also the development
of vaccines (12, 15, 23).

The sequencing of the P. falciparum 3D7 genome provided
extensive sequence information for more than 50 CIDR do-
mains (16, 31). Based on their sequences and a solid-phase
binding assay using proteins expressed at the surface of Cos-7
cells, these domains were partitioned into CIDRa domains,
which can bind CD36, and non-CIDRa domains (subclassified
as CIDRal, CIDR, and CIDRY), which lack this activity (31).
However, the precise determinants for the binding specificity
of the CIDRa domains are still elusive. We report here the
cloning and expression in Escherichia coli of several CIDRa
domains, including a strong CD36 binder (CIDR-f) and a
previously described nonbinder (PFE1640w). Using site-di-
rected mutagenesis and domain-swapping experiments, we

demonstrated that, while the larger N-terminal part of CIDR«
is essential for correct folding of the protein, a 60-amino-acid
region located at the C terminus mediates binding to CD36.
Interestingly, immunization of mice with this C-terminal seg-
ment of CIDRa elicits antibodies that recognize PEEMP-1 and
specifically inhibit CD36 binding, for a range of different par-
asite strains. This work demonstrates that it is possible to
generate both a cross-reactive and a potentially protective im-
mune response using relatively small fragments of PFEMP-1.

MATERIALS AND METHODS

Sequence alignment and secondary structure prediction. We used the MC-r179
sequence to search for similar CIDRa domains in P. falciparum clone 3D7. Fourteen
amino acid sequences were aligned with MC-r179 using the program CLUSTALW,
with a few manual modifications to align conserved cysteine residues. The program
NNPREDICT (http://www.cmpharm.ucsf.edu/~nomi/nnpredict.html) was used to
predict the secondary structures of all CIDRa domains.

Cloning of CIDR«a domains. All PCRs were performed using genomic DNA of
P. falciparum clone 3D7 as a template. The various CIDR domains were cloned
into the pET-24a vector (Novagen), encoding a C-terminal hexahistidine tag,
using Ndel and Xhol sites. CIDR-f (accession number PF10_0406, amino acid
residues 584 to 751) and PFE1640w (accession number PFE1640w, residues 559
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TABLE 1. Primers used for mutagenesis studies

CIDR f mutant (residues)

Sequences, 5'—3' (forward, reverse)

CIDR-122A (1-122) .
CIDR-105A (1-105)

TTTG
CIDR-A106 (106-166) ...
CIDR-A122 (122-166) ....
1640-f chimera

ATTTACATATGAAGGAAGAAAAAAGTATGC, ATTCTCGAGTTCATTTTCCTTTTCC
ATTTACATATGAAGGAAGAAAAAAGTATGC, ATTCTCGAGTCCATAAGTATCTTTAATA

ATTACATATGAATGTAAAGGAATTAGAAG, AATCTCGAGAGGGGTATTTTCGCAT
.ATTACATATGAATGTAAAGGAATTAGAAG, ATTCTCGAGTCCATAAGTATCTTTAATATTTG
CTAGCTAGCGGCGCGGAAAAAATA, CTAATTCCTTTACATTTTTAGAAGACTCAATT; AATT

GAGTCTTCTAAAAATGTAAAGGAATTAG, AATCTCGAGAGGGGTATTTTCGCAT

f-1640 chimera

ATTACATATGAATGTAAAGGAATTAGAAG, GCACTTTCTGAATCTTTAATTCCTTCATTTC;

GAAAGACTTAGAAATTAAGGAAGTAAAC, TATCTCGAGCTGGGAAGAGGAACATGC

DeleGFSIFG TAAAAAACAAGGAAATGATTATAATTATGCTCTTAAAGC, GCATAATTATAATCATTTCCTT
GTTTTTTAAAATGCTG

Dele EQEA ..o GGAAAATGAAAATAATTCTGGTGGCAATAACAGTC, GTTATTGCCACCAGAATTATTTTCA
TTTTCCTTTTCC

to 720) were amplified by PCR and cloned in frame into the vector. The full-
length Duffy binding protein region II gene (accession number AAZ81536,
amino acid residues 214 to 521) was subcloned from the plasmid pEGFP-
HSVgD1-PvDBPII (kindly provided by John H. Adams, University of Notre
Dame) into the pMAL-c2x vector (New England Biolabs) (modified through the
addition of a six-histidine tag at its C terminus) between BamHI and HindIII
sites. This construct was named MBP-DBPv.

Site-directed mutagenesis and domain-swapping experiment. The mutations
and primers used in this work are listed in Table 1. The various truncations are
schematically represented in Fig. 2A. Domain swapping between proteins
PFE1640w and CIDR-f was performed by means of a double-PCR overlapping
method. Briefly, the wild-type DNA templates were purified (Qiagen) and rep-
licated by PCR with the Turbo Pfu polymerase (Stratagene). PCR products were
digested with Dpnl (Stratagene) at 37°C for 2 h and transformed into SuperBlue
XL-1 competent cells (Stratagene). DNA sequences for all the constructs were
confirmed on an automated sequencer.

Protein expression and purification. CIDR-f, as well as all mutants and trun-
cated constructs, was transformed into E. coli Rosetta-gami (DE3) cells (Nova-
gen) and subjected to the same purification protocol. Protein expression was
induced through the addition of a final concentration of 0.2 mM isopropyl-B-p-
thiogalactopyranoside (IPTG), followed by overnight incubation at 20°C before
harvesting the cells. Cells were disrupted by sonication and purified under native
conditions using Ni-nitrilotriacetic acid resin (Qiagen), followed by ion-exchange
chromatography using a Hiprep QFF column (Amersham) and a Superdex 200
GL size exclusion chromatography column (Amersham). A recombinant soluble
human CD36, encompassing residues Gly-30 to Asn-439 (fused with a human
immunoglobulin G1 Fc fragment at its C terminus and hereafter called CD36/Fc)
was purchased from R&D Systems and used for all binding experiments.

CD. Circular dichroism (CD) experiments were carried out using a ChiraScan
CD spectrophotometer (Applied Photophysics) with a 1-mm cell at room tem-
perature. Spectra were collected using wavelengths ranging from 190 nm to 260
nm with steps of 0.1 nm. All proteins were dissolved in phosphate-buffered saline
at pH 7.4 to a final concentration of 0.5 mg/ml. CD spectra were corrected by
subtracting the spectrum obtained from the buffer solution.

1D '"H NMR spectroscopy. For all constructs subjected to 1D 'H nuclear
magnetic resonance (NMR) spectroscopy, a 500-pl solution containing 200 pM
of protein was prepared in an aqueous buffer containing sodium phosphate
buffer, 50 mM NaCl, 1 mM dithiothreitol at pH 6.0, and 10% D,O (vol/vol). The
NMR spectra were collected at 285 K on an Avance600 spectrometer (Bruker,
Billerica, MA). The spectra were processed and analyzed with the program
ZGGPWS5 (Bruker).

Enzyme-linked immunosorbent assay (ELISA)-based CD36 binding assay.
Human CD36/Fc protein was applied at a concentration of 0.2 pg/ml to a
MaxiSorp Immuno 96-well plate (Nunc) overnight at 4°C. After 2 hours of
blocking, a range of concentrations of purified CIDRa proteins or mutants
thereof were incubated for 1 h at 37°C. The amount of protein bound to the
immobilized CD36/Fc protein adsorbed on the well was then revealed using a
Penta-His antibody (Qiagen), followed by an alkaline phosphatase-conjugated
goat anti-mouse immunoglobulin G (Sigma). Finally, Inmuno Pure (p-nitrophe-
nyl phosphate disodium salt) tablets (Pierce) dissolved in diethanolamine buffer
were used for signal detection with a microplate spectrophotometer (Bio-Rad).

Peptide inhibition assay. For the peptide inhibition assay, two overlapping pep-
tides, CD36:145-171 (ASHIYQONQFVQMILNSLINKSKSSMFQ) and CD36:146—
164 (SHIYQONQFVQMILNSLINK), derived from the CD36 sequence (3), and an

unrelated peptide (KAFTTTLRGAQRLAALGDTA) were synthesized by the
9-fluorenylmethoxy carbonyl method using an automatic peptide synthesizer (Intavis
AG, Bioanalytical Instruments) and purified by high-performance liquid chroma-
tography (Shimadzu) using a Cg column (Agilent). The peptide sequences were
confirmed by mass spectrometry. After preincubation of CIDR-f, PFE1640w, 1640-f,
or f-1640 chimera at room temperature for 1 h at a constant concentration of 2 p.g/ml
with peptide concentrations ranging from 10 nM to 1 mM, the mixtures were added
to a 96-well plate that had been previously coated with CD36/Fc and incubated for
2 h at 25°C. Penta-His antibody (Qiagen) and alkaline phosphatase-conjugated goat
anti-mouse antibody were used to determine inhibitory effects of peptides on
CIDRa and CD36/Fc binding.

Generation of polyclonal antibodies against the C-terminal end of CIDR-f.
For raising antibodies against the C-terminal end of CIDR-f, two constructs,
GST-CIDR-A106 and GST-CIDR-A122 were made, both having glutathione
S-transferase (GST) at their N termini. The GST-CIDR-A122 protein has a
deletion corresponding to the region NVKELE between helices a3 and a4. Both
of these two fusion proteins were expressed in E. coli and purified using gluta-
thione-Sepharose (Amersham) according to the manufacture’s protocol. Purified
GST fusion proteins (50 pg per mouse) were injected into male 7- to 8-week-old
BALB/c mice with complete Freund’s adjuvant (Pierce) for the first injection and
with incomplete Freund’s adjuvant for the subsequent injections at 4-week in-
tervals. Blood was drawn from the animals 2 weeks after each boost and tested
for antibody titer by ELISAs on 96-well polystyrene plates and Western blotting.

Antiserum inhibition binding assay. A procedure similar to the peptide inhi-
bition assay was used for evaluating the inhibition effect on CD36/Fc and CIDR-f
binding by the antisera. Human CD36/Fc proteins were applied at a concentra-
tion of 0.2 pg/ml (0.02 uM) to a MaxiSorp Immuno 96-well plate (Nunc)
overnight at 4°C. After preincubation of a constant concentration of CIDR-f (4
pg/ml) with serial dilution of two antisera from 1:8 to 1:1,024 at room temper-
ature for 2 h, the mixtures were added to a 96-well plate and incubated for 2 h
at 37°C. The amount of CIDR-f binding to the plate was detected using a
Penta-His horseradish peroxidase conjugate (Qiagen), followed by the horse-
radish peroxidase substrate o-phenylenediamine dihydrochloride (Sigma), and
the optical density at 492 nm (OD,o,) was read. Preimmune serum, anti-GST
sera (Amersham), and an irrelevant serum (a rhoptry protein polyclonal anti-
serum) were used as controls.

Mammalian cell culture and parasite culture. Human lung endothelial cells
(HLECs) and Chinese hamster ovary K1 cells (CHO-K1) were cultured using
RPMI 1640 medium with 10% fetal bovine serum. P. falciparum clones 3D7,
HB3, and FCR3 were grown in human erythrocytes from malaria-negative do-
nors with daily changed RPMI medium under standard conditions as described
previously (28), replacing 10% human serum with 2.5% Albumax. Highly syn-
chronized parasites in mature blood-stage-infected erythrocytes of the CD36 or
CSA adhesive phenotype were obtained by regular panning on HLECs or
CHO-K1 cells as described elsewhere (28).

Western blotting of parasite extracts. Parasites were cultivated to late tropho-
zoite-schizont stages and extracted as described previously (11). The extracted
mature-stage parasites were lysed directly into sample buffer and frozen-thawed
three times. The supernatants were separated using a 4% to 12% NuPAGE
gradient gel (Invitrogen). After the proteins were transferred onto nitrocellulose
membranes, polyclonal antisera against CIDR-A106 fused to GST were used to
detect the expression of PFEMP-1 at a dilution of 1:200, followed by secondary
antibodies and enhanced chemiluminescence (Pierce).
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Liquid-phase immunofluorescence microscopy. After three washes of mature
blood-stage-infected erythrocytes with culture medium without Albumax, the
PEs were incubated with polyclonal antiserum against GST-CIDR-A106 at a
dilution of 1:20 to 1:50 at 4°C for 30 min. The PEs were then incubated at 4°C
for an additional 30 min with a fluorescein isothiocyanate-conjugated goat anti-
mouse antibody (Jackson Immunoresearch Laboratory) after three washes with
phosphate-buffered saline. Preimmune sera and the anti-GST antibody were
used as negative controls. Vectorshield mounting medium with 4,6-diamidino-
2-phenyl-indole dihydrochloride (DAPI) (Vector Laboratories) was applied to
the slides. Inmunofluorescence staining was analyzed with an Olympus fluores-
cence microscope.

PE adhesion inhibition assay using recombinant proteins and polyclonal
antisera. HLECs and CHO-K1 cells were cultured in 48-well plates for at least
3 days at approximately 80% confluence. Late trophozoite-stage PEs diluted in
binding buffer (RPMI 1640, HEPES, 10% fetal bovine serum, pH 6.8) at a
concentration of 5 X 10%ml were incubated with different dilutions of polyclonal
antisera against GST-CIDR-A106 for 30 to 45 min at room temperature before
being added to HLEC/CHO-K1 cells. HLECs/CHO-K1 cells were incubated
with different recombinant proteins at concentrations ranging from 1.5 uM to 12
M for 30 min at room temperature before parasite addition. After 60 min of
incubation interspersed with gentle resuspension at 15-min intervals, the plate
was washed and fixed using 2% glutaraldehyde. The average number of PEs
bound to 100 HLECs or CHO-K1 cells for three microscopic fields (magnifica-
tion, X40) was calculated, and the percent inhibition of parasite binding com-
pared to the untreated control was determined. Each assay was performed in
triplicate.

RESULTS

Expression and characterization of CIDR domains. Previ-
ous work led to a partition of CIDR domains into CD36 bind-
ers and nonbinders and identified a minimal region of CIDR
required for specific binding to CD36 (4, 31). To obtain further
insight into the molecular basis of the different binding phe-
notypes, we selected six different CIDR domains of P. falcip-
arum clone 3D7 representing five CD36 binders and one non-
binder (Fig. 1). We aligned their sequences with the previously
characterized minimal binding domain MC-r179. All se-
quences contain seven strictly conserved cysteine residues (se-
quentially numbered from 1 to 7 to match the nomenclature
proposed earlier [4]) (Fig. 1B). The amino acid sequence iden-
tity the between CD36 binders and the nonbinder is ~23 to
31%. Similar values (~28 to 42%) are found when comparing
CD36 binders. Despite their relatively low sequence identities,
secondary structure predictions suggest a conserved, mainly
a-helical structure for the CIDR« domains studied here, with
four to five a-helices (Fig. 1B). The CIDR-f protein and the
nonbinder PFE1640w (Fig. 1B) were expressed and purified in
soluble form from E. coli (Fig. 2B) and analyzed by CD (Fig.
2C and data not shown). CD spectra showed a similar pattern
with a maximum at 190 nm and two shallow minima at 208 nm
and 222 nm, regardless of their capacity to bind CD36. These
spectra are typical of proteins with a high content of a-helices,
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a feature consistent with secondary structure predictions. To
further check that the different recombinant CIDRa domains
were properly folded, we used 1D 'H NMR spectroscopy (27).
The results showed a clear dispersion of resonance lines in the
region of amide protons (between 6 and 10 ppm) but down-
field-shifted methyl proton (—0.5 to 1.5 ppm) resonances, in-
dicating proper folding for the CIDR-f recombinant protein
(Fig. 2E, left panel). However the spectra (Fig. 2E) also con-
firmed a tendency of CIDR domains to oligomerize or aggre-
gate, as shown by a comparison with typical 1D NMR spectra
obtained from a large group of proteins subjected to crystalli-
zation trials (27). To evaluate the ability of the different re-
combinant CIDR proteins to bind to CD36, we used the
ELISA method, which allows semiquantitative studies on pro-
tein-protein interactions (18). Of the six different CIDR re-
gions that were expressed well, CIDR-f (Fig. 3A) as well as
CIDR-c and CIDR-i (data not shown) bound CD36 in a con-
centration-dependent manner, while the CD36 nonbinder
PFE1640w along with the P. vivax Duffy binding protein (MBP-
DBPv) (negative control) did not (Fig. 3A). This confirmed the
predicted binding properties of the expressed CIDR domains.
Due to extensive degradation, CIDR-a and CIDR-] could not
be used in this binding experiment. Since we observed no
difference in the binding to CD36 among the various CIDR
domains tested, all subsequent studies focused on CIDR-f.

In order to confirm the specificity of the interaction between
the recombinant CIDR-f domain and the CD36 receptor, com-
petition assays using the previously identified region of the
human CD36 receptor were performed. Two overlapping syn-
thetic peptides, CD36:145-171 and CD36:146-164, derived
from the CD36 ectodomain sequence (3) effectively disrupted
the binding between CIDR-f and CD36 in a concentration-
dependent manner, while an unrelated peptide did not (Fig.
3B). Peptide CD36:145-171 showed about 85% inhibition at
the concentration of 100 pM, while CD36:146-164 only
showed about 60% inhibition at the same concentration. The
difference is probably caused by the poor solubility of peptide
CD36:146-164. A 50% inhibition of binding was observed at a
concentration of ~1 pM of CD36:145-171 peptide.

The C-terminal region of CIDR«x is the main determinant
for CD36 binding. According to the sequence analysis (Fig.
1B), two putative loops connecting helices a2 and a3 (86-
GFSIFG) and a4 to oS (125-EQEA) vary significantly in
length and amino acids. To assess their implication in binding,
we designed CIDR constructs devoid of these two putative
loops (Dele GFSIFG and Dele EQEA). We also designed
constructs devoid of the putative C-terminal a-helix a5 (con-
struct CIDR-122A) or containing neither helix a4 nor a5 (con-

FIG. 2. (A) Schematic view of the various CIDR constructs and chimeric proteins used for the binding experiments. CIDR-A106 and
CIDR-A122 were expressed in E. coli both as GST fusion proteins and as C-terminal His-tagged fragments (see text). The positions of conserved
cysteine residues are indicated. (B) Expression and purification of the various CIDRa mutants and chimeric proteins. All proteins were purified
by Ni-nitrilotriacetic acid affinity, ion-exchange, and size-exclusion chromatography and separated by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. (C) CD spectra of key CIDR constructs and chimeric proteins. The CIDR-f protein and the two chimeric proteins 1640-f and
£-1640 all showed similar spectra with one maximum at 190 nm and two minima at 208 nm and 222 nm, indicative of predominantly a-helical
proteins. (D) By contrast, the His-tagged CIDR-A106 fragment is devoid of secondary structures. (E) 1D 'H NMR spectra of CIDR-f and 1640-f
(the CD36 binding active chimera [see text]). The NMR spectra of these two recombinant proteins showed a clear dispersion of resonance lines
in the region of amide protons (between 6 and 10 ppm) but downfield-shifted methyl protons (—0.5 to 1.5 ppm) resonances, indicative of globular

folded proteins.
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FIG. 3. (A) Direct binding of CIDR-f protein to CD36/Fc. Neither the PFE1640w protein nor the DBP (negative control) show significant
binding to CD36, with which the well was coated. Results are expressed as means and standard deviations from three independent experiments.
(B) Peptide inhibition assay of CIDRa-CD36 binding. Three peptides, i.e., CD36:145-171, CD36:146-164, and a nonrelated peptide, were tested
for their effects on inhibition of the interaction between CIDR-f and CD36/Fc. The percentage of binding inhibition was calculated as the ratio
of OD,s in the presence of competitor to OD,ys of the control sample (in the absence of peptide competitor). (C) Ability of loop deletion
constructs to bind to CD36. (D) Binding of C-terminally truncated CIDR-f domains to CD36.

struct CIDR-105A) (Fig. 1B and 2A). These proteins were
expressed in a soluble form and purified (Fig. 2B and data not
shown). Their CD spectra indicated the preservation of a pre-
dominantly «-helical structure (data not shown). In the
ELISA-based binding assay, deletion of either loop reduced
binding activity by approximately 25 to 35% compared to the
full-length protein, suggesting a limited involvement of these
putative loops in binding (Fig. 3C). By contrast, deletion of
helix a5 led to a reduction of binding by 60 to 70%, and the
additional truncation of putative helix a4 completely abolished
the interaction with CD36 (Fig. 3D). The lack of CD36 binding
activity of CIDR-105A was not due to a collapse of the whole
structure, as the CD spectra still showed a predominant helical
structure, comparable to that of the wild-type protein (data not
shown).

From this analysis, we conclude that the region between
residues 106 and 166 of the CIDRa molecule plays a major
role in CD36 binding. To establish whether this region alone
could interact with CD36, we expressed the C-terminal frag-
ment of CIDR-f as a His-tagged protein spanning residues 106
to 166 (CIDR-A106) (Fig. 2A) and assayed it for CD36 bind-
ing. No binding could be detected (Fig. 4A). Consistently, its
CD spectra indicated that this fragment is unfolded (Fig. 2D).
This suggests that while the C-terminal region is an important
determinant of binding specificity, other parts of the CIDR

molecule may play a role in its folding into a functional CD36
binding domain. In order to demonstrate that this region con-
tains the structural determinants necessary and sufficient for
strong binding to the CD36 receptor, we constructed two chi-
meric CIDR molecules (Fig. 2A): one fused the N-terminal
end sequence (residues 1 to 122) of the non-CD36 binder
PFE1640w (15, 31) with the C-terminal region (residues 106 to
166) of the CIDR-f molecule (1640-f chimera), while the other
fused the N-terminal region (residues 1 to 105) of CIDR-f with
the C-terminal region (residues 122 to 161) of the nonbinder
PFE1640w (f-1640 chimera) (Fig. 2A). These two chimeric
CIDR molecules were expressed well (Fig. 2B), and their CD
spectra showed a content of secondary structure elements
comparable to that of the wild-type CIDR-f protein (Fig. 2C).
Remarkably, 1640-f converted the non-CD36 binder to about
98% of wild-type levels of CD36 binding activity, while the
£-1640 chimera showed only minimal binding activity (Fig. 4A).
To further investigate whether 1640-f is specific for the same
region of the CD36 molecule that is bound by CIDR-f, we
tested the ability of the CD36 peptide from residue 145 to 171
to compete for the interaction. As shown in Fig. 4B, this pep-
tide is able to compete equally well for CD36 binding with
either CIDR-f or the 1640-f chimera. By contrast, a minimal or
no effect is seen for either the f-1640 chimera or the CIDR-
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FIG. 4. (A) CD36 binding assays for different CIDR chimeric con-
structs. CIDR-105A and CIDR-A106 totally lost binding ability (see
Fig. 2A for the nomenclature of the constructs). The 1640-f chimera
binds as well as CIDR-f to the CD36 receptor molecule. Results are
expressed as means and standard deviations from three independent
experiments. (B) Peptide inhibition of the interaction between CIDR
and CD36. The binding of both CIDR-f and the 1640-f chimera to
CD36 is competed by the CD36:145-171 peptide in a concentration-
dependent manner.

A106 fragment, confirming the specificity of 1640-f for CD36
(Fig. 4B).

CIDR domains specifically inhibit CD36 but not CSA bind-
ing of different clones of P. falciparum. To establish whether
the ELISA-based in vitro binding assays did reflect differences
in the abilities of the different CIDR constructs to bind to
CD36 under in vivo-like conditions, we utilized HLEC and
CHO-K1 cell lines that express either CD36 or CSA on their
surface. P. falciparum-infected erythrocytes were selected for a
number of cycles on either cell line to enrich for parasite
populations that predominately expressed PFEMP-1 molecules
binding either CD36 or CSA (20, 28). The ability of the dif-
ferent recombinant CIDR constructs described above to in-
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FIG. 5. (A) Blockade of CD36-adherent PEs of strain 3D7 using
recombinant CIDR-f proteins. Recombinant CIDR-f proteins at 1.56
wM to 12 uM were preincubated with HLECs or CHO-K1 cells in the
binding buffer. After 30 min of incubation, both CD36-adherent and
CSA-adherent PEs of strain 3D7 were added to each well and tested
for binding. The average number of PEs bound to 100 HLECs or
CHO-K1 cells in three microscopic fields (magnification, X40) was
calculated. The percentage of inhibition of parasite binding was com-
pared to that for the untreated control without the addition of any
proteins. (B) Blockade of CD36-adherent PEs of strains 3D7, HB3,
and FCR3 using recombinant proteins CIDR-f, 1640-f chimera,
PFE1640w, and CIDR-A106. A quantity of 6 wM of each recombinant
protein was preincubated with HLECs or CHO-K1 cells in the binding
buffer. The average number of PEs bound to 100 HLECs or CHO-K1
cells in three microscopic fields (magnification, X40) was calculated.
Standard deviations were determined from three independent
experiments.

hibit the attachment of these selected parasites was then de-
termined. Preincubation of the HLEC-CD36 cell line with
CIDR-f inhibited binding of the CD36-selected 3D7 parasites
in a concentration-dependent manner, while preincubation of
the CHO-K1 cell line with the same protein followed by the
addition of CSA-selected parasites showed no inhibition (Fig.
5A). Fifty percent inhibition of binding to CD36 was seen at a
concentration of 5 to 6 uM of CIDR-f, a result in line with
previous studies (10, 40). We also tested inhibition of PE
adherence of P. falciparum strains 3D7, HB3, and FCR3, se-
lected for either CD36 or CSA binding, using truncated and
chimeric proteins at a concentration of 6 wM. At this concen-
tration CIDR-f as well as 1640-f showed 40 to 60% inhibition
of PE adherence to HLEC-CD36 in all three strains, while
all the other recombinant proteins tested showed negligible
inhibition (Fig. 5B). None of the proteins tested showed any
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significant inhibitory effects (0 to 20%) on CSA-adherent
PEs of three strains (Fig. 5B). These results are consistent
with our ELISA-based binding assay, confirming that the
CD36 binding specificity is located in the C-terminal region
of CIDR-f.

Antibodies raised against GST-CIDR-A106 inhibit CD36-
CIDRa binding for a number of different parasite strains.
Previous work and the study presented here clearly demon-
strate that recombinant PFEMP-1 CIDR can prevent a variety
of strains of P. falciparum-infected erythrocytes from binding
CD36 (10). This is in stark contrast to the properties of anti-
bodies raised against the same recombinant protein, where
inhibition of CD36 binding is observed to be predominantly
strain specific (4). Previous work focused on immunizations
using functional full-length CIDR domains. We investigated
here whether smaller fragments of CIDR could circumvent this
strain specificity observed in the antibody response. For this
purpose, BALB/C mice were immunized with either GST-
CIDR-A106 or GST-CIDR-A122. Antibodies against both pro-
teins gave similar titers when assessed by ELISA and specifi-
cally reacted with the corresponding proteins by Western
blotting (data not shown). Both antisera significantly inhibited
CIDR-f binding to CD36, in a concentration-dependent man-
ner, with the antiserum raised against GST-CIDR-A106 giving
a higher level of inhibition than the antibodies raised against
GST-CIDR-A122 (Fig. 6A). No inhibition of binding was ob-
served with either a preimmune serum, anti-GST antibodies,
or an irrelevant antibody directed against a parasite rhoptry
protein (Fig. 6A). As the antiserum raised against GST-
CIDR-A122 was less efficient than the one raised against
GST-CIDR-A106, subsequent studies were performed using
the latter.

To establish whether the antisera were also able to inhibit
binding of PEs to CD36 and whether they had cross-reactive
effects toward different strains of P. falciparum, we investigated
their effect on the interaction between CD36-adherent or
CSA-adherent PEs and HLEC or CHO-KI1 cells. Antisera
against GST-CIDR-A106 inhibited more than 60% of the bind-
ing between mammalian-expressed CD36 and CD36-adherent
PEs at a dilution of 1:20 in strains 3D7, HB3, and FCR3, while
at the same time showing no significant inhibitory effects on
CSA binding PEs, indicating both specificity as well as cross-
reactivity of this antiserum (Fig. 6B).

The polyclonal antibodies could recognize full-length
PfEMP-1 from these different parasite strains: a specific pro-
tein of >250 kDa was detected by the anti-GST-CIDR-A106
sera in all the protein extracts from different parasite strains
that had been selected for either CD36 or CSA (Fig. 7A).
Some small size variations between the protein detected in the
3D7 strain selected on CD36 and that selected on CSA might
be related to the expected change in PEEMP-1 expression (31,
36). Immunofluorescence microscopy using the same sera on
CD36-adherent and CSA-adherent PEs from strain 3D7 gave
a staining pattern consistent with PFEMP-1 expression (Fig. 7B
and C) (14, 20), with the corresponding preimmune or anti-
GST sera showing no fluorescence (data not shown). Taken
together, these data showed that the sera recognized CIDR
domains of PFEMP-1 from different parasite strains.
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FIG. 6. (A) Antiserum inhibition assay. Sera raised against GST
fused with CIDR-A106 and GST fused with CIDR-A122 were tested
for inhibition effects on CIDR-f and CD36/Fc binding. The percentage
of binding inhibition was calculated as the ratio of the OD,ys of a
control sample (without any serum) to the OD, s of each sample with
various serum dilutions. (B) Blockade of CD36-adherent PEs of strains
3D7, HB3, and FCR3 using murine polyclonal antisera against CIDR-
A106. PEs were preincubated with binding buffer alone or binding
buffer containing antisera diluted from 1:20 to 1:100 or preimmune
sera. After 30 of min incubation, the PEs were added to HLECs or
CHO-KI1 cells and tested for binding. The average number of PEs
bound to 100 HLECs or CHO-K1 cells in three microscopic fields
(magnification, X40) was calculated. The percent inhibition of parasite
binding compared to that for the untreated control without any added
proteins was determined. Standard deviations were determined from
three independent experiments.

DISCUSSION

Antigenic variation and other immune escape mechanisms
as well as our limited understanding of parasite-host interac-
tions have made the development of an efficient malaria vac-
cine an exceptionally challenging task. Antibodies to PEEMP-1
correlate with the development of clinical immunity (7, 8, 17,
29). Among the various modules present in PFEMP-1, CIDR
domains are attractive target for vaccine development. Since
CD36 is a critical receptor, disruption of the interactions be-
tween CIDRa and CD36 with small-molecule compounds or
by specific antibodies that would bind to either partner holds
great promise for the development of new therapeutic strate-
gies against malaria. To date, there are no experimental data
that precisely map the region of the CIDRa domain which
contributes to CD36 binding. Attempts have been made to
delineate residues in the CIDRa domain of the MC clone,
which is involved in CD36 binding (15, 31). The single muta-
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FIG. 7. (A) Western blot of PEs using the anti-GST-CIDR-A106 polyclonal antibodies. Mature-stage parasites were extracted and lysed.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The top of
the separating gel is indicated. Murine polyclonal antisera against GST-CIDR-A106 were used to detect the expression of PFEMP-1 at a dilution
of 1:200, followed by secondary antibodies and enhanced chemiluminescence. PFEMP-1 can be detected on both CD36-adherent and CSA-
adherent PEs of strains 3D7, HB3, and FCR3, while no signal can be detected in uninfected erythrocytes. (B and C) Surface labeling of CD36-
and CSA-adherent PEs of strain 3D7 with murine polyclonal antisera raised against GST-CIDR-f:106-166. a, staining of parasite nuclei using
DAPI; b, surface labeling of fluorescein isothiocyanate; ¢, merged image; d, phase image.

tions Q648K, EQ727LK, S596T, R600N, K611T, K629R, and
K640S appear not to greatly affect CD36 binding, but a com-
bination of mutations as well as a 3-amino-acid change from
DIE to GHR in parasite strain [tG2-CS2 reduced the CD36
binding capacity to 63% of the wild-type level and abrogated
the total binding capacity (15, 31). Although these studies
could not rule out an incorrect folding of the mutant proteins,
they strongly suggest that several discontinuous elements of
the CIDR domain are brought together to form a topograph-
ical binding site for CD36. Our data provide strong evidence
that the C-terminal region of CIDRa is the sole determinant
for the CD36 binding specificity. This is reminiscent of immu-
noglobulin molecules, where a limited number of loops vari-
able in length and in sequence determining the binding spec-
ificity of the molecule are presented on an essentially
conserved structural framework (21, 26). Work using the MC-
r179 recombinant protein demonstrated that the binding of

PEs from a variety of parasite lines to CD36 can be specifically
inhibited by competition with the recombinant protein and
that the addition of the protein to an in vivo mouse model led
to the desequestration of PEs (40). This contrasted with the
inhibitory effect of antibodies raised against the same protein,
where adherence of PEs was inhibited only in a strain-specific
fashion, with limited effects seen on CD36 binding of PEs
other than the MC strain (4). This is consistent with the role of
PfEMP-1 in antigenic variation, with antibodies directed
against a variant from one strain having limited cross-reactivity
against another. Antibodies raised against the full-length MC
r-179 protein had only a strain-specific inhibitory reaction (4),
while antibodies against short peptides within MC r-179 in-
duced cross-reactive inhibition effects. Monoclonal antibodies
raised against residues 1 to 87 and 81 to 141 of MC r179
reacted with multiple P. falciparum strains expressing variant
PfEMP-1 (13). Furthermore, immunization with recombinant
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CIDRa could protect Aotus monkeys against severe disease
(23), while antibodies raised against a recombinant DBL la
domain did generate some cross-protective antibodies (25).

While these approaches have given credence to the idea that
vaccine development focusing on regions of the variant
PfEMP-1 is indeed feasible, they suffered from the inability to
produce truly cross-reactive as well as cross-protective antibod-
ies. Our approach was to first define a “minimal” region within
the binding domain of CIDR that determines CD36 specificity
and explore its usefulness as a potential vaccine candidate.
Murine polyclonal antibodies raised against the C-terminal 60
amino acids presented as a GST fusion protein are able to
recognize PFEMP-1 expressed in three different unrelated par-
asite strains, indicating that cross-reactive antibodies were elic-
ited. In addition, these antibodies specifically inhibited the
binding of the recombinant CIDR-f to CD36. This is intrigu-
ing, as the His-tagged fragment (CIDR-A106) itself appears
unstructured (Fig. 2D) and is unable to bind CD36 on its own
(Fig. 4A). Antibodies directed against the anti-GST-CIDR-
A106 protein are able to specifically inhibit CD36 binding of
PEs while at the same time having no effect on CSA binding
erythrocytes (Fig. 6B).

Further studies are now needed to characterize in structural
terms the CIDRa domain and what determines its specificity
for the CD36 receptor.
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