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We report the molecular identification of a sialic acid-independent
host—parasite interaction in the Plasmodium falciparum malaria
parasite invasion of RBCs. Two nonglycosylated exofacial regions
of human band 3 in the RBC membrane were identified as a crucial
host receptor binding the C-terminal processing products of mer-
ozoite surface protein 1 (MSP1). Peptides derived from the receptor
region of band 3 inhibited the invasion of RBCs by P. falciparum. A
major segment of the band 3 receptor (5ABC) bound to native
MSP14, and blocked the interaction of native MSP14, with intact
RBCs in vitro. Recombinant MSP149 (the C-terminal domain of
MSP1,42) bound to 5ABC as well as RBCs. The binding of both native
MSP14, and recombinant MSP149 was not affected by the neur-
aminidase treatment of RBCs, but sensitive to chymotrypsin treat-
ment. In addition, recombinant MSP13g showed similar interactions
with the band 3 receptor and RBCs, although the interaction was
relatively weak. These findings suggest that the chymotrypsin-
sensitive MSP1-band 3 interaction plays a role in a sialic acid-
independent invasion pathway and reveal the function of MSP1 in
the Plasmodium invasion of RBCs.

BC invasion by Plasmodium falciparum is thought to proceed
via two distinct pathways: sialic acid-dependent and -inde-
pendent pathways (1, 2). The former pathway is primarily
influenced by the interaction of the parasite ligand, EBA-175
(175-kDa erythrocyte binding antigen) with the host sialoglyco-
protein, glycophorin A (GPA) (3, 4). However, a successful
invasion of human En(a—) RBCs lacking GPA and MKM* RBCs
lacking GPA and glycophorin B by the sialic acid-dependent
Camp strain of P. falciparum, albeit with markedly reduced
efficiency (5, 6), indicates that GPA alone is not sufficient as the
host receptor. Further, disrupting the C terminus of EBA-175 by
gene targeting switched the sialic acid-dependent W2-mef strain
to a sialic acid-independent line (7). A similar disruption of
EBA-175 in the sialic acid-independent Dd2/neuraminidase
(Nm) clone of P. falciparum had no effect on RBC invasion (8).
These lines of evidence indicate that the invasion pathway using
the EBA-175 and GPA interaction is dispensable. Despite the
extensive efforts made to uncover the sialic acid-independent
invasion pathway, its molecular identity has remained elusive.
Previous observations have suggested a possible involvement
of erythrocyte band 3 in the malaria parasite invasion of RBCs.
The circumstantial evidence is as follows: A mAb binding to
rhesus RBCs blocked Plasmodium knowlesi invasion and immu-
noprecipitated band 3 from rhesus erythrocyte ghosts solubilized
in Triton X-100 (9). Human erythrocyte membrane fraction
enriched in band 3 and incorporated into liposomes inhibited
P. falciparum invasion of human RBCs (10). A mAb against
extracellular epitopes of band 3 inhibited P. falciparum invasion
of human RBCs (11). Metabolically radiolabeled P. falciparum
proteins associated with band 3-enriched RBC membrane com-
ponents (12). Erythroglycan, a carbohydrate component of the
band 3 protein, was suggested to be involved in the invasion
process (13), but evidence opposing this view has been reported
(14). Proteolytic degradation of band 3 by a serine protease
during RBC invasion by P. falciparum as well as the rodent

5164-5169 | PNAS | April29,2003 | vol. 100 | no.9

malaria parasite Plasmodium chabaudi has been suggested
(15, 16).

P. falciparum merozoite surface protein 1 (MSP1) is a major
membrane protein attached to the merozoite surface at its C
terminus through a glycosylphosphatidylinositol anchor (17).
During schizogony or soon after merozoite release, full-length
MSP1 is processed to give proteolytic products referred to as
MSP1g3, MSP13p, MSP135, and MSP14,, which together form a
noncovalent complex on the merozoite surface (18). Subse-
quently, MSP14, undergoes secondary processing to give MSP1;9
(the C-terminal domain of MSP14,), which is carried into the
newly invaded RBCs while other MSP1 fragments are shed off
by an unknown mechanism (19). Sequence diversity analyses
have identified highly conserved blocks in P. falciparum MSP1g3,
MSP13g, and MSP1,9 sequences (20, 21). Evidence has suggested
that MSP1 is an essential malaria protein having a conserved role
in the parasite invasion of RBCs in P. falciparum and P. chabaudi
(22, 23). However, the molecular function of MSP1 during
invasion has been unclear.

In this study, we describe the identification of a sialic acid-
independent host—parasite interaction involved in the P. falci-
parum invasion of RBCs. We show that two nonglycosylated
extracellular regions of band 3 function as a crucial host receptor.
Major parasite ligands binding to the band 3 receptor are
identified as MSP14, and MSP1,9. Our findings provide impor-
tant insights into the development of a blood-stage malaria
vaccine.

Materials and Methods

Synthetic Band 3 Peptides. Human band 3 peptides were synthe-
sized with an N-terminal biotin tag and purified to homogeneity
by HPLC. Peptides were solubilized in pertinent assay buffer
with minimal DMSO (=1%) if necessary. Peptide 6C was not
soluble under these conditions and could not be used in the
study. The peptides and their corresponding amino acid stretches
are as follows: 1, 424-435; 2, 477-491; 3A, 538-557; 3B,
551-570; 4A, 623-642; 4B, 634-653; 4C, 644-663; 5A, 720-739;
5B, 731-750; 5C, 742-761; 6A, 807-826; 6B, 823-842; and 6C,
838-857.

Binding of MSP1 and 5ABC/5BC in Solution. Native MSP1 binding. The
P. falciparum (3D7) protein extract (200 ul) or culture super-
natant (250 ul) obtained at the segmented schizont/free mer-
ozoite stage (Supporting Materials and Methods, which is pub-
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lished as supporting information on the PNAS web site,
www.pnas.org) was incubated with GST-5ABC beads (40 ul,
50% slurry) overnight at 4°C. After centrifugation, beads were
washed with PBS (two times), and proteins associated with beads
were analyzed by SDS/PAGE followed by Western blotting
using P. falciparum MSP1 T9/94 rabbit antiserum (MRA-75,
Malaria Research and Reference Reagent Resource Center,
American Type Culture Collection) or mAb 5.2, a P. falciparum
MSP1,o-specific mAb raised against the native antigen (MR A-
94, Malaria Research and Reference Reagent Resource Center).
GST beads were used as control.

Recombinant MSP1 binding. Binding of 3?P-labeled SABC and 5BC
to GST-MSP14, and GST-MSP135 beads (Supporting Materials
and Methods), respectively, was performed as described (24).
Assay conditions were as follows: 20 mM phosphate buffer (pH
7.4)/120 mM NaCl/1 mM DTT/1.0 mg/ml BSA for 3.5 h at 25°C
(280 wl final volume). Concentration-dependent binding of
biotinylated thioredoxin (Trx)-MSP1,9 (Supporting Materials and
Methods) to immobilized GST-5ABC was carried out by ELISA,
using neutravidin-linked horseradish peroxidase (Pierce) and
TMB as substrate. Binding conditions were as follows: 5%
BSA/PBS-T (Tween 20; 0.5%) (trypsin) for 3 h at 25°C.

Blot Overlay Assay. Naturally released P. falciparum (3D7) mero-
zoites isolated as described (25) and human RBC ghosts pre-
pared as described (26) were subjected to SDS/PAGE. Proteins
transferred onto nitrocellulose membrane were blocked over-
night with 10% milk/2% BSA/0.05% TBS-T (Tween 20; 0.05%)
at 4°C. After four washes in TBS-T, the blot was incubated with
biotinylated band 3 peptides (each 400 uM) in TBS-T
(0.025%)/10 mM phosphate buffer (pH 8.0)/60 mM KCl for 4 h
at room temperature (RT). After extensive washing, the blot was
incubated with neutravidin-linked horseradish peroxidase
(1:21,000; Pierce) in TBS-T (0.05%) with 2% BSA for 5-6 h at
RT. After washing the blot five times with TBS-T and two times
with TBS, bound peptides were visualized by the enhanced
chemiluminescence method (Pierce).

Binding of MSP1 to RBCs in Suspension. MSP13s binding. Affinity-
purified GST-MSP133 was concentrated in PBS by using a
10-kDa Amicon spin column and incubated with either Nm-
treated or untreated human RBCs (7-ul packed volume) in PBS
(pH 7.4) for 2 h at RT (final volume 200 ul). The mixture was
passed through a bed of silicon oil (300 ul) by centrifugation. The
RBC pellet was washed in 1 ml of PBS and resuspended (50-60
pl) in PBS and subjected to SDS/PAGE followed by Western
blotting using a GST mAb (Amersham Pharmacia). GST was
used as control.

MSP119 binding. Enzyme-treated or untreated human (7 ul) and
mouse RBCs (10 ul) were incubated with 32P-labeled MSP149 in
PBS as above. On passing through silicon oil as above, radio-
activity associated with the RBCs (pellet) was measured by using
a B-scintillation counter. Negative controls included samples
with no RBCs and no 3?P-labeled MSP1;9 (only RBCs).

Native MSP1 binding. Enzyme-treated or untreated intact human
RBCs (25 ul) were incubated with 250 ul of P. falciparum (3D7)
culture supernatant for 2 h at RT. After centrifugation, the
RBCs (pellet) were washed once with PBS, lysed with 5 mM
phosphate buffer (pH 8.0), and washed once with PBS again. The
resulting RBC ghosts were subjected to SDS/PAGE followed by
Western blotting using P. falciparum MSP1 T9/94 rabbit anti-
serum or mAb 5.2 (MSP1,¢-specific).

Inhibition of native MSP1 binding. Soluble GST-5ABC (80 ul) eluted
from GSH beads by using GSH was incubated with 250 ul of the
culture supernatant for 2 h at RT. Untreated human RBCs (25
wl) were then added to the reaction mixture and further incu-
bated for 2 h at RT. Resulting RBCs were analyzed as above by
Western blot. GST was used as control.
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Indirect Immunofluorescence Assay. RBCs freshly collected into
citrate phosphate dextrose buffer were washed, resuspended in
RPMI (20% hematocrit), and fixed on glass slides with methanol
(20-30 sec) after thin smear. Fixed RBCs were washed in PBS,
blocked with 10% FBS in PBS (pH 7.4) for 1.5 h at 37°C, washed
again (five times, 10 min each), and incubated with 1 uM
GST-MSP14,, 8 uM GST-MSP133, or 9 uM GST in 10% FBS for
3.5 h at 37°C. Slide samples were washed five times in PBS,
incubated with goat anti-GST antibody (1:1,000; Amersham
Pharmacia), washed five times again, and incubated with rabbit
anti-goat FITC-conjugated antibody (1:60; Sigma). For visual-
izing spectrin, RBCs blocked as above were incubated with
human spectrin antibody (Sigma) followed by a FITC-
conjugated secondary antibody.

Results

Band 3 Ectodomain Peptides Block Merozoite Invasion. To investigate
a potential role of band 3 in the P. falciparum invasion of RBCs,
we prepared synthetic peptides derived from putative ectodo-
mains of human erythrocyte band 3 based on recent topology
models (refs. 27-29; Fig. 14). These band 3 peptides were tested
for their ability to inhibit the P. falciparum (3D7 strain) invasion
of human RBCs in culture by using the visual counting and
[*H]hypoxanthine incorporation methods (Supporting Materials
and Methods). In the visual counting assay (Fig. 1B), band 3
peptides 5A (P = 0.016), 5B (P = 0.013), 5C (P = 0.006), and
6A (P = 0.006) showed significant levels of inhibition of invasion
at 500 uM concentration as compared with other band 3 peptides
and the control (no peptide). Inhibition by these four band 3
peptides was concentration-dependent (50-, 200-, 500-, and
1,000-uM peptides; data not shown). These peptides did not
have any significant effect on retarding the growth of tropho-
zoites and schizonts (Fig. 1C), because there was no apparent
accumulation of trophozoites and schizonts as compared with
the control (no peptide).

In the [*H]hypoxanthine uptake assay (Fig. 1D) peptide 6A
(P = 0.003) showed strong inhibition and peptides 5B (P =
0.031) and 5C (P = 0.023) showed moderate but significant levels
of inhibition of invasion at 400 uM concentration as compared
with other band 3 peptides and control (no peptide and unre-
lated peptide) samples. Inhibition by peptide 1 was not statisti-
cally significant (P = 0.149). ICsy values (50% inhibition of
invasion) determined for peptide 5C and 6A by using the same
method were 455 * 159 uM and 279 * 39 uM (mean * SD),
respectively (Fig. 5, which is published as supporting information
on the PNAS web site). The growth inhibition study using a
similar [*H]hypoxanthine uptake method (Fig. 1E) showed that
none of the peptides at 400 uM had a statistically significant
effect on the growth of ring-stage parasites as compared with the
control sample (no peptide), although peptides 1 (P = 0.320), 2
(P = 0.140), and 5A (P = 0.448) samples had an apparent
reduction in the [*H]hypoxanthine uptake. Invasion-blocking
effects of peptides 5B, 5C, and 6A did not correlate with the net
charge or pl of the peptides because these properties for peptides
4B, 1, and 3A, respectively, were closely similar (Table 1, which
is published as supporting information on the PNAS web site).
The peptides 5B, 5C, and 6A were designed by randomly dividing
the putative ectodomains and, therefore, do not necessarily have
the optimal composition to effect maximum inhibition. Never-
theless, our results taken together show that peptides 5B, 5C, and
6A inhibit the blood-stage development of the parasites by
specifically targeting the invasion process.

Band 3 Peptides Interact with Merozoite Proteins. Naturally released
P. falciparum merozoites (3D7) were isolated, and total mero-
zoite proteins were separated by SDS/PAGE. The merozoite
protein mixture did not have contaminating human RBC ghost
proteins, as judged by the Coomassie staining of the gel and
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Fig.1. Band 3 peptidesinhibit the P. falciparum invasion of RBCs. (A) Human
band 3 peptides. () Overlapping 12-to 20-aa peptides shown insolid bars were
prepared according to the inclusive ectodomain boundaries based on the
following three topology models: the Casey model (ii; ref. 27), the Reithmeier
model (iii; ref. 28), and the Sherman model (iv; ref. 29). Boxes denote ectodo-
mains. (B) Invasion inhibition assay by the visual counting method. The num-
ber of ring-stage parasites counted from Giemsa-stained thin smears is plot-
ted. No Peptide, negative control. (C) Effect of peptides on intraerythrocytic
parasite maturation. The total number of schizonts and trophozoites was
scored from the same smears in B. (D) Invasion inhibition assay by the [3H]hy-
poxanthine incorporation method. Effects relative to the control sample (no
peptide) are shown. Unrelated peptide was derived from RBC dematin (neg-
ative control). (E) Growth inhibition assay by the [3H]hypoxanthine incorpo-
ration method. Effects on the growth of ring-stage parasites are shown
relative to the control sample (no peptide). In all assays, artemisinin (25 uM)
served as a negative control for parasite development in the culture. Para-
sitemia was calculated as the mean of three experiments (+SE), and Student’s
t test was used to compare the mean.

Western blotting using anti-band 3 and anti-spectrin antibodies
(Fig. 24). A 1:1 mixture of peptides 5C and 6A showed specific
binding to a number of merozoite proteins in the binding assay,
using a blot overlay method (Fig. 2B). These merozoite proteins
had apparent molecular masses of 175, 150, 125, 52, 48, 42, and
35 kDa (shown by arrowheads). In control samples, peptides 3A,
4A, and 2 did not show significant binding to any of these
merozoite proteins, although a couple of weak signals were
observed in the peptide 3A + 4A sample. The peptide 5C + 6A
mixture did not show specific binding to RBC ghost proteins.
Our results provide evidence that human band 3, especially the
regions corresponding to peptides SC and 6A, functions as a host
receptor in the P. falciparum invasion of RBCs. In fact, these
findings suggest that in our earlier experiment (Fig. 1), peptides
5B, 5C, and 6A inhibited the parasite invasion of RBCs by
competitively blocking one or more merozoite proteins from
binding to the RBC band 3 receptor.
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Fig. 2. The binding of human band 3 and native P. falciparum merozoite

proteinsis shown. (A) Merozoite protein separation. Total proteins in isolated
merozoites (M) and human RBC ghosts (G) are shown in the Coomassie gel.
Residual human serum albumin (apparent mass 67 kDa) from the culture
medium is marked with an asterisk. Western blotting using anti-band 3 and
anti-spectrin antibodies (Sigma) is shown. (B) Blot overlay assay. Negative
control peptides 3A and 4A showed only nonspecific bindings to human serum
albumin (asterisk) in merozoite samples and «/B spectrin (240/220 kDa) in
ghost samples. Peptide 2 also served as negative control. (C) Western blot
using P. falciparum MSP1T9/94 antiserum. Binding of native MSP1 to 5ABC is
shown. Lanes: 1, parasite lysate (PL); 2, PL + GST-5ABC beads; 3, PL + GST
beads; 4, P. falciparum culture supernatant (CS); 5, CS + GST-5ABC beads; and
6, CS + GST beads. (D) Western blot using mAb 5.2. Lanes: 1, CS; 2, CS +
GST-5ABC beads; and 3, CS + GST beads.

Native MSP1 Binds to Recombinant Band 3. Among the merozoite
proteins that specifically interacted with the peptide 5C + 6A
mixture in the above blot overlay assay were polypeptides
migrating at ~42 and 35 kDa. We postulated that at least one of
the two polypeptides could be the 42- or 38-kDa processing
product of MSP1 (MSP14, and MSP13g, respectively). To inves-
tigate this possibility, we prepared recombinant human band 3
peptide SABC (amino acids 720-761) as a GST-fusion protein
and affinity-purified GST-5ABC on GSH beads (Fig. 6, which is
published as supporting information on the PNAS web site). P.
falciparum (3D7) proteins were extracted from the mixture of
segmented schizonts and naturally released merozoites by using
0.5% Triton X-100 (Supporting Materials and Methods). The
protein extract (parasite lysate) was reacted with either GST-
5ABC or GST beads, and proteins associated with the beads
were analyzed by Western blot (Fig. 2C) using P. falciparum
MSP1 T9/94 rabbit antiserum generated against full-length
MSP1. Native MSP14; bound to GST-5ABC (lane 2), but not to
GST (lane 3), demonstrating a specific interaction between
MSP14; and the SABC domain. A similar binding assay was also
carried out by using the parasite culture supernatant collected at
the same segmented-schizont/merozoite stage. Consistent with
the above result, MSP14, bound specifically to the SABC domain
in this assay (lane 5). In both assays, neither full-length MSP1
(=200 kDa) nor MSPlss appeared to have interacted with
5SABC, although they were present in the parasite lysate (lane 1)
and culture supernatant (lane 4). Repeating the binding assay
with the parasite culture supernatant followed by a Western blot
analysis using mAb 5.2 (P. falciparum MSP1 9-specific mADb)
confirmed the binding of MSP14, to SABC (Fig. 2D). The

Goel et al.



A 1::2 3 45 6 7 8 9 101112 1314 15 16 17

[N 83 kDa | sokpa | 38kDa | 42kDa ]
B 7 = Bacterial
::_ Expression (902-1281) (1262-1535)
Z
g ] MSP1,
-l (1526-1838)
E o/
8 ‘: Yeast
o f Expression MSP15,, MSP1,,,  MSP1,
- - (911-1121)  (11221263)  (1264-1639)
L] 4 SI 12 16 MSP1
(1526-1630)
244
20
E 16
g0 C MSP1,, MSP1,, MSP1,  MSPi,
T — == —
&
o 5ABC )
- \
N
[Fro SABG] 1M x10-4 \‘j' - —
18 » '
G _GSTEARG
: o i ( ( C! /;_/
12 ..\ ._,l
1.0 4 . .
g L] o e
o 06 = o 8 7
a4 W
02 65T 6AB ! !
gp leee e - - v
] 5 1 15 20 35 H 1 \ -
Tre-MSP g (nh) P
Fig. 3. The band 3-MSP1 interaction is shown. (A) P. falciparum MSP1.

Conserved (black), semiconserved (gray), and polymorphic (white) regions are
shown based on previous sequence diversity analyses (20, 21). Various MSP1
constructs derived from the FCB-1 strain were prepared for solution binding
and yeast two-hybrid assays as illustrated. (B) Solution binding assay. 32P-
labeled 5ABC (10, 20, 40, and 80 M) and 5BC (21, 42, 84, and 168 uM) bound
to GST-MSP14, (Top) and GST-MSP135 (Middle), respectively, on beads in a
concentration-dependent manner. Biotinylated Trx-MSP 149 (0.78, 1.56, 3.13,
6.25, 12.5, and 25.0 nM) bound to immobilized GST-5ABC in ELISA when GST
alone did not (Bottom). Trx did not interact with GST-5ABC (not shown). (C)
Yeast two-hybrid assay. The protein interaction was analyzed by a cotrans-
formation method in yeast AH109 cells using SD/—Leu/—Trp selection plates.
Activation of the MELT reporter gene on specific binding of the MSP1 domain
to the band 3 peptide gave positive blue colonies when using the a-galacto-
sidase assay.

60-kDa protein binding to SABC (Fig. 2 C, lane 5, and D, lane
2) could be a truncated form of MSP1, because full-length MSP1
degraded into this and a few other lower-molecular-weight
protein when the culture supernatant was stored for an extended
period.

Characterization of MSP1-Band 3 Interaction. To characterize the
interaction of band 3 with the processing products of MSP1, we
prepared human band 3 peptide constructs SABC (amino acids
720-761), SBC (amino acids 731-761), and 6AB (amino acids
807-842) and a number of P. falciparum (FCB-1 strain) MSP1
constructs shown in Fig. 34 (see Supporting Materials and
Methods). GST-MSP13g expressed in bacteria was purified as a
mixture of three C-terminal truncated polypeptides of 45 kDa
(major) and 28-32 kDa (Fig. 7, which is published as supporting
information on the PNAS web site). In the in vitro solution
binding assay, 3’P-labeled SABC and 5BC, respectively, bound to
GST-MSP14; (Kg = 36 uM) and GST-MSP135 (Kq = 67 uM),
whereas neither showed significant binding to GST alone (Fig.
3B). Further, MSP1,o fused to the Trx domain bound strongly to
GST-5ABC (K4 = 2.1 nM) in ELISA (Fig. 3B Bottom), whereas
the Trx and GST control samples did not interact with GST-
SABC and Trx-MSP1,y, respectively. These results demonstrate
that the MSP1 domains interact specifically with the band 3
peptides. The 6AB peptide expressed in bacteria was poorly
soluble and could not be used in the study.
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In the in vivo yeast two-hybrid assay, band 3 peptides (SABC,
SBC, and 6AB) and MSP1 domains (MSP13ga, MSP13gb, MSP142,
and MSP19 as shown in Fig. 34) were coexpressed as a fusion
to the GAL4 DNA-binding domain and GAL4 activation do-
main, respectively (Matchmaker Two-Hybrid System 3, CLON-
TECH). MSP135 was divided into MSP13g, and MSP13g;, in view
of the C-terminal truncated MSP13g (45-kDa GST-fusion pro-
tein) used in our solution binding assay. Peptide SABC inter-
acted with MSP14;, MSP1;9, and MSP13gp, SBC interacted only
with MSP135,, and 6AB interacted only with MSP14, and MSP1,9
(Fig. 3C). The expression of peptide 6AB as a soluble DNA-
binding domain fusion protein in yeast was confirmed by West-
ern blot (data not shown). Consistent with the solution binding
results above, the interaction of band 3 peptides with MSP13g,
and MSP13;g;, was relatively weak (Table 2, which is published as
supporting information on the PNAS web site). No interaction
was observed in other two-hybrid samples. Specific interactions
observed between band 3 and MSP1 are remarkably similar in
the solution binding and yeast two-hybrid methods. These results
implicate that a key function of MSP14, and/or MSP1yy is to
interact with the host receptor band 3 during the merozoite
invasion of RBCs. It is possible that MSP13g is a ligand binding
to band 3 with relatively weak affinity.

Sialic Acid-Independent Binding of MSP1 to RBCs. Earlier studies
implicated that native P. falciparum MSP1 (full length) binds to
RBCs in a sialic acid-dependent manner (30, 31). In contrast, it
has been shown recently that a recombinant segment of MSP13g
(p115MSP-1) binds to both wild-type and GPA-deficient
En(a—) human RBCs (32). Further, short peptides derived from
MSP1g;, MSP13g, and MSP14, bound to sialic acid-depleted
RBCs with relatively high affinity (33). To elucidate RBC
binding properties of the MSP1 processing products, we carried
out the binding assays shown in Fig. 4.

In the first assay, human and mouse RBCs treated with either
Nm or a-chymotrypsin (ChT) (Supporting Materials and Methods
and Fig. 8, which are published as supporting information on the
PNAS web site) were reacted with 3?P-labeled MSP1,9 (Fig. 7,
lane 10) and sedimented through a bed of silicon oil as described
(32). The radioactivity associated with the RBC pellet was
analyzed quantitatively. Human RBCs treated with ChT for 10
min and 40 min and Nm showed a 30% reduction (P = 0.010),
a 37% reduction (P = 0.040), and a 52% increase (P = 0.054),
respectively, in their ability to bind MSP1,9 as compared with
untreated RBCs (Fig. 44). In mouse RBC samples, ChT-treated
RBCs (40 min) showed 41% reduction (P = 0.005) and Nm-
treated RBCs showed 51% increase (P = 0.086) as compared
with untreated RBCs. These results show that P. falciparum
MSP1,9 binds to RBCs in a sialic acid-independent manner.

The reduced binding of MSP1;9 in ChT-treated RBC samples
in our assays is directly correlated with the well characterized
proteolysis of band 3 (34) and GPA (15) peptide backbones on
the ChT-treated RBC surface (Fig. 8). Previously, it was shown
that the ChT treatment of human RBCs resulted in a 36-94%
reduction in RBC invasion by P. falciparum, depending on the
concentration of ChT (35-37). Band 3 (—/—) mouse RBCs
lacking both band 3 and GPA in the RBC membrane (38, 39)
showed a 72% reduction (P = 0.277 X 107°) in binding 32P-
labeled MSP1,9 as compared with untreated wild-type mouse
RBC:s (Fig. 44). However, because the background radioactivity
in the negative control sample (no RBCs) was ~18% of the
positive control (untreated wild-type mouse RBCs), the actual
radioactivity associated with the band 3 (—/—) mouse RBCs was
a mere 10% above the background. Thus, band 3 (—/—) mouse
RBCs completely lacking both band 3 and GPA from the plasma
membrane bound MSP1,9 at a relatively insignificant level.

We then examined whether the binding of MSP135 to RBCs is
sialic acid-independent. Wild-type and Nm-treated human
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Fig. 4. The binding of P. falciparum MSP1 to RBCs is shown. (A) Relative
binding of 32P-labeled MSP149 to various RBCs in suspension. Means (+=SE)
were plotted relative to the control (untreated wild type) and compared using
Student’s t test. Assays were repeated three to five times. Normalization:
human RBC control, 1.0 = 9,387 counts per minute (cpm); mouse RBC control,
1.0 = 17,787 cpm. (B) Binding of MSP135 to RBCs. Anti-GST Western blotting
shows that GST-MSP13g binds to Nm-treated (lane 1) and untreated (lane 3)
human RBCs. GST was used as a control (lanes 2 and 4). (C) Indirect immuno-
fluorescence assay. The binding of GST-MSP14; and GST-MSP13g is shown by
using anti-GST antibody and FITC-conjugated secondary antibody. GST was
used as a control. Anti-spectrin antibody staining confirmed that all RBC types
were morphologically normal. (D) Western blotting using P. falciparum MSP1
T9/94 rabbit antiserum. The binding of native P. falciparum MSP1 to human
RBCsisshown. Lanes: 1, culture supernatant (CS) + untreated RBCs; 2, CS + GST
+ RBCs; 3, CS + GST-5ABC + RBCs; 4, CS + RBCs treated with T (1.0 mg/ml); 5,
CS + RBCs treated with ChT (0.5 mg/ml); and 6, CS + RBCs treated with Nm (3
milliunits/ml). (E) Western blot analysis using mAb 5.2 confirms the 42-kDa
protein shown in D is MSP14,. The lanes are identical to those in D.

RBCs were each incubated with purified GST-MSP155 (C-
terminal truncated forms; Supporting Materials and Methods)
and subjected to SDS/PAGE followed by Western blotting using
anti-GST antibody. Truncated GST-MSPlsg bound to both
Nm-treated and untreated intact RBCs in suspension (Fig. 4B).
GST alone did not bind to either type of RBCs. These results
demonstrate that MSP1sg specifically interacted with the extra-
cellular component of human RBCs in sialic acid-independent
manner. This is consistent with our finding that peptide 5BC,
representing a nonglycosylated ectodomain of band 3, bound to
MSP135 in solution and to MSPlsg, in the yeast two-hybrid
system.

Band 3 Is Essential for the Binding of MSP1 to RBCs. In the indirect
immunofluorescence assay, using fixed RBCs, GST-MSP14, (1
M final concentration) and GST-MSP13g (truncated forms, 8
M) bound to human as well as mouse wild-type RBCs, whereas
GST (9 uM) alone did not, demonstrating that the observed
binding was specific to the MSP14, and MSP1353 domain, respec-
tively (Fig. 4C). It is noteworthy that an 8-fold higher concen-
tration of GST-MSP135 as compared with GST-MSP14, was
necessary to achieve a comparable level of immunofluorescence
on the RBC surface by using the anti-GST antibody. This
observation suggests a relatively weak interaction of MSP13g
with RBCs as compared with MSP14,. In the band 3 (—/-)
mouse RBC sample, on the other hand, neither GST-MSP14,,
GST-MSP13g, nor GST showed binding. Because truncated
MSP1;g interacted with sialic acid-depleted RBCs (Fig. 4B) and
pl1ISMSP-1 (>60 aa overlap with our 45-kDa GST-MSP13s)
derived from MSP155 bound to GPA-deficient human RBCs
(32), our immunofluorescence assay results suggest that band 3
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is involved in the binding of MSP13g to the RBC surface. In this
context, peptides SABC and 5BC, representing a putative ecto-
plasmic region (amino acids 720—761) of human band 3, specif-
ically bound to MSP135, MSP13g,, and MSP13g;, in our binding
assays (Fig. 3). In this region of band 3 there is 98% sequence
identity between mouse and human proteins.

The binding of recombinant MSP14; in our immunofluores-
cence assay is consistent with the binding of its C-terminal
domain MSP1,9 to the wild-type, enzyme-treated, and band 3
(=/—) mouse RBCs in suspension (Fig. 44). To investigate the
essential role of band 3 in binding MSP14; to the RBC surface,
we carried out solution binding studies using native MSP1y4; in
the P. falciparum (3D7) culture supernatant and wild-type and
enzyme-treated human RBCs. Both P. falciparum MSP1 T9/94
rabbit antiserum (Fig. 4D) and mAb 5.2 (Fig. 4E) were used to
analyze the binding interaction by Western blot. Native MSP14,
indeed bound to untreated wild-type human RBCs in solution
(Fig. 4 D and E, lane 1). Consistent with the binding assay using
SABC beads (Fig. 2C, lanes 4-6), neither full-length MSP1 nor
the MSP1s5 processing product showed apparent binding to
human RBCs, but the 60-kDa protein (presumably, truncated
MSP1) bound to RBCs. When GST-5ABC was added to this
reaction mixture, the binding of MSP14, to RBCs was substan-
tially reduced (Fig. 4 D and E, lane 3). An equivalent amount of
GST added to the reaction mixture did not affect the binding of
MSP14, (lane 2). These results demonstrate that the SABC
domain specifically blocks the binding of native MSP14, to RBCs.
When the binding assay was carried out using enzyme-treated
human RBCs, native MSP14, bound to T-treated (Fig. 4 D and
E, lane 4), Nm-treated (lane 6), and untreated (lane 1) RBCs at
a comparable level. However, the binding of native MSP14, was
nearly abolished in the ChT-treated RBC sample (Fig. 4 D and
E, lane 5). On treatment of intact RBCs with T, we have
confirmed that GPA is completely removed, but band 3 is
undigested from the extracellular surface (Fig. 8), as reported
(40, 41). These results demonstrate that band 3 is essential for
binding native MSP1l4, to RBCs by a ChT-sensitive, T-
insensitive, Nm-insensitive (sialic acid-independent) mechanism
and that SABC is a crucial region of the host band 3 receptor in
the P. falciparum invasion of RBCs.

Discussion

We describe a host—parasite interaction in the P. falciparum
invasion of human RBCs that involves two nonglycosylated
ectoplasmic regions of band 3 and processing products of MSP1.
The core region of the band 3 receptor includes amino acid
residues 720-761 (peptides 5A, 5B, 5C, or SABC) and 807-826
(peptide 6A). The native ligand interacting with the band 3
receptor has been identified as MSP14,. Apparently, recombi-
nant MSP1,9 and MSP135 also bound to this receptor, although
MSP15g consistently showed relatively weak binding to band 3
peptides and RBCs. Recombinant MSP1yy interacted with
5SABCwith the K4 of 2.1 nM, which was four orders of magnitude
lower than the MSP14,-5ABC interaction. These results suggest
that a major band 3 binding site is located within the 19-kDa
domain of MSP1. It was shown earlier that disrupting the 19-kDa
C-terminal region of the MSP1 gene is lethal to blood-stage P.
falciparum (22), indicating that the processing products MSP14,
and/or MSP1yy play a critical role in RBC invasion. The binding
of native MSP1y4, as well as recombinant MSP14,, MSP1,9, and
MSP13g to intact RBCs is directly correlated with the peptide
backbone of band 3 on the RBC surface. These findings taken
together demonstrate the essential role of band 3 as the host
receptor mediating the sialic acid-independent interaction of P.
falciparum MSP1 and RBCs. Further, our study reveals the
function of MSP1 in the P. falciparum invasion of RBCs.

The finding that the band 3 receptor interacts with MSP14,
and MSP1sg suggests that MSP1-band 3 interactions begin
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before MSP1 processing products are shed from the merozoite
surface. A recent study has reported that the C terminus of
Plasmodium yoelii MSP15g interacts with the N terminus of P.
yoelii MSP14,, suggesting a binding mechanism between the two
MSP1 processing products (42). On secondary processing of
MSP14, and shedding of non-covalently associated MSP1 frag-
ments, the merozoite—band 3 interaction might be retained
through MSP1,4 anchored to the merozoite surface. It is possible
that the band 3 binding site in MSP14, is located within its highly
conserved C-terminal domain, MSP1;9 (block 17). Our recom-
binant MSP13g, (yeast) also has a conserved region (block 12),
and the C-terminal truncated MSPlsg protein (bacteria) is
believed to contain most of this conserved region (Fig. 34).
Evidence from P. falciparum field isolates indicates that the
parasites commonly use alternate invasion pathways that do not
depend on sialic acid residues of GPA (43). The extracellular
region of RBC band 3 is sensitive to ChT but insensitive to T and
Nm. Whether the MSP1-band 3 interaction plays a primary role
in a dominant sialic acid-independent invasion pathway across P.
falciparum lines remains to be seen. Association between band
3 and GPA in the human RBC membrane has been shown (44,
45). In this regard, an RBC invasion mechanism in which the
parasites use band 3 and GPA in a cooperative or complemen-
tary manner could be possible. On the other hand, it remains
possible that the MSP1-band 3 interaction could be responsible
for the initial attachment of merozoites to RBCs in the circu-
lation. Presumably, the initial attachment is a critical event
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requiring both the selectivity of the interaction and efficiency of
the process at the cellular level. Band 3 and MSP1 appear to
satisfy the intricate requirements of the initial attachment
process at the molecular level: they are the most abundant
protein on the RBC and merozoite surface, respectively, highly
conserved throughout the respective species, especially at the
binding interface, and yet interact with a remarkable specificity.

Band 3 peptides 5C, 6A, and SABC interacted with a number
of merozoite proteins in our binding assays, which leaves open
the possibility that ligands other than MSP1 could also be
accommodated by this crucial region of band 3, perhaps at
different stages of the invasion process. A recent study has
suggested that P. falciparum acidic-basic repeat antigen
(ABRA) located on the merozoite surface interacts with RBCs
through band 3 (46). On the other hand, multiple parasite ligands
binding the band 3 receptor might exist to promote redundancy
that ensures the selectivity and/or efficiency of the initial
attachment process. Future studies should pursue these points of
interest and may provide an ensemble of novel targets for a
multivalent malaria vaccine.
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