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Myosin-like sequences in the malaria parasite
Plasmodium falciparum bind human erythrocyte
membrane protein 4.1

A B S T R A C T

Background and Objectives. Plasmodium falciparum malaria is one of the most lethal
infectious diseases afflicting humanity. During development within the erythrocyte, P. fal-
ciparum induces significant modifications to the structure and function of the human ery-
throcyte membrane. This study focused on the identification of new protein-protein inter-
actions between host and parasite.

Design and Methods. A novel application of in vitrodisplay technology was used: P. fal-
ciparum phage display expression libraries were screened against purified human ery-
throcyte protein 4.1. DNA sequencing and bioinformatic analyses were used to identify
parasite proteins that bind protein 4.1.

Results. P. falciparum proteins displaying strong binding specificity toward protein 4.1
included five hypothetical proteins, erythrocyte binding antigen-175, erythrocyte bind-
ing ligand-1 like protein and a putative serine/threonine kinase. A common binding motif
displaying homology to muscle myosin and neurofilament sequences was also identified
in four of the eight proteins.

Interpretation and Conclusions. These proteins are potentially involved in the invasion
and/or release, as well as the growth and survival of malaria parasites during develop-
ment with the red blood cell. The characterization of novel protein interactions between
P. falciparum and erythrocyte membrane protein 4.1 will lead to a better understanding
of malaria pathogenesis and parasite biology.
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ciparum (clone 3D7) genome sequence

has provided a comprehensive blueprint
for analyzing gene expression and protein
function in the malaria parasite.' Biological
profiling of the 5,268 predicted P. falci-
parum proteins has resulted in the func-
tional classification of about 30% of the
parasite's proteome.? Assigning function to
parasite proteins with no known protein
homology (i.e. hypothetical proteins) and
refining the mode of action of putative pro-
teins have been aided by investigating pro-
tein-protein interactions involved in malar-
ia cell biology.® The association of P. falci-
parum proteins with the erythrocyte mem-
brane has initiated widespread interest in
defining new proteins that interact at the
host-parasite interface.* Despite our current
understanding, many questions remain
unanswered concerning this dynamic inter-

The completion of the Plasmodium fal-
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play. Protein 4.1 (4.1R) is a peripheral pro-
tein involved in maintaining the structural
integrity of the erythrocyte membrane
through its binding with spectrin and actin.®
P. falciparum requires 4.1R for optimal par-
asite growth and viability.®® Specific 4.1R-
parasite protein interactions that play a role
include the mature parasite-infected ery-
throcyte surface antigen (MESA), which
binds 4.1R at a 51 residue region within the
30-KDa domain.? In addition, Hanspal et al.®
have shown that falcipain-2, a P. falciparum
cysteine protease, cleaves native and
recombinant 4.1R within the spectrin-actin
binding domain. Proteolysis of 4.1R results
in destabilization of the membrane skeleton,
which would assist in the release of mero-
zoites from erythrocytes into the circula-
tion. The phosphorylation status of 4.1R is
altered during erythrocyte parasitism by
unidentified parasite kinases, which may
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affect the biophysical properties of the host membrane
and in so doing, support parasite growth.”

In this study we identify novel interactions between
P. falciparum proteins and 4.1R by using P. falciparum
phage display libraries. This indicates new mecha-
nism(s) by which the parasite associates with the ery-
throcyte skeleton.

Design and Methods

The P. falciparum strain FCR-3 was cultured accord-
ing to the method of Trager and Jensen.”? Parasite-
infected erythrocytes were lysed with 0.5% saponin
and total RNA isolated using guanidinium isothio-
cyanate.” Messenger RNA was extracted using the
Dynal® (Oslo, Norway) mRNA direct kit. cDNA was syn-
thesized and packaged into T7 bacteriophage extracts
as previously described.™ 4.1R was extracted and puri-
fied from human erythrocyte membranes (15) and the
purity verified using 12% SDS polyacrylamide gels and
silver staining (detection limit: 2-5 ng protein) (Figure
1). Purified 4.1R was subsequently biotinylated with D-
biotin-N-hydroxysuccinimide ester (Roche, Germany)
and immobilized on streptavidin-coated magnetic
beads (Roche, Germany). P. falciparum phage display
libraries were biopanned against 4.1R and insert
sequences analyzed as described by Lauterbach et al.™*
Sequences were matched to annotated P. falciparum
genes by performing bioinformatic analyses in the
PlasmoDB database version 4.1 (http://www.plas-
modb.org).

Results

P. falciparum phage display libraries provide a pow-
erful tool and novel approach for identifying new pro-
tein interactions between the parasite and the human
erythrocyte membrane. A phage display library was
used to identify eight proteins that demonstrated
binding specificity towards 4.1R. These included five
hypothetical proteins, a putative serine/ threonine pro-
tein kinase, erythrocyte binding antigen-175 (EBA-
175) and erythrocyte binding ligand-1 (Ebl-1)-like pro-
tein (Table 1). A single library is not representative of
the entire parasite's genome and therefore these pro-
teins do not necessarily represent all P. falciparum pro-
teins that interact with 4.1R.

The amino acid composition of the 4.1R binding
sequences consists predominantly of charged residues
at physiologic pH, implying that the interaction of
these proteins with 4.1R is most likely to be ionic in
nature. Sequences encoded by PF11_0191 and
MALG6P1.48 consist of 30% and 18% lysine, respec-
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Table 1. Plasmodium falciparum proteins containing bind-
ing sequences specific for human erythrocyte membrane
protein 4.1.

PlasmoDB Annotated  Amino acid Predicted
V4.1Gene protein  binding sequence motif
Identification
PFO7_0128 EBA-175 1349-1378  Duffy antigen
PFA0125¢ putative Ebl-1  971-1001 myosin-like

like protein motif
PFB0150 putative protein  26-55 unknown

kinase
(serine/threonine)

PFA0420w hypothetical ~ 150-139 neurofilament-like
motif
PFE0570w hypothetical ~ 8611-8710 unknown
PF11_0191 hypothetical ~ 459-488  myosin-like motif
PF14_0201 hypothetical ~ 801-860  myosin-like motif
MAL6P1.48  hypothetical 2675-2704 unknown

tively, and have net positive charges. Ebl-1-like protein
and sequences encoded by PF14_0201, PFBO150 and
PFA0420w have a predominance of acidic amino acids
(glutamic acid and aspartic acid) and have net nega-
tive charges. The 4.1R binding sequence encoded by
PFEO570w has no net charge, whereas EBA-175 has a
net negative charge due to the high proportion (15%)
of glutamic acid.

Discussion

Erythrocyte binding proteins

EBA-175 and Ebl-1-like protein belong to a family
of homologous Duffy-binding-like erythrocyte-binding
proteins (DBL-EBP). Upon erythrocyte invasion by P.
falciparum merozoites, the release of DBL-EBP from
the micronemes has been linked to erythrocyte entry
and junction formation.” However, the molecular
mechanisms governing parasite invasion remain
unclear. We propose that binding of EBA-175 and Ebl-
1-like protein to 4.1R helps to destabilize spectrin-
actin interactions and thus compromise erythrocyte
membrane integrity. This would facilitate the move-
ment of merozoites into the erythrocytes through the
action of the parasite's actinomyosin motor.” During
merozoite invasion, a 12-amino acid sequence in the
N-terminal cysteine-rich region of EBA-175 binds the
sialic residues of glycophorin A" We have localized
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Figure 1. Purification of 4.1R from human erythrocyte mem-
branes. Crude protein 4.1 was extracted from erythrocyte
membranes with 1M KCI (A). Anion exchange chromatog-
raphy was used to purify 4.1R from the crude extract (B).
Proteins were separated on a 12% SDS polyacrylamide gel
(Laemmli) and visualized with silver staining.

the protein 4.1 binding site in EBA-175 to the C-ter-
minal cysteine region, found adjacent to a transmem-
brane domain. We therefore infer that following the
initial attachment of EBA-175 to the erythrocyte sur-
face, the transmembrane domain of EBA-175 inserts
into the erythrocyte membrane. In so doing, the 4.1R
binding site is brought in close proximity to 4.1R, thus
initiating interaction between the two proteins.

P, falciparum protein kinase

The identification of a putative P. falciparum kinase
provides a potential mechanism of 4.1R phosphoryla-
tion. Together with a host of other erythrocyte skeletal
proteins (including spectrin, ankyrin and band 3), the
phosphorylation of 4.1R influences protein-protein
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interactions which may lead to changes in membrane
structure and function.? The discovery of novel kinases
may aid in understanding merozoite invasion and
release, as well as the development of P. falciparum
with the erythrocyte. Furthermore, kinases have become
attractive targets for the development of anti-malaria
agents.’

Hypothetical P falciparum proteins

As expected, approximately 62% of the proteins that
were identified by biopanning were hypothetical (Table
1), confirming that the proteome of P. falciparum is
largely uncharacterized. The interaction of these pro-
teins with 4.1R infers that they localize and/ or func-
tion at the erythrocyte membrane. Proteins encoded by
PF14_0201 and MALG6P.48 have predicted transmem-
brane regions and presumably associate with 4.1R by
inserting into the host membrane. These hypothetical
proteins may modulate the interaction between 4.1R
and other erythrocyte membrane proteins, since 4.1R
enhances the binding affinities between spectrin and
actin, as well as between glycophorin and P55.2 P. fal-
ciparum proteins that interact with 4.1R may therefore
influence normal 4.1R functioning, resulting in reduced
protein interactions and structural alterations to the
membrane skeleton.

Common myosin-like binding motif

Bioinformatic analyses in the PlasmoDB database
revealed a common, negatively charged binding motif
in four of the eight identified P. falciparum proteins.
The 4.1R binding sequences in PF14_0201, PF11_0191
and Ebl-1-like protein were mapped to a region within
the proteins that showed homology to the coiled-coil
domain of eukaryotic myosin (E values: 1.5e%, 1.4e"*
and 1.0e’® respectively), whereas the binding sequence
in PFA0O420w revealed homology to the coiled repeat
pattern in eukaryotic neurofilament sequences (E val-
ue: 4.9°). The coiled-coil structure of eukaryotic
myosin is a distinctive structural feature of the tail
domain in class Il myosins, typically skeletal and smooth
muscle types.? The coiled-coil forms an important
structural element in fibrous proteins, however, coiled-
coil motifs in globular proteins perform a variety of cel-
lular functions, the most common of which are pro-
tein-protein interactions.* This study demonstrates that
eukaryotic myosin and neurofilament-like motifs in spe-
cific P. falciparum proteins have the ability to bind
directly to 4.1R. In support of our findings, the 10-KDa
domain of 4.1R has been demonstrated to bind and reg-
ulate myosin.®

Other binding proteins

MESA, a protein containing a large number of repeat
regions and charged residues, facilitates the survival of
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P. falciparum by associating with 4.1R.** Bennett et al.
have mapped the 4.1R binding site in MESA to a 19-
amino acid sequence, a region suggested to be of insuf-
ficient length to support this interaction.” Interesting-
ly, our bioinformatic analyses revealed that the binding
sequence is located at an N-terminal position near a
myosin-like motif. We speculate that the myosin motif
in MESA enhances the affinity of the 19-amino acid
binding sequence for 4.1R.

On further examination of the 4.1R binding sequence
in MESA, namely SIRNY--C---APYI, we identified a sim-
ilar SMKNY--C---APYI motif in the RESA-like protein.
The motif in the RESA-like protein is also located at the
N-terminal end of a myosin-like sequence.

These findings, as well as the structural similarity
between RESA-like protein and MESA, allow us to infer
that RESA-like protein may bind 4.1R. Further bioinfor-
matic analyses revealed homology between the myosin
sequence and six other P. falciparum proteins, MAEBL
(PF11_0486), PFD0207c, PFBO115w, PF11_0035,
PFE0230w and PFE0440w, indicating that these pro-
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Conclusions

In this study P. falciparum phage display expression
libraries have facilitated the identification of novel
interactions between the parasite and 4.1R. Addressing
the detailed binding kinetics between 4.1R and myosin-
like motifs will aid in unravelling the functional impor-
tance of these interactions to P. falciparum growth and
survival. Furthermore, the interaction between 4.1R and
parasite proteins containing myosin and neurofilament-
like sequences may emerge as an important finding for
the development of novel drugs against malaria.
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