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ABSTRACT Plasmodium falciparum-infected erythrocytes
bind to venular endothelial cells by means of electron-dense
deformations (knobs) on the parasitized erythrocyte surface.
The primary structure of a parasite-derived histidine-rich
protein associated with the knob structure was deduced from
c¢DNA sequence analysis. The 634 amino acid sequence is rich
in lysine and histidine and contains three distinct, tandemly
repeated domains. Indirect immunofluorescence, using affin-
ity-purified monospecific antibodies directed against recombi-
nant protein synthesized in Escherichia coli, localized the
knob-associated histidine-rich protein to the membrane of
knobby infected erythrocytes. Immunoelectron microscopy
established that the protein is clustered on the cytoplasmic side
of the erythrocyte membrane and is associated with the
electron-dense knobs. A role for this histidine-rich protein in
knob structure and cytoadherence is suggested based upon
these data.

Plasmodium falciparum is the most virulent of the four
species causing human malaria. Erythrocytes infected with
P. falciparum develop electron-dense protrusions (knobs) on
their plasma membranes during the asexual intraerythrocytic
cycle of the parasite (1). The knobs are associated with
binding of the parasitized erythrocytes to the venular endo-
thelium (2). This interaction, termed sequestration, maintains
the parasites in a low-Po, environment, which may favor
their development (3) and may also protect the parasites from
the filtering action of the spleen (4). The knobby phenotype
(knob™) may therefore be partially responsible for the high
parasitemias and the hypoxia associated with P. falciparum
malaria and may also contribute to the pathophysiology of
cerebral malaria.

The knob structure is necéssary but not sufficient for P.
falciparum-infected erythrocytes to bind to endothelial cells.
Under in vitro culture conditions parasites often maintain the
capacity to cause knob formation on the infected host cell
while losing the ability to mediate cytoadherence (5). Several
parasite- and host-derived molecules have been implicated in
the cytoadherence reaction, including a high molecular
weight strain variant parasite protein localized to the eryth-
rocyte surface (6, 7), a M, 88,000 endothelial cell surface
molecule defined by the OKMS5 antibody (8), and human
thrombospondin (9). However, the parasite and host mole-
cules responsible for the ultrastructural morphology of the
knobs on the erythrocyte membrane are not known.

Expression of a M, 80,000-90,000 parasite-derived histi-
dine-rich protein has been correlated with the presence of
knobs and sequestration (10, 11). This protein has been found
to be enriched in membrane preparations of infected eryth-
rocytes that contain knobs (12). It is synthesized in the ring
stage of intraerythrocytic development of the parasite and
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accumulates in infected erythrocyte membranes later, par-
alleling the appearance of knobs in the trophozoite and
schizont developmental stages (13). Spontaneous mutations
of knob™* parasites have been described that do not cause
knob formation (knob™), do not mediate cytoadherence, and
do not express the knob-associated histidine-rich protein
(KAHRP) (14). Reintroduction of these knob~ variants in
vivo resulted in rapid clearance by the spleen and nonpro-
ductive infections (15), consistent with a role for the knob in
evading splenic defenses. The genetic basis for the loss of
knob expression in these knob~ variants was shown to
include a chromosome rearrangement and a deletion in the
coding sequence of the KAHRP gene resulting in a telomeric
location for the truncated gene (16).

To investigate the role of the KAHRP in knob formation
and sequestration, we have focused on defining the structure
of the KAHRP and determining its function in the knob*
phenotype. We isolated and characterized P. falciparum
cDNA clones from a knob™® strain; the cDNA sequence
encodes a 634 amino acid sequence consisting of a hydro-
phobic signal peptide, a potential transient propeptide, and a
mature protein that contains a domain of polyhistidine tracts
of from six to nine contiguous residues. Two additional
repeated-sequence domains are present in the lysine-rich,
carboxyl-terminal half of the predicted protein. Immuniza-
tion of rabbits with a recombinant protein expressed in
Escherichia coli resulted in high-titer polyclonal, monospe-
cific antiserum, which was used to localize the protein to the
infected erythrocyte membrane by immunofluorescence.
Immunoelectron microscopy revealed the KAHRP to be
associated with the knobs on the cytoplasmic side of the
erythrocyte membrane.

MATERIALS AND METHODS

Parasites. FCR-3 is a nonclonal Gambian line of P. falci-
parum established by Jensen and Trager (17). FVO parasites
were kindly provided by R. Reese. FVO™* is a knob™* line
cloned from a Vietnam isolate and FVO~ is a knob~ clone
derived from it (11). All parasites were maintained in syn-
chronous culture as described (4, 18, 19).

¢DNA Clones and DNA Sequencing. cDNA clones for the
KAHRP of P. falciparum strain FCR-3 were isolated as
described (16). DNA sequencing was performed by the
chemical degradation method of Maxam and Gilbert (20) and
by the dideoxy chain-terminating method (21).

Overexpression of KAHRP Peptides in E. coli and Antipep-
tide Antibody Preparations. A DN A fragment beginning at the

Abbreviations: HRP, histidine-rich protein; KAHRP, knob-associ-

ated HRP; knob*, knob-inducing phenotype; knob~, knobless phe-

notype.

This sequence is being deposited in the EMBL/GenBank data base
(Bolt, Beranek, and Newman Laboratories, Cambridge, MA, and
Eur. Mol. Biol. Lab., Heidelberg) (accession no. J02972).
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BamHI site within the coding sequence of the KAHRP gene
(nucleotide 764, Fig. 1 a and c) and extending 3’ to nucleotide
1548 (see Fig. 1¢) was fused in-frame to the coding sequence
of the amino-terminal 81 amino acids of the influenza virus
NS1 nonstructural protein (KAHRP-NS1 fusion) in the
plasmid vector pB4* and also to the amino-terminal 3 amino
acids of the NS1 protein (KAHRP nonfusion) in the related
plasmid vector pT17 (22, 23). Overexpression and isolation of
the KAHRP-NSI1 fusion and KAHRP nonfusion peptides
from temperature-induced ARS8 (cIts857) lysates and immu-
nization of rabbits were as described (24). Specific antibodies
were affinity-purified from imimune serum by chromatogra-
phy on KAHRP-NSI coupled to CNBr-activated Sepharose
4B according to the manufacturer’s specifications (Pharma-
cia).

Immunoblot Analysis. The native KAHRP protein was
identified in NaDodSO,-soluble extracts of FVO* and FVO~
schizont-infected erythrocytes by immunoblot analysis using
a 1:200 dilution of the affinity-purified rabbit antiserum to the
KAHRP-NS] fusion peptide followed by a 1:1000 dilution of
125]_|abeled protein A (specific activity 9 uCi/ug; 1 Ci = 37
GBgq) as described (24).

Immunolocalization of the KAHRP. Indirect immunofluo-
rescence was performed on acetone-fixed parasites, using a
1:100 dilution of affinity-purified anti-KAHRP antibodies
followed by a 1:100 dilution of affinity-purified fluorescein-
conjugated goat anti-rabbit antibodies (Boehringer Mann-
heim) (25). For immunoelectron microscopy, FCR-3
schizonts were fixed in 0.25% glutaraldehyde, dehydrated in
graded ethanol solutions, and embedded in LR white resin
(Fullam, Schenectady, NY). The same antibodies, at a 1:1
dilution in phosphate-buffered saline containing 0.1% bovine
serum albumin, were used to stain the samples, followed by
protein A bound to 5-nm gold particles. Some sections were
counterstained with uranyl acetate.

RESULTS

The complete amino acid sequence for the KAHRP of P.
falciparum was deduced from cDNA sequence analysis. Fig.

FiG. 1. Primary structure analysis of the KAHRP. (a) Genomic
and cDNA sequence organization. Residue numbers above the
genomic map indicate initiating methionine, residues preceding and
followmg the intron, and the carboxyl-terminal residue. The protein
is divided into a signal sequence (S), a hydrophilic sequence, a
histidine-rich sequence (hatching), and a charged hydrophilic se-
quence. Two types of repeat domains within the charged region are
indicated by the stippled region and the horizontal lines. The 5’ and
3’ untranslated sequences are indicated in the schematic by a. single
line. (b) Sequencing strategy for the KAHRP cDNA. Overlapping
cDNA clones 20, 24, 2, and 34 were sequenced. Scale shows length
in hundreds of base pairs. DNA fragments indicated by arrows
originating at vertical lines were sequenced by the dideoxy chain-
termination method, and DNA fragments indicated by arrows orig-
inating at stars were sequenced by the chemical degradation method.
The entire coding sequence, except for the 48-base-pair Nco I
fragment, was sequenced by the chemical degradation method in
order to avoid the possible introduction of deletions and insertions
upon subcloning into M13 vectors. The sequences obtained with the
dideoxy method generally used the original cDNA plasmid templates
and synthetic oligonucleotide primers. (c) Nucleotide sequence of
the cDNA and predicted amino acid sequence of the KAHRP. Three
thousand forty-seven nucleotides have been determined. The pre-
dicted amino acid sequence (standard one-letter symbols) is given
above the nucleotide sequence, beginning with the initiating methio-
nine at position 638 in the cDNA sequence. The signal sequence is
overlined. The arrow represents the proposed signal-peptidase
cleavage site. A potential recognition sequence for attachment of
Asn-linked carbohydrate is boxed. An open triangle indicates a
second possible processing site. The polyhistidine sequence and the
two carboxyl-terminal repeat domains are boxed.
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1 a and b show a composite map derived from four overlap-
ping cDNA clones containing representative restriction sites
that were used for sequencing and also shows the sequencing
strategy. Electrophoretic comigration of multiple genomic
restriction fragments with corresponding fragments in the
cDNA clones indicated that from the EcoRlI site to the Xmn
I site and from the BamHI site to a Dra I site (428 base pairs
from the 3’ end of the cDNA), there are no discernible
insertions or deletions of sequence relative to genomic DNA
(data not shown). However, restriction fragments from
cDNA clones containing the Xmn I-BamHI sites do not
comigrate with their corresponding genomic DNA fragment.
The genomic Xmn I-BamH]I fragment migrates as a 600-base-
pair fragment, compared to an 88-base-pair sequence in the
cDNA. Nucleotide sequence analysis of genomic clones
(data not shown) demonstrates the presence of an intron
occurring between nucleotides 748 and 749 in the cDNA (Fig.
la). The genomic sequence contains splice donor and accep-
tor sequences similar to those seen in the gene encoding the
histidine-rich protein of Plasmodium lophurae (26). The
discontinuity in the cDNA occurs between the coding se-
quence for amino acids 37 and 38 (Fig. 1a), 3 amino acids to
the carboxyl side of the predicted signal-peptidase cleavage
site as discussed below.

The nucleotide sequence of the cDNA for the KAHRP and
the predicted amino acid sequence of the primary translation
product are shown in Fig. 1¢. An open reading frame coding
for 634 amino acids extends from nucleotide 638 to nucleotide
2539. Clone 24 (Fig. 1b) is notable in lacking base 1745,
creating a frameshift in the sequence of that clone and a
premature termination site at nucleotides 1848-1850. This
base is found in both clone 34 (Fig. 1b) and a genomic clone
obtained from FCR-3 DNA. Whether this single-base dele-
tion results from infidelity of reverse transcriptase during
cDNA cloning or from the parasite RNA polymerase is not
known. The assignment of residue 1 as the initiating methio-
nine was made on the basis that the corresponding AUG is the
only methionine codon in-frame with and preceding the
polyhistidine-encoding sequence. The peptide in an unpro-
cessed form has a calculated molecular weight of 69,160, a
value lower than the 80,000-90,000 observed for the native
protein by NaDodSO4/PAGE (11). However, anomalous
mobilities in NaDodSO,/PAGE have been observed for
other malaria proteins (27), including the P. lophurae HRP
(26) and the HRPs II and III of P. falciparum (28).

The predicted amino acid sequence (Fig. 1¢) begins with a
positively charged amino-terminal peptide ending with a
lysine at position 21, which is followed by an 11 amino acid
hydrophobic sequence highly characteristic of a signal pep-
tide (29). A potential signal-peptidase cleavage site occurs
between cysteine-34 and serine-35, based upon empirical
data derived from the sequences of other processed proteins
(29).

This signal peptide is followed by a hydrophilic peptide
containing a consensus N-glycosylation site (Asn-Xaa-Ser) at
residue 42. Since no carbohydrate has been detected in the
mature protein (30), this peptide may represent a propeptide
that is glycosylated and subsequently cleaved during matu-
ration of the KAHRP, in a manner analogous to an avian
malaria HRP counterpart that has been shown to be synthe-
sized as a prepromature protein (31).

The predicted KAHRP is a highly charged basic peptide:
29% of the amino acids in the primary translation product are
charged, including 91 lysines. An extraordinary feature of
this sequence is a histidine-rich region from residue 61
through residue 116. Thirty histidines are encoded in this 56
amino acid peptide. Two types of histidine-containing repeats
are found in this region: tandemly repeating arrays of 6-9
contiguous histidine residues (amino acids 63-69, 82-87, and
108-116) and an alternating Gln-His sequence (amino acids
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70-76). The remainder of the protein from residue 117 to the

‘carboxyl terminus contains predominantly charged or neutral

hydrophilic residues. Two more repeat sequences are found
in this region. A 13 amino acid sequence, Asp-Gly-Glu-Gly-
Glu-Lys-Lys-Lys-Ser-Lys-Lys-His-Lys, is imprecisely re-
peated five times from residue 370 to residue 438. The 40 .
amino acid sequence beginning at residue 540 contains four
copies of the consensus sequence (Thr/Ser)-Lys-Gly-Ala-
Thr-Lys-Glu-Ala-Ser-Thr with only three nonconservative
substitutions.

To establish the identity of the corresponding P. falci-
parum protein, antiserum was raised against a recombinant
peptide that contains residues 43-303 and includes the
histidine-rich region. Immunoblot analysis with this antise-
rum detected a protein of M, 89,000 from extracts of FVO*
(knob*) parasites, but no protein was detected by immuno-
blotting in extracts of knob™ parasites (Fig. 2). Preimmune
serum did not detect protein from extracts of either knob* or
knob ™ parasites (data not shown). That the molecular weight
calculated from the predicted amino acid sequence (M,
69,160) is lower than the relative molecular weight observed
on NaDodSO,;/PAGE may be due to the peculiar tandem
repeat sequences common to malaria proteins (32). In fact,
the recombinant peptide migrated with a relative M, of
47,000, compared to a predicted M, of 38,400.

The affinity-purified anti-K AHRP antibodies were used to
establish the subcellular localization of the KAHRP. Im-
munofluorescence demonstrated a pattern consistent with a
membrane or cytoskeletal association for the KAHRP (Fig.
3 a and b) only on parasitized erythrocytes. Three indepen-
dent isolates of knob™ parasites from different geographical
locations showed a similar pattern of KAHRP im-
munofluorescence (data not shown). Immunofluorescence
on live parasites was negative, indicating that the KAHRP
epitopes recognized by this rabbit polyclonal serum are not
exposed on the outer surface of the infected cells (data not
shown). Detailed subcellular localization was performed by
indirect immunoelectron microscopy using protein A-gold as
a second reagent. Gold labeling was specific to the mem-
branes of FCR-3-infected erythrocytes (Fig. 3¢). No gold
particles were seen associated with the erythrocyte cyto-
plasm or with internal structures of the schizont. In
uninfected erythrocytes, no staining was observed (data not
shown). A section grazing an erythrocyte membrane through
several knobs (Fig. 3¢, Upper Inset) demonstrates that gold
staining is specific to these structures. With higher magnifi-
cation of a section perpendicular to the plane of the schizont-
infected erythrocyte membrane (Lower Inset), gold labeling
occurs on the cytoplasmic side of the membrane and only in

FVO(-)
FVO(+)

— 200

R ™ - 97
— 68

Fic. 2. Identification of the native
KAHRP by immunoblot analysis. Rabbit
antiserum raised to the recombinant
NS1-KAHRP fusion protein was used to
— 43 identify the mature parasite protein fol-

lowing electrophoresis of detergent-
solubilized erythrocytes infected with
FVO~ (knob~) or FVO* (knob*) para-
sites. Molecular weight markers (M, X
1073) are indicated at right. Parallel ex-
—25 periments using antiserum to the glyco-
phorin-binding protein (27) showed that
comparable amounts of parasite extract
were loaded in FVO~ and FVO™ lanes.
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FiG. 3. Immunolocalization of the P. falciparum KAHRP by indirect immunofluorescence (a and b) and electron microscopy (c). (a)
Fluorescence micrograph of FVO*-infected erythrocytes stained with affinity-purified rabbit antibodies against the KAHRP nonfusion peptide.
The second reagent was fluorescein-conjugated goat anti-rabbit IgG. (x 1440.) (b) Phase micrograph of the same field. In control experiments
using FVO™ parasites and preimmune serum or FVO~ parasites and anti-KAHRP antibodies, no fluorescence was observed and parasitized
erythrocytes could only be distinguished by counterstaining the parasite nucleus with ethidium bromide (data not shown). (c) Electron
micrographs of an FCR-3-infected erythrocyte incubated with the same anti-KAHRP antiserum followed by protein A—gold. (Bars = 200 nm.)

association with electron-dense knobs, indicating that the
KAHREP is restricted to these unique structures.

DISCUSSION

cDNA sequence analysis of the KAHRP reveals a primary
translation product containing tandemly repeating amino
acids, a feature common to malaria antigens (32). The repeat

domains of some malaria proteins are highly conserved,
whereas others are strain-variant (32). The KAHRP is syn-
thesized by all knob™ parasites that have been examined to
date (10-12, 33) and is antigenically conserved in multiple
geographical isolates (ref. 33 and unpublished observations).
This conservation may reflect that the KAHRP has evolved
to perform a function critical to parasite survival. However,
the KAHRP also displays strain-dependent variation in
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molecular weight, as seen by NaDodSO,/PAGE (12, 33), that
may result from variation in repeat number or sequence as
has been seen for other plasmodial antigens (32). In this
regard, the complete sequence of a Ghanian isolate, NF7
(34), reveals two additional copies of the 10 amino acid repeat
sequence in the carboxyl-terminal repeat domain, which may
partially account for the observed strain-dependent size
variation in this protein. The NF7 KAHRP sequence also
displays multiple single amino acid substitutions, which may
reflect a different mechanism for strain-dependent variation
or trivial sequencing discrepancies. The nucleotide sequence
reported here is also quite similar to two other recently
reported, partial cDNA sequences (35, 36).

The sequence organization of the KAHRP contains a
polyhistidine repeat structure that is quite different from the
short direct repeat sequences found for two other HRPs of
unknown function, synthesized by both knob* and knob™ P.
falciparum parasites, HRP II and HRP III (28). The unusual
polyhistidine arrays characteristic of the KAHRP are similar
to the polyhistidine repeat structure of the HRP of P.
lophurae, an avian malarial parasite that does not cause knob
formation but does synthesize a HRP with a 74% histidine
content arranged in tandem repeats of the general structure
Xaa-Xaa-(His)s (26). The genes encoding these proteins
reveal an intron in approximately the same location, further
suggesting an evolutionary relationship between these para-
sites. The primary amino acid squence of the KAHRP also
reveals the existence of a hydrophobic signal sequence and
the possibility of a short-lived core glycosylated propeptide,
suggesting a role for these transient sequences in the targeting
and translocation of this protein from its site of synthesis
within the parasitophorous vacuole to the erythrocyte mem-
brane.

The significance of the knob is in its ability to mediate
cytoadherence. A possible role for the P. falciparum KAHRP
in cytoadherence is suggested by its homology to a histidine-
rich glycoprotein from human serum. This protein has been
shown to possess a domain of 60 amino acids with a 53%
histidine content, arranged in tandem repeats of the general
pattern Gly-His-His-Pro-His (37), and has been shown to
interact specifically with human thrombospondin (38), a
molecule that binds both to parasitized erythrocytes (9) and
to the OKMS5-defined endothelial cell receptor for infected
erythrocytes (39). Thus, by mimicking the human protein, the
KAHRP may act to anchor host thrombospondin or a
parasite analogue in a binding complex with the endothelial
cell receptor.

Localization of the KAHRP to the knob structure on the
cytoplasmic side of the erythrocyte membrane suggests the
possibility of a structural role for the protein in the observed
morphologic changes on the surface of P. falciparum-infect-
ed erythrocytes.
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