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The role of KAHRP domains in knob formation and cytoadherence
of P falciparum—infected human erythrocytes

Melanie Rug, Stuart W. Prescott, Kate M. Fernandez, Brian M. Cooke, and Alan F. Cowman

Surface protrusions of Plasmodium
falciparum-infected erythrocytes, called
knobs, display focal aggregates of P falci-
parum erythrocyte membrane protein 1
(PfEMP1), the adhesion ligand binding
endothelial-cell receptors. The resulting
sequestration of infected erythrocytes in
tissues represents an important factor in
the course of fatalities in patients with
malaria. The main component of knobs is
the knob-associated histidine-rich pro-

tein (KAHRP), and it contributes to al-
tered mechanical properties of parasite-
infected erythrocytes. The role of KAHRP
domains in these processes is still elu-
sive. We generated stable transgenic P
falciparum-infected erythrocytes ex-
pressing mutant versions of KAHRP. Us-
ing atomic force and electron microscopy
we show that the C-terminal repeat region
is critical for the formation of functional
knobs. Elasticity of the membrane differs

dramatically between cells with different
KAHRP mutations. We propose that the 5’
repeat region of KAHRP is important in
cross-linking to the host-cell cytoskel-
eton and this is required for knob protru-
sion and efficient adhesion under physi-
ologic flow conditions. (Blood. 2006;108:
370-378)
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Introduction

Plasmodium falciparum is the most lethal malaria parasite of
humans.! An important aspect in virulence of P falciparum is the
ability of infected erythrocytes to sequester in and obstruct the
microvasculature of different organs.> These abnormal circulatory
properties of erythrocytes involve parasite-induced alterations in
their biomechanical and adhesive properties and are important for
survival and pathogenicity of P falciparum.’

Cytoadhesion is mediated by the antigenically variant P falcipa-
rum erythrocyte membrane protein-1 (PfEMP1), which can bind to
host receptors including CD36 and chondroitin sulfate A (CSA).*
PfEMPI1 is concentrated on electron-dense elevations of the
membrane referred to as knobs,>’ providing a platform for
adherence under physiologic flow conditions.® Increased erythro-
cyte rigidity and adhesiveness result in dramatically augmented
hemodynamic resistance observed in microvasculature perfused
with P falciparum—infected erythrocytes.? Knobs consist predomi-
nantly of the knob-associated histidine-rich protein (KAHRP),!:!11
assembling on the cytoplasmic face of the membrane. KAHRP is
required for knob formation.®

KAHRP has a signal sequence with a recessed hydrophobic
core that directs the protein into the parasitophorous vacuole via the
endomembrane system.'? A second signal, we termed the “Plasmo-
dium export element” (PEXEL),"? is required for transfer across the
parasitophorous vacuole membrane to the erythrocyte cytosol.!>14
The PEXEL is followed by a histidine-rich region containing

sequences responsible for interaction with Maurer clefts,!> struc-
tures assembled in the P falciparum—infected erythrocyte cytosol
important in protein sorting and trafficking.'> There are also 2
blocks of highly charged repeats, designated the 5’ and 3’ repeats
according to their location.'*!!

Current evidence suggests KAHRP interacts with various
cytoskeletal components of the erythrocyte including spectrin,
actin, and spectrin-actin band 4.1 complexes'®'8 and these interac-
tions may be responsible for changes in host-cell physical proper-
ties.!$1° Additionally, certain regions of KAHRP can self-
assemble,!” whereas the His-rich and the 5’ and 3’ repeats can
separately bind to the acidic terminal sequence (ATS) of PFEMP1
located on the cytoplasmic face of P falciparum—infected
erythrocytes.?

The binding characteristics of KAHRP domains have been
analyzed in vitro but the contribution to in vivo properties of P

falciparum—infected erythrocytes is unknown. In this study, we

show the C-terminal repeat regions are required for establishment
of knobs beneath the erythrocyte membrane. The 5’ repeats initiate
knob assembly but establishment of the full structure relies on both
repeat regions. In addition, PFEMP1 trafficking to the erythrocyte
surface is not hindered in the absence of knobs or KAHRP.
However, membrane rigidity and cytoadherence under physiologic
flow conditions are dramatically altered in parasites lacking the
C-terminal repeat sequences.
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Materials and methods

Plasmids, parasites, Southern blots, transfection, trypsin
assay, and Western blot analysis

KAHRP (PtB0100c) was targeted using fragments amplified by polymerase
chain reaction (PCR) from gDNA (P falciparum 3D7) with the oligonucle-
otides shown in Table S1 (available on the Blood website; see the
Supplemental Table link at the top of the online article) and cloned into
plasmid pHH1.2! 3D7 P falciparum parasites were transfected with 100 pg
plasmid (Qiagen, Valencia, CA)?>* and cultured with WR99210
(10 nM).'22* The KAHRP knock-out (KO) line has been described
previously® and generated by a single crossover recombination event and
expresses a small truncated product (data not shown). Therefore, the mutant
cell lines without repeat regions are expected to display a similar
cytoadherence pattern compared with KAHRP KO parasites. gDNA
extracted from trophozoites (24-36 hours) was analyzed by Southern blot
hybridization using standard procedures and the KAHRP gene as probe.?

The trypsin-cleavage assay to determine surface PFEMP1 was per-
formed as described using synchronized trophozoites (20-28 hours after
invasion) harvested by magnetic cell sorting (CS columns; Mitenyi Biotec,
Auburn, CA).2® The SDS-soluble fractions of the preparations were
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and probed with polyclonal rabbit anti-ATS antiserum
(1:1000) for PFEMPI1. For detection of KAHRP, immunoblots were probed
with mouse anti-K1A antiserum raised to the histidine-rich region (1:1000)
followed by horseradish peroxidase—conjugated secondary antibodies (Sile-
nius, 1:1000) and enhanced chemiluminescence (ECL) detection (Amer-
sham, Freiburg, Germany).

Microscopy

In immunofluorescence assays, acetone/methanol (90%/10%) fixed smears
of 3D7-K119- and 3D7-K(re)-infected erythrocytes were probed with
either mouse anti-K1A (1:100) rabbit anti-KAHRP(repeats) (1:200), rabbit
anti-ATS (1:100), or mouse anti-MAHRP1 (1:500) antiserum. Secondary
antibodies were Alexa-Fluor 488-conjugated anti—rabbit IgG (Molecular
Probes, Eugene, OR) or Alexa-Fluor 594-conjugated anti-mouse IgG or
both (Molecular Probes). Similar results were obtained with both affinity-
purified and serum for these antibodies. Z-sections were captured through
relevant P falciparum—infected cells to observe rim fluorescence (data not
shown). Cells were viewed with a Zeiss Plan-Apochromat 100 X/1.4
numeric aperture oil-immersion lens on a Zeiss Axioskop 2 or Axiovert 200
MOT microscope equipped with a PCO SensiCam (12 bit) camera and
Axiovision 3 or 4 software (Zeiss, Oberkochen, Germany). Captured
images were processed using Photoshop and Imagel software (http://rsb.
info.nih.gov/ij).

Scanning electron microscopy (SEM) was performed with trophozoites
(20-28 hours) harvested by magnetic cell sorting (CS columns; Miltenyi
Biotec) followed by glutaraldehyde fixation (2% in PBS, Electron Micros-
copy Sciences, Hatfield, PA), for 30 minutes at room temperature. Cells
were washed 3 times in PBS, transferred to polyethylenamine-coated
coverslips (Sigma, St Louis, MO), immersed in 10% ethanol, and dehy-
drated (25%, 50%, 70%, 90%, 2 X 100%; 10 minutes each). Cells were
subjected to critical point drying (CPD030; Bal-Tech, Balzers, Liechten-
stein), coated with platinum in a sputter coater (S150B Sputter Coater;
Edwards, Wilmington, MA), and viewed in a Philips XL30 FEG scanning
electron microscope at 2 kV. Transmission electron microscopy (TEM) was
performed as described?’ and viewed in a Philips CM120 transmission
electron microscope equipped with a Multiscan 600 CW, wide-angle CCD
camera (Gatan, Pleasanton, CA).

Atomic force microscopy (AFM) used magnet-purified parasites (28-34
hours after invasion) fixed in 4% paraformaldehyde/0.1% glutaraldehyde
for 30 minutes on ice and washed twice in PBS. Coverslips were coated
with 0.5 mg/mL poly-L-lysine followed by 1% glutaraldehyde.?® Cells were
attached to coverslips and imaged in a capillary bridge of PBS using a
Dimension 3100 atomic force microscope with Nanoscope IIla controller
(Digital Instruments, Santa Barbara, CA). Samples were assembled on its
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motorized sample stage and images of the surface collected in Tapping-
Mode at drive amplitude of approximately 6 kHz with sharpened triangular-
shaped cantilevers (cantilever D of the MSCT Microlever substrate
[Veeco], 220 wm long, 0.03 N m~! nom). The size and height of elevations
on the surface were measured from height profiles using the WSxM AFM
analysis package (Nanotec Electronica, Madrid, Spain). Additional data
from the phase, amplitude, and first-derivative images were used to define
the width of the protuberances.

Flow-based cytoadherence assay and membrane
mechanical properties

The number of parasitized erythrocytes binding to CD36 expressed on the
surface of monolayers of adherent platelets in flat, glass microcapillary
tubes under flow conditions was determined as described.?-*" Error bars
represent mean values = SEM of 3 independent experiments. The shear
elastic modulus of the erythrocyte-membrane skeleton of all transfectants
was determined by micropipette aspiration of individual erythrocytes as
previously described.’!

Results
Truncations of KAHRP

To assess function of different KAHRP domains in knob formation,
membrane rigidity, and cytoadherence, we created cell lines
expressing truncations of KAHRP. Gene fragments of KAHRP
encoding 119, 245, 362, 405, 530, 589 amino acids and the
full-length protein were cloned into pHH1?' and transfected into P
falciparum line 3D7 (Table S1). This strategy allowed insertion of
truncated constructs into endogenous KAHRP by single crossover
recombination (Figure 1A). The resulting P falciparum transgenic
cell lines were: 3D7-K119, -K245, -K362, -K405, -K530, -K589,
and -K(re). The 3D7-K(re) parasites would express full-length
KAHRP as the gene was reconstituted. The plasmids recombined
into the endogenous KAHRP locus on chromosome 2 as shown by
pulsed-field gel electrophoresis (PFGE; data not shown) and
Southern blot analysis (Figure 1B). Southern blot hybridization
confirmed a single homologous crossover into the endogenous
gene resulting in insertion of the plasmid and reconstitution of
KAHRP with the expected truncation (Figure 1B).

Transgenic P falciparum express truncated KAHRP

To verify expression of truncated KAHRP, immunoblots were
probed with anti-K1A antibody (Figure 2A). 3D7-K245, -K362,
and -K405 displayed proteins of 28 kDa, 41 kDa, and 47 kDa,
respectively, corresponding to the expected molecular mass of the
truncated protein (Figure 2B). KAHRP in 3D7-K530, -K589, and
-K(re) ran differently than predicted (70 kDa, 75 kDa, and 92 kDa
instead of predicted 60 kDa, 65 kDa, and 71 kDa, respectively)
most likely due to charged residues in the C-terminus (Figure 2B).
Anomalous migration of proteins containing repeats is well known
in P falciparum. The protein from parasites with reconstituted
KAHRP (3D7-K(re)) corresponded in migration with full-length
KAHRP. Furthermore, the mutant lines did not show an additional
endogenous full-length KAHRP protein, confirming disruption of
the gene and replacement with the desired truncation.

The shortest truncated protein, K119, was not detected using
anti-K1A antibodies, which may be a consequence of basic
residues at the C-terminus. To determine if the protein was
expressed we performed immunofluorescence assays on 3D7-K119
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Figure 1. Targeted gene truncation of KAHRP. (A) Schematic representations of the plasmid vector pHH1 used for integration, the endogenous KAHRP gene, and the
expected integration event. Promoter (arrow) and terminator (T) regions are depicted as shaded, the resistance marker human DHFR (hDHFR) in white, the endogenous
KAHRP gene in gray, and the truncated KAHRP gene in black boxes. Relevant restriction enzyme sites are shown and sizes of each expected fragment are shown below in
kilobases. (B) Southern blot analysis of Af/ll-Hindlll-digested gDNA from 1 to 8 of: 3D7-K119, -K245, -K362, -K405, -K530, -K589, -K(re), and 3D7 parental parasite lines. Note
that for 3D7-K119, the construct does not have the second Aflll site in the truncated KAHRP gene. Therefore, there is no 1.45-kb band present on the blot but a band
representing the distance between the first Af/ll site and the Hindlll site. For 3D7-K245 the band happens to be a very similar size to the 4.088-kb band and therefore only one
double band is visible for this mutant cell line.

The repeat regions of KAHRP are required for functional knobs
in P falciparum—infected erythrocytes

and 3D7-K(re) transgenic lines. We used 2 antibodies, which were
raised against different repeat regions of KAHRP. Anti-K1A
antibodies react with the His-rich region, whereas anti-KAHRP(re-
peats) antibodies react with the 5’ C-terminal repeats. Because the
K119 truncated protein consists of the N-terminal 119 amino acids,
comprising the His-rich repeat region, and not the further down-
stream repeats, this assay distinguished between specific reactivity
with KAHRP and cross-reactivity of the antibodies. The 3D7-K(re)
parasitized erythrocytes showed rim fluorescence and a dispersed

To determine the effect of truncating KAHRP on knob formation
and structure we used a combination of high-resolution micros-
copy. To observe the surface composition of parasitized mutant
cells and 3D7 we subjected parasites to SEM. 3D7-K119, -K245,
and -K362 (Figure 3A-C) showed a smooth surface similar to the
KAHRP KO line lacking expression of full-length KAHRP and
knobs (Figure 31).8 For the 3D7-K405 transgenic line (Figure 3D),

red-cell cytosolic pattern for KAHRP with both antibodies.!%!1-32
However, the 3D7-K119 cell line only showed this pattern with
antibody recognizing the His-rich region, indicating the protein
was expressed and transported into the erythrocyte. From these
experiments we conclude all truncated versions of KAHRP are
expressed. Even the shortest truncation associates with the red
blood cell membrane visible as a faint rim fluorescence. However,
light microscopy does not provide the resolution to distinguish
between individual knobs and a homogenous distribution of

which expresses a KAHRP truncation ending within the 5’ repeat
region, slight protrusions were observed on the surface, which were
sparse and flatter compared to parental 3D7 (Figure 4H). In
3D7-K530 and -K589 (Figure 3E-F) the protrusions were more
prominent and in 3D7-K(re) (Figure 3G), normal knobs were
formed, confirming that KAHRP function had been reconstituted
and the cells displayed the same phenotype as the parent (Figure 3H).

Knobs have been described as electron-dense, cup-shaped
protrusions of the surface of infected erythrocytes.>® To further

KAHRP underneath the cell surface. determine the shape and composition, which might assemble
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Figure 2. Expression of truncated KAHRP. (A) Schematic representation of truncated proteins (K119, etc) expressed in the transfected lines indicating the number of amino
acids of each protein. Red boxes represent the signal peptide, yellow boxes the His-rich repeats, blue boxes the 5, and green boxes the 3’ repeat regions (not drawn to scale).
(B) Western blot analysis of all mutant cell lines compared to 3D7 parasite line detected with anti-K1A antisera. (C) Immunofluorescence assay of K119 compared to K(re)
probed with 2 antibodies against different regions of KAHRP. The anti-K1A antibody recognizes the His-rich repeat region, whereas the anti-KAHRP (repeats) antibody was
raised against the 5’ and 3’ repeat regions. The first panel of each row shows a phase-contrast image of an infected erythrocyte, the second panel shows nuclear DNA of the
parasite stained with DAPI, the third panel shows the reaction with the KAHRP-specific antibody, and the fourth panel represents an overlay of the 3 previous panels. The
anti-K1A antibody shows no cross-reaction with uninfected erythrocytes as shown by lack of reactivity in contrast to strong rim fluorescence observed in all P
falciparum—infected red blood cells.
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Figure 3. Surface characteristics of mutant cell lines expressing truncated
versions of KAHRP. Scanning electron micrographs of (A) 3D7-K119, (B) 3D7-
K245, (C) 3D7-K362, (D) 3D7-K405, (E) 3D7-K530, (F) 3D7-K589, (G) 3D7-K(re), (H)
parental 3D7, and () KAHRP KO8 parasite lines. The bar represents 2 um.

underneath the surface of the mutant cell lines, we performed TEM.
3D7-K119 (Figure 4A), 3D7-K245 (Figure 4B), and 3D7-K362
(Figure 4C) showed no obvious aggregations of dense material
within the cytoplasm close to the erythrocyte surface similar to the
KAHRP KO parasites (data not shown). In 3D7-K405 cells we saw
electron-dense material that accumulated in areas near the erythro-
cyte membrane (Figure 4D) in accordance with the flat protrusions
observed by SEM. In the 3D7-K530 and 3D7-K589 (Figure 4E-F)
transgenic lines electron-dense material became more concentrated
and was located underneath protuberances of the membrane.
3D7-K(re) (Figure 4G) expressing full-length KAHRP displayed
the same shape and distribution of knobs as parental cells (Figure
4H). This suggested self-assembly into electron-dense aggregates
in foci underneath the erythrocyte membrane occurred once part of
the 5’ repeats were present.

To image the surface with molecular resolution we performed
atomic force microscopy on 3 mutant cell lines in comparison with
uninfected erythrocytes (Figure 5Ai): 3D7-K119 (Figure 5Aii),
which did not display knobs in the SEM studies, 3D7-K405 (Figure
5Aiii) where dense material was present underneath the surface in
TEM studies, and 3D7-K(re) (Figure 5Aiv) to examine fully
developed knob structures. The purified P falciparum—infected
erythrocytes were scanned by a probe in intermittent contact mode
following parallel lines using a piezoelectric positioning device
(Figure 5A).

The 3-dimensional image of 3D7-K119 (Figure 5Aii) shows a
similar ruffled surface to the uninfected erythrocytes (Figure 5 Ai).
To determine similarities or differences between elevations on the
cells we measured diameter and height of 100 to 300 protrusions
(6-10 individual cells from 2 independent sample preparations;
Figure 5B). The average diameter (30 nm) and height (7.5 nm) of
elevations on the surface of uninfected and 3D7-K119-infected
erythrocytes was almost identical (data not shown). It had been
shown previously3* that smaller protrusions are sometimes associ-
ated with knobs. Interestingly, we found that knobs in the
3D7-K(re) (Figure 5Aiv) mutant line often had small elevations
(“pre-knobs”) coupled with the large knobs but these pre-knobs
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were of similar height to protrusions on uninfected erythrocytes
(Figure 5B). Most protrusions on the 3D7-K405—infected erythro-
cytes (Figure 5Aiii) had a diameter of 25 to 50 nm and a height of
5 to 10 nm, but a few displayed higher elevations of 20 to 30 nm
(Figure 5Aiii arrows and Figure 5B) and the average value for
diameter (50 nm) and height (10 nm) was higher in this transgenic
line. The diameter and height of the knobs on the 3D7-K(re)—
infected erythrocytes (Figure 5Aiv) were distributed over a range
of 75 to 200 nm and 10 to 45 nm, respectively (Figure 5B) and the
average diameter of 120 nm and height of 17.5 nm was signifi-
cantly higher than all examined samples (data not shown). To
determine the distance of knobs from each other on the 3D7-K(re)—
infected erythrocytes we plotted height of protrusions versus
distance of knobs along the profile over 1.2 wm (Figure 5C). The
knobs were distributed evenly on the surface with no obvious
pattern of accumulation of these structures.

Mechanical properties of the P falciparum-infected erythrocyte
membrane were altered in cells with truncated KAHRP

To determine contribution of KAHRP domains on rigidity of the
host-cell membrane, we examined the shear elastic modulus of
erythrocytes infected with 3D7-K119, -K405, and -K(re) compared
to uninfected and 3D7-infected erythrocytes (Figure 6A). Mem-
brane rigidity was studied by aspiration of cell membranes into
micropipettes.'® As expected, the transgenic lines with reconsti-
tuted KAHRP displayed similar properties to the parent where in
both cases the modulus was 3 times higher than in uninfected
erythrocytes.3! Interestingly, the transfectants expressing 119 amino
acids of KAHRP showed only a 1.5-fold increase in shear elastic
modulus and 3D7-K405-infected erythrocytes approximately a

Figure 4. Ultrastructural features of knobs in KAHRP mutant cell lines.
Transmission electron micrographs of erythrocytes infected with (A) 3D7-K119, (B)
3D7-K245, (C) 3D7-K362, (D) 3D7-K405, (E) 3D7-K530, (F) 3D7-K589, (G) 3D7-
K(re), and (H) 3D7 (parental strain). Arrowheads indicate knob formation. Insets show
a higher magnification of the areas of each cell shown in panels A, D, and E.
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Figure 5. Knob and surface topography of mutant cells lines expressing truncated versions of KAHRP. AFM of (A) uninfected (i), 3D7-K119—-infected (ii),
3D7-K405-infected (iii), and 3D7-K(re)—infected (iv) red blood cells. The images show a 3-dimensional reconstruction of an area representative of 1 um on each studied cell
line. (B) Analysis of the frequency of a certain height (ii) and diameter (i) of knobs in uninfected (yellow), K119—infected (green), K405—infected (blue), and K(re)—infected (red)
erythrocytes. The pre-knobs of K(re)—infected erythrocytes are shown in orange. (C) Surface profile of K(re)—infected red blood cells. Height of knobs was measured along a
distance of 1.2 pm on the surface of the cell shown on the left panel (curved line). The pre-knobs are visible as minor peaks (arrowheads).

2-fold increase compared to uninfected erythrocytes. The variation
of moduli among the cells of each line was similar between the
lines tested and therefore comparable.

Fully developed knobs are necessary for effective
cytoadherence under physiologic flow conditions

Cytoadherence to endothelial plasma membranes is dependent
on the interaction of PFEMP1, displayed on the knob platform of
infected host cells, with receptors such as CD36.3° Flow-based
adhesion assays can detect subtle differences in adhesion
properties.® To determine the effect of KAHRP truncation we
quantified the ability of flowing parasitized erythrocytes to
adhere to confluent monolayers of human platelets (expressing
CD36) at a constant, physiologically relevant wall shear stress
of 0.05 Pa. The erythrocytes infected with 3D7-K119, -K245,
-K362, and -K405 showed low cytoadherence that was compa-
rable with the KAHRP KO cells (5%-10% of 3D7-K(re); Figure
6B). With the presence of the 5’ repeat region of KAHRP

(K530) cytoadherence increased to 50% compared to cells
expressing full-length KAHRP. Surprisingly, cells expressing
589 amino acids of KAHRP including both C-terminal repeat
regions only bound with approximately 60% efficiency to CD36
under these conditions (Figure 6B).

Trafficking of PFEMP1 is not impaired in KAHRP mutants

PfEMP1 is clustered and elevated in knob structures of parasitized
erythrocytes allowing cytoadherence to endothelial cells. Because
our mutant parasite lines showed altered adherence compared to
cells expressing full-length KAHRP, we determined whether
trafficking of PFEMP1 was impaired leading to accumulation inside
the parasite or erythrocyte. 3D7-K119— and 3D7-K(re)—infected
cells were incubated with oPfEMP1 (aATS) and membrane-
associated histidine-rich protein 1 (MAHRP1), a known marker of
Maurer clefts.” Parasite-associated PFEMP1 labeling was detected
in both cell lines and in the erythrocyte the protein was localized to
Maurer clefts as demonstrated by colocalization with MAHRP
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Figure 6. Adhesive and mechanical properties of KAHRP mutant cell lines. (A) Membrane shear elastic modulus of erythrocytes infected with 3D7-K119, 3D7-K530, and
3D7-K(re) compared with uninfected red blood cells (URBCs). Each point represents an individual erythrocyte. (B) Cells were flowed over monolayers of platelets expressing
CD36. A physiologically relevant wall shear stress of 0.05 Pa was applied and error bars represent mean values = SEM. The percentage represents a comparison of the
adherence of each mutant cell line with 3D7-K(re)—infected and 3D7—infected erythrocytes. (C) Cells were flowed over monolayers of platelets expressing CD36 at 0.05 Pa.
Adherent cells were then exposed to stepwise increases in wall shear stress. The number of infected cells remaining adherent after exposure to each stress was determined
and is shown as the proportion of adherent infected cells relative to the number adhering at 0.05 Pa. Each value represents the mean += SEM for 3 experiments for each
parasite line. @ indicates 3D7-K119—infected; [J, 3D7-K530—infected; and m, 3D7-K(re)—infected erythrocytes.
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Figure 7. PfEMP1 trafficking and surface exposure on KAHRP mutant cell lines. (
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A) Immunofluorescence assay on 3D7-K119-and 3D7-K(re)—infected erythrocytes with

anti-ATS antibody detecting PFEMP1 and anti-MAHRP, a Maurer clefts marker. The flrst panel in each row shows a phase-contrast image, the second panel is nuclear DNA
stained with DAPI, the third panel is the reaction with the anti-ATS antibody for PFEMP1 detection, the fourth panel is the reaction with anti-MAHRP antibody, and the fifth panel
illustrates an overlay of the previous 4 panels with colocalization shown in yellow. (B) Western blot analysis of trypsin treated (+) or untreated (—) intact erythrocytes infected
with all mutant cell lines. The anti-ATS antibody detects cleaved PfEMP1 in case of presence of PEEMP1 on the surface in trypsin-treated samples (arrowhead). The full-length

PfEMP1 runs at the same molecular weight as cross-reactive uRBC proteins.

(Figure 7A). Also, both transfectants displayed rim fluorescence indicat-
ing that trafficking of PfEMP1 to Maurer clefts and the erythrocyte
membrane was not impaired in transgenic cells (Figure 7B).

PfEMP1 is exposed on the surface of each mutant cell line

Because surface-exposed PfEMP1 confers adherence to endothe-
lial cells, the most likely explanation for reduced cytoadherence
under physiologically relevant flow conditions in transgenic P
falciparum—infected erythrocytes would be impairment of PFEMP1
trafficking to the surface. Therefore, we treated the cells with
trypsin for cleavage of surface proteins (ie, PFEMP1).3%% The
cytosolic pool in the infected erythrocyte is not digested by trypsin
and corresponds to a protein band more than 200 kDa® using a ATS
antibodies. In contrast, cleaved PFEMP1 exposed on the erythro-
cyte surface is detectable with «ATS antibody as a band of
approximately 80 kDa.?8 Uninfected erythrocytes were used in the
same assay as a control to detect red-cell cytoskeletal contami-
nants, which cross-react with the antibody. Furthermore, the same
extraction procedure was applied to non—trypsin-treated cells to
test for trypsin activity in the assay. All transgenic lines as well as
the parent showed similar amounts of cleaved product of the
expected size after trypsin treatment, which was absent in untreated
samples. These data demonstrated that trafficking and translocation
of PfEMP1 onto the erythrocyte surface is neither impaired by
truncation of KAHRP nor the absence of knobs. To ensure
erythrocytes were intact during the trypsin treatment we stripped
the Western blots and reprobed with o« KAHRP antibody. The
KAHRP antibody detected the same protein pattern as shown in
Figure 2B with 1 band for each mutant cell line consistent with the
integrity of the cells during trypsin treatment (data not shown).

Discussion

P falciparum induces dramatic modifications of its host cell during
development by exporting a large number of proteins and these
changes are pivotal for the parasite’s survival. One of the most
important modifications of the host cell is the development of knob
structures, protrusions of the membrane displayed over the surface
of P falciparum—infected erythrocytes that act as submembranous

attachment points and organizing regions for proteins involved in
cytoadherence of infected erythrocytes.** The parasite ligand,
PfEMPI1, which is concentrated on knobs, is responsible for
adherence to host receptors. Removal or deletion of important
regions of KAHRP involved in these interactions and the structure
of the knobs would weaken tethering to the membrane and the
membrane skeleton. Our results show that the C-terminal repeat
region of KAHRP is required for formation of fully functional
knobs. Furthermore, elasticity of the membrane changes dramati-
cally suggesting this region is important in cross-linking to other
components such as the host-cell cytoskeleton.

To study the role of individual regions of KAHRP in knob
formation and cytoadherence in vivo we generated cell lines with
mutated versions of the protein. The endogenous gene was
disrupted in 3D7-infected erythrocytes and replaced by shorter
versions of the KAHRP gene. Our microscopy studies demon-
strated the importance of the C-terminal repeats of KAHRP in knob
formation. In the presence of the 5’ repeats elevations in certain
areas on the surface are initiated but both 5’ and 3’ repeats are
necessary for formation of full knobs. These results suggest
specific domains are required for full knob formation because these
surface protrusions only become prominent when the full 5" and 3’
domains are present rather than a gradual increase in size of the
protrusions as the length of KAHRP increased in the transgenic
parasites. We have shown previously that the first 119 amino acids
of KAHRP, including the His-rich region, in P falciparum transfec-
tants was sufficient for trafficking to the erythrocyte membrane and
partial association with knobs although this was in the presence of
endogenous KAHRP.'? Using fluorescence recovery after photo-
bleaching (FRAP) with this GFP chimera, we showed the protein
was associated with the membrane or cytoskeleton. In our study,
the K119 protein by itself does not form electron dense structures
underneath the membrane and these cells do not display knobs,
suggesting the protein is distributed evenly underneath the erythro-
cyte surface. It has been shown previously that the His-rich region
of KAHRP associates with the ATS of PFEMP1 and the truncated
K119 protein may display a rim fluorescence through interaction
with this cytoplasmic domain.?

Earlier immunoelectron microscopy studies have shown KAHRP
concentrates as electron-dense material within knobs.!%!! In this
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work, TEM revealed that in the presence of the His-rich region and
part of the 5’ repeat region of KAHRP (K405) electron-dense
material accumulated underneath the erythrocyte membrane. This
is consistent with the 5’ repeats being the domain required for
self-association of KAHRP in certain areas; however, the required
elements for elevation of the knob structure allowing protrusion of
the host-cell membrane are not present. Once the full 5’ repeat
region and part of the intervening sequence were included (K530),
elevations were visible. These data are consistent with in vitro
studies where the strongest binding region to the major cytoskeletal
element spectrin was mapped to the C-terminal end of the 5’
repeats and the intervening region.'® This work showed that 5'
repeats alone were not able to bind spectrin. Also, a recombinant 5
repeat region of KAHRP forms stable complexes with actin and
spectrin, the 2 major components of the red-cell cytoskeletal
meshwork.!® This fragment also developed knoblike structures in
vitro, which associated with erythrocyte membranes. Our results
suggest the 5’ repeat region of KAHRP is an important domain for
self-association and linkage to the cytoskeleton of the host cell. The
observed foci of electron-dense material underneath the erythro-
cyte membrane may be nodular regions where cytoskeletal ele-
ments such as spectrin, actin, and band 4.1 are joined. The distance
between knobs of P falciparum—infected erythrocytes in our AFM
studies was 30 to 50 nm and this corresponds to the distance
between spectrin-actin band 4.1 junctions.*'*? In isolated cytoskel-
eton preparations KAHRP localizes to microfilaments and accumu-
lates in these junctional regions.**2 Another in vitro study
demonstrated binding of recombinant KAHRP to isolated spectrin-
actin band 4.1 complexes!'” and the binding region of KAHRP to
actin has been mapped.'® The electron-dense material may there-
fore be where KAHRP interacts with these cytoskeletal proteins
and changes its overall density properties. Previous atomic force
microscopy on P falciparum—infected erythrocytes has demon-
strated the knob structure has a positive charge, whereas the rest of
the erythrocyte surface is negatively charged.** The protrusion of
the knob with the cytoadherence molecule PfEMP1 may be
necessary to elevate this positive charge for adherence to nega-
tively charged endothelial plasma membranes.* Other mechanisms
of interaction, which are not related to differences in charge, might
also be involved.

Our AFM studies show that in absence of C-terminal repeat
regions there is no knob structure detectable on the surface of the
infected cells. The 3D7-K405 mutants, which contain part of the 5’
repeats, showed a few elevations that were raised slightly above the
ruffled surface of uninfected cells and the mutants with a shorter
KAHRP (K119). The knobs formed from full-length KAHRP
showed an average diameter of 120 nm and height of 17.5 nm, in
accordance with earlier studies on P falciparum—infected erythro-
cytes.® It has been reported that knobs are not single entities but
composed of a small and a larger subunit,*? although a second study
suggested these pre-knobs were artifacts from a faulty or double
probe tip.*® We have looked at the knob structure formed from
full-length KAHRP in detail and found small elevations (pre-
knobs) are often associated with the knob proper suggesting they
are not artifacts. In the case of a technical artifact, all pre-knobs
should be visible on the same side of the knob and not randomly
distributed around the main protuberances. These pre-knobs were
hard to distinguish from the rest of the ruffled erythrocyte surface
and therefore might not have been noticed in previous studies.

After invasion of merozoites into erythrocytes, the membrane
properties of the host cell dramatically change.?!#” The maturation
of the parasite inside its host leads to a reduced deformability of the
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erythrocyte membrane. This is due to the interaction of exported
parasite proteins trafficked across the erythrocyte cytosol with
various cytoskeletal proteins, which form a dense meshwork
underneath the host-cell membrane. The interaction of KAHRP
with components of the cytoskeleton influence the rigidity of the
membrane.'*3! We show here that 3D7-K119 KAHRP truncation
provides half the rigidity of the full-length protein suggesting that
the His-rich region interacts with the erythrocyte cytoskeleton
either directly or indirectly through the ATS of PfEMP1. Impor-
tantly, the 3D7-K405 cells showed a further increase in rigidity
consistent with multiple interactions of KAHRP with host-cell and
parasite components. These results further support the importance
of KAHRP in membrane rigidity at the trophozoite stage. Further-
more, it shows that even before knobs are formed, or in the absence
of knobs, the expression of KAHRP has an impact on membrane
elasticity. It has been suggested that interaction of KAHRP with
spectrin plays a major role in the decreased deformability of P

falciparum—infected erythrocytes possibly by cross-linking spec-

trin tetramers.?! Because the 3D7-K405 mutants express part of the
5" repeat, which appears not to be involved in spectrin binding of
KAHRP,'® other protein-protein interactions have to take part in
this process. The interaction of KAHRP with the cytoadherence
ligand PfEMP1, which is anchored in the knob structure via this
protein, could be important in increased rigidity of the erythro-
cyte membrane.

PfEMP1 trafficking is not impaired in the P falciparum
transfectants expressing different truncated version of the KAHRP
protein. Both transfectants with the shortest and full-length KAHRP
showed rim fluorescence consistent with erythrocyte membrane
association of PfEMP1. Furthermore, we were able to distinguish
between cytoplasmic and surface-exposed PFEMP1 and show that
lines expressing different KAHRP truncations had similar amounts
transferred to the surface of the cell. However, the mutant cells
displayed significant differences in abilities to adhere to CD36 and
the amount of PFEMP1 on the surface did not account for these
differences. Previous studies have shown knobless cells can adhere
in static assays; however, under physiologic flow conditions their
ability to bind is reduced.® Furthermore, evidence has been
provided in in vitro studies that all 3 repeat regions of KAHRP can
bind separately to the cytoplasmic region of PFEMP1.*® We have
established that full adherence properties under flow conditions
require a KAHRP protein with all 3 repeat regions. Deletion of the
3’ repeat region leads to a 50% decrease in cytoadherence and
further disruption of the 5’ repeat region to 80% loss in adherence.
Interestingly, even in the absence of the last 65 C-terminal residues
the cytoadherence capacity is decreased by about 40% compared to
cells expressing full-length KAHRP. An explanation might be the
high concentration of basic residues that occurs predominantly in
the 5 repeat region and the C-terminal end. These basic amino
acids would form strong electrostatic interactions with the highly
acidic ATS region of PfEMP1 and anchor the molecule tightly
within the knob. Another explanation may be that various KAHRP
regions cross-link more than one PfEMP1 and, therefore, concen-
trate adherence molecules.

In the absence of KAHRP and knobs PfEMP1 can be trans-
ported and displayed on the surface of the P falciparum—infected
erythrocyte. The knobs act as a raised platform for display of
PfEMP1 molecules attached to the host-cell cytoskeleton perhaps
via interaction with KAHRP, which may be linked to spectrin in the
erythrocyte cytoskeleton. The physical consequence of these
interactions is that extensional forces applied to PfEMP1 are
distributed over the surface area of the knob and increase the
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effective force that can be applied to PFEMP1 without its physical
removal from the membrane. This explains the decreased adher-
ence capacity of the mutant P falciparum—infected erythrocytes
under flow conditions. Whilst the same amount of PfEMP1 is on
the surface of a knob-impaired erythrocyte the protein is not
displayed on the raised knob structure and interaction with the
cytoskeleton is reduced.

It has been reported that in absence of knobs PfEMP1 is still
clustered on the surface of erythrocytes.** Although this may be
due to cross-linking of the antibody used in immunoelectron
microscopy, it is possible that PFEMP1 is clustered in some discrete
regions of the membrane. It was also observed that the amount of
PfEMP1 on the surface of knobless cells was approximately half
that of parasites expressing KAHRP and knobs.** These experi-
ments were performed on P falciparum parasites lacking the
subtelomeric region of chromosome 2 including KAHRP and
PfEMP3 as well as other telomeric genes. Our results suggest that
in the absence of functional KAHRP equivalent amounts of
PfEMP1 are trafficked to and displayed on the erythrocyte mem-
brane. Previous results have suggested that PFEMP?3 is not required
for trafficking and adherence properties of PFEMP1.3 This implies
that the proteins responsible for decreased trafficking of PFEMP1 to
the erythrocyte surface is neither KAHRP nor PAEEMP3 and must be
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encoded by another gene lost by deletion of the end of chromosome 2.
Interestingly, there are 2 genes within this region encoding DNAJ
proteins® that may act as co-chaperones of PfEMP1. We are
currently in the process of analyzing these genes further in view of
their potential contribution to PFEEMP1 transport.

In conclusion, this study demonstrates the essential role for
specific domains of KAHRP in formation of knobs, anchoring of
PfEMP1 in the structure, and maintaining the physical properties of
the P falciparum—infected erythrocyte and is consistent with
independent studies using other methodologies.!6-1820:48 Knowl-
edge of parasite-host interactions, especially with regard to the
ability of these infectious agents to adhere to specific tissue and the
resulting pathologic consequences, may help in development of
drugs that interfere with these processes.
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