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Apical membrane antigen 1 (AMA-1) is a micronemal protein secreted to the surface of merozoites of
Plasmodium species and Toxoplasma gondii tachyzoites in order to fulfill an essential but noncharacterized
function in host cell invasion. Here we describe cloning and characterization of a Babesia bovis AMA-1
homologue designated BbAMA-1. The overall level of similarity of BbAMA-1 to P. falciparum AMA-1 was low
(18%), but characteristic features like a transmembrane domain near the C terminus, a predicted short
cytoplasmic C-terminal sequence with conserved sequence properties, and an extracellular domain containing
14 conserved cysteine residues putatively involved in disulfide bridge formation are typical of AMA-1. Rabbit
polyclonal antisera were raised against three synthetic peptides derived from the N-terminal region and
domains II and III of the putative extracellular domain and were shown to recognize specifically recombinant
BbAMA-1 expressed in Escherichia coli. Imnmunofluorescence microscopy showed that there was labeling of the
apical half of merozoites with these antisera. Preincubation of free merozoites with all three antisera reduced
the efficiency of invasion of erythrocytes by a maximum of 65%. Antisera raised against the N-terminal peptide
detected a 82-kDa protein on Western blots and a 69-kDa protein in the supernatant that was harvested after
in vitro invasion, suggesting that proteolytic processing and secretion take place during or shortly after
invasion. A combination of two-dimensional Western blotting and metabolic labeling allowing direct identifi-
cation of spots reacting with the BbAMA-1 peptide antisera together with the very low silver staining intensity

of these spots indicated that very low levels of BbAMA-1 are present in Babesia merozoites.

Babesia bovis is an obligatory intraerythrocytic bovine para-
site that belongs to the phylum Apicomplexa. Although mem-
bers of the Apicomplexa infect different host and cell types,
they have similar host cell invasion processes. When an extra-
cellular merozoite enters an erythrocyte, it forms an initial
reversible attachment, which leads to reorientation of the mer-
ozoite that brings the anterior apical pole in contact with the
plasma membrane of the erythrocyte (9, 36). A tight junction is
formed, through which the parasite invades the red blood cell.
The process is completed when the parasite is inside a parasi-
tophorous vacuole of the red blood cell. From the first attach-
ment until completion of the invasion process the parasite
secretes proteins from apical organelles into the merozoite
membrane and into the environment. Proteins secreted from
micronemes, rhoptries, and dense granules are thought to play
a central role in invasion and in the establishment of infection
by apicomplexan parasites (4, 36). This supposed critical func-
tion and the exposure to the immune system, localized on the
surface of the merozoites, have marked merozoites as potential
vaccine candidates (2). One of these candidates is apical mem-
brane antigen 1 (AMA-1) (8, 15, 20, 25, 31, 37), which is
expressed in the late schizont stage of the asexual life cycle of
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the Plasmodium falciparum parasite (31). AMA-1 is a type I
integral membrane protein with three characteristic structures:
(i) an N-terminal, cysteine-rich ectodomain, (ii) a single trans-
membrane domain, and (iii) a C-terminal cytoplasmic tail. The
ectodomain is organized into domains I, II, and III by the
formation of disulfide bridges between conserved cysteine res-
idues. Full-length P. falciparum AMA-1 (83 kDa) is a microne-
mal protein (19) that is transported to the merozoite surface
membrane as a 66-kDa protein upon proteolytic cleavage in
the N-terminal ectodomain (19). During invasion of merozo-
ites, P. falciparum AMA-1 is further processed to 44- and
48-kDa soluble fragments (19, 20). Although the biological
function of AMA-1 is unknown, the subcellular localization,
stage-specific expression, and secretion during host cell inva-
sion suggest that it is involved in merozoite invasion. A strong
correlation was found between protection and P. falciparum
AMA-1 antibodies that were generated against different pep-
tide sequences (34). Furthermore, passive transfer of rabbit
AMA-1 antibodies protected mice against Plasmodium
chabaudi infection (1), and antibodies against Plasmodium
reichenowi (24) and Plasmodium vivax AMA-1 (23) were shown
to inhibit red blood cell invasion. Recently, eight peptides of
the P. falciparum AMA-1 protein that have specific erythrocyte
binding activities were mapped (13, 38). An AMA-1 homo-
logue is present in all Plasmodium species studied and Toxo-
plasma gondii, which supports the suggestion that this protein
is involved in an essential function (5, 8, 11, 24, 27).
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Here we report the complete sequence of the B. bovis
AMA-1 (BbAMA-1) cDNA. We studied the protein on one-
dimensional (1D) and two-dimensional (2D) Western blots
and by immunofluorescence microscopy, and we analyzed in-
hibition of in vitro invasion by antisera directed against specific
regions.

MATERIALS AND METHODS

B. bovis in vitro culture. The B. bovis Israel isolate (clonal line C61411) was
cultured in vitro in bovine erythrocytes as previously described (12). Briefly, B.
bovis cultures were maintained in 24-well plates (total volume, 1.2 ml) or in
25-cm? bottles (total volume, 15 ml) containing medium M199 with 40% bovine
serum, 25 mM sodium bicarbonate, and bovine erythrocytes at a packed cell
volume (PCV) of 5%. Cultures were incubated at 37°C in 5% CO, in air, and the
level of parasitemia was kept between 1 and 12% by daily dilution.

For metabolic labeling, a B. bovis culture (8 to 10% parasitemia) was centri-
fuged (2,000 X g, 10 min, 15°C), washed once with phosphate-buffered saline
(PBS), and resuspended in RPMI 1640 medium without methionine and cysteine
containing 20 mM 3-(N-tris[hydroxymethylJmethylamino)-2-hydroy-propanesul-
fonic acid (Sigma) and 1% glutamine (Sigma). **S-labeled methionine and cys-
teine (167 wCi/ml) were added, and this was followed by incubation for 18 h at
37°C in CO, in air.

B. bovis in vitro cell invasion. The4 cell invasion procedure was performed as
described previously (12), with slight modifications. B. bovis-infected red blood
cells (6 to 8% parasitemia) were centrifuged (2,000 X g, 10 min, 15°C) and
resuspended in an equal volume of VyMs buffer (4°C). Samples (800 pl) were
subjected to five intermittent (10 s with incubation at 0°C in between pulses)
high-voltage pulses (2.5 kV, 200 €, 25 wF) in 4-mm cuvettes (Bio-Rad) by using
a Bio-Rad Gene Pulser with a pulse controller. The lysed samples (800 pl) were
washed with 8 ml of PBS containing 25 mM sodium bicarbonate (PBSbc) (pH
8.0) at 20°C, and this was followed by centrifugation at 1,800 X g for 10 min at
15°C. A second similar wash was performed, except that the centrifugation speed
was lower (1,300 X g). The final merozoite pellet was resuspended in 800 pl of
PBSbc. Invasion was initiated by addition of 1 volume of resuspended merozoites
to 9 volumes of suspended bovine erythrocytes (5.5% PCV in PBS [pH 8.0]
containing PBSbc, preincubated for 30 min at 37°C in 5% CO, in air) in 24-well
plates (final volume, 1.2 ml), in 25-cm? flasks (15 ml), or in 80-cm? flasks (50 ml)
at 37°C in 5% CO, in air. Giemsa-stained slides were prepared after 1 h, and the
number of parasitized erythrocytes out of a total of 5,000 erythrocytes was
determined.

In vitro inhibition of invasion by rabbit antisera. B. bovis merozoites (200 pl)
that were liberated by high-voltage pulsing and resuspended in PBSbc as de-
scribed above were incubated with 40 pl of rabbit antiserum for 1 h at 20°C. After
1 h, 960 wl of suspended bovine erythrocytes (6.25% PCV in PBSbc, preincu-
bated for 30 min at 37°C in 5% CO, in air) was added, and this was followed by
1 h of incubation, after which Giemsa-stained slides were prepared and examined
to determine the level of invasion. The rabbit antisera used were raised against
synthetic peptides derived from the BbAMA-1 sequence, and a control serum
was raised against an unrelated peptide (YAGRLFSKRTAATAYKLQ), desig-
nated peptide C. Peptides were linked to maleimide-activated keyhole limpet
hemocyanin (KLH) (Pierce) prior to immunization. Preimmune sera were also
included in the test.

Preparation of total merozoite protein extracts and proteins solubilized upon
invasion. Samples of merozoites (800 wl), prepared as described above for in
vitro invasion, were partially separated from erythrocyte ghosts by filtration with
1.2-pm-pore-size polypropylene prefilters (Millipore). Filtered merozoites were
pooled and washed twice in 20 volumes of PBSbc, and this was followed by
centrifugation at 2,000 X g for 20 min at 4°C. After the second wash the pellet
was resuspended in an equal volume of PBSbc, the suspension was divided into
200-pl aliquots that were centrifuged (10,000 X g, 5 min at 4°C), and 100-pl cell
pellets (2 X 10” merozoites) were stored at —20°C after removal of the super-
natants. Frozen merozoite pellets were thawed just before use and then lysed,
reduced, and alkylated by using a total protein extraction kit (Proteoprep; Sigma)
according to the manufacturer’s instructions; finally, they were suspended in 1.7
ml of buffer compatible with direct application to sodium dodecyl sulfate (SDS)-
polyacrylamide gels or isoelectrofocusing strips. Insoluble material was removed
by centrifugation at 16,000 X g for 3 min at 4°C. As the extracts contained
considerable amounts of erythrocyte proteins, control extracts were prepared in
the same way except that we started with a culture of noninfected erythrocytes.

Proteins that were solubilized upon invasion were obtained by gently removing
the overlaying buffer after 1 h of in vitro invasion as described above. The
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samples were centrifuged (2,000 X g, 10 min, 4°C), after which the supernatant
was centrifuged again at a high speed for removal of membrane fragments (20
min, 12,000 X g, 4°C). The final supernatant was dialyzed (Pierce; Snakeskin
pleated dialysis tubing) overnight against 10 mM Tris—NaCl (pH 7.5).

Construction and screening of a B. bovis cDNA library. A cDNA library was
constructed from 5 pg of B. bovis mRNA by using a AZAP-cDNA synthesis kit
(Stratagene) according to the manufacturer’s instructions. cDNA fragments (0.5
to 4 kb) were collected by gel filtration on a Sepharose CL-4B column and ligated
into the EcoRI/Xhol site of the N uniZAP-XR Express vector. Giga Pack III
Gold was used for packaging into phage particles, and this was followed by
transformation of Escherichia coli XL-1 Blue MRF" cells. A total of 3 x 10°
plaques were obtained, and an amplified library was constructed from these
plaques.

The cDNA library was screened with probe F1. Oligonucleotides p1 (5'-CCA
CGGCTCTGGAATCTATGTC-3") at position 329 and p2 (5'-CAAAAGGAT
ACCTATATTTGGTAC-3") at position 703 (derived from an expressed se-
quence tag available at www.sanger.ac.uk; numbering according to the
numbering of the sequence deposited under GenBank accession number
AY486101) were used to amplify probe F1 by PCR performed with a 50-pl
mixture containing each deoxynucleoside triphosphate at a concentration of 0.2
mM, 20 pmol of each primer ul~!, 100 ng of B. bovis genomic DNA, and 0.5 U
of Taq DNA polymerase in standard buffer (Promega). Amplification was per-
formed for 30 cycles (92°C for 30 s, 58°C for 30 s, 72°C for 30 s) with initial
denaturation for 3 min at 95°C and final elongation at 72°C for 10 min. The
fragment was purified from an agarose gel and was labeled with 50 wCi of
[«-32P]dATP (3,000 Ci mmol ') by using a Random Primer labeling kit (Roche).
A total of 1.2 X 10° plaques were screened by standard procedures (35) to obtain
the AMA-1 sequence (35). After two cycles of plaque purification, two clones
were excised in vivo for isolation of the phagemid inserts as described in the
manufacturer’s instructions (Stratagene) and were sequenced on both strands by
performing automated cycle sequencing by the dye terminator method (ABI
PRISM dye terminator kit; Pharmacia). A full-length AMA-1 cDNA including
the noncoding 5’ end was obtained with a GeneRacer kit by using a specific
primer (5'-GATGAAATGGGATCGAGGAAGTCG-3' [Invitrogen]) according
to the manufacturer’s instructions, and the clone obtained was sequenced on
both strands.

Expression of recombinant BbAMA-1 in E. coli. A cDNA clone of BbAMA-1
was amplified by PCR by using primers that introduced a BamHI site prior to
base 1 (numbering from the first base of the initiation codon) and a HindIII site
after base 1504. Primers p3 (5'-CCCGGATCCATGCAGTTACATAACAAA-
3") and p4 (5'-GGGAAGCTTCTGAGCAAAGGAAATAGG-3") with BamHI
and HindIII sites were used to clone the AMA-1 PCR products in vector
pET-32a (Novagen), which allowed their expression as fusion products with an
N-terminal thioredoxin domain and an internal six-histidine tag. After PCR (1
min at 94°C, 1 min at 55°C, and 1 min at 72°C for 30 cycles) of cDNA clones, the
fragment was gel purified, ligated in the pET-32a vector, and used for transfor-
mation of the E. coli NovaBlue strain. Plasmids containing the appropriate insert
were used to transform expression host strain BL21(DE3). Fusion proteins with
thioredoxin were obtained after induction with 1 mM isopropyl-B-p-1-thiogalac-
topyranoside (IPTG) for 4 h at 37°C, as shown by analysis of total cell samples
at zero time and 4 h after induction (see Fig. 2). Bacterial pellets were heated at
95°C in SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer contain-
ing 2% (vol/vol) B-mercaptoethanol, electrophoresed on SDS—10% PAGE
minigels, and stained with Coomassie blue to confirm expression.

Peptide selection and immunization. Synthetic peptides for immunization
were derived from the full-length BbAMA-1 sequence by selection of am-
phiphatic alpha-helices having a high probability for surface localization and
several charged residues by using the Protean software package (Lasergene) for
protein sequence analysis. Peptides were selected from the N-terminal region
(amino acids 46 to 60; cysteine-AFHKEPNNRRLTKRS; peptide 1), domain II
(amino acids 395 to 409; cysteine-RGVGMNWATYDKDSG; peptide 2), and
domain IIT (amino acids 453 to 467; cysteine-Y VEPRAKNTNKYLDV; peptide
3). The peptides were synthesized and coupled to KLH as a carrier protein by
following the manufacturer’s recommendations (Pierce). The peptide-carrier
conjugates were used to generate rabbit polyclonal antisera.

Three groups of New Zealand White rabbits (each group containing two
rabbits) were immunized five times subcutaneously at 3-week intervals for 8
months. Before the first immunization blood serum was collected from each
rabbit, which was used as a negative control. Each rabbit was inoculated with 250
ng of peptide that was coupled to 250 pg of KLH and an equal volume of the
adjuvant Stimune (ID-DLO, Lelystad, The Netherlands) in a 1,000-pl (total
volume) mixture. Sera were tested periodically for reactivity by an enzyme-linked
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immunosorbent assay (ELISA). Plasmaphoresis was performed 1 week after the
immunization starting at month 4.

ELISA. Production of rabbit antibodies against the peptides was monitored by
an ELISA. Ninety-six-well microtiter plates were coated with 150 ng of peptide
1, peptide 2, or peptide 3 per well in 0.1 M Tris-HCI (pH 8.0), incubated for 30
min at 37°C, and blocked for 1 h with PBS containing 0.25% bovine serum
albumin at 37°C. Dilutions (1:50 to 1:50,000) of individual rabbit sera were
incubated for 1 h at 37°C. The plates were washed, and swine anti-rabbit-
immunoglobulin G-horseradish peroxidase-conjugated (DAKO) (1:2,000) sec-
ondary antibody was incubated for 1 h. The plates were washed and developed
for 45 min with 2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS)-perox-
idase substrate (Roche Biochemicals). The optical density at 405 nm was re-
corded, and comparative ELISA titers were calculated.

SDS-PAGE and Western blotting. Total merozoite extracts or proteins that
were solubilized upon invasion were separated by SDS—10% PAGE and trans-
ferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore). The
blot was blocked with 5% skim milk diluted in PBS containing 0.05% Tween
(PBST) for 1 h at 37°C. The rabbit antisera were diluted (1:500) in PBST
containing 2% skim milk and incubated overnight at 4°C. The blot was washed
with PBST and then incubated with anti-rabbit-immunoglobulin—horseradish
peroxidase (1:10,000) (DAKO) for 1 h at 37°C. After the blot was washed with
PBST, it was developed either with a TMB MB substrate kit (Lucron Bioprod-
ucts b.v.) or with an enhanced chemiluminescence ECL Plus kit (Amersham).

2D electrophoresis. Total merozoite extract (300 pg) and invasion supernatant
(100 pg) were dissolved in a rehydration solution containing 7 M urea, 2 M
thiourea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS), 2% carrier ampholyte mixture (pH 4 to 7 in Immobiline Drystrip
gels), and 20 mM dithiothreitol and loaded on 13-cm IPG strips (pH 4 to 7). The
isoelectric focusing and subsequent 2D SDS-PAGE procedures were performed
as described previously (39). Silver staining was used to visualize proteins after
2D SDS-PAGE. Images of the gels and blots were acquired by using LabScan
v3.0 software with a Umax flatbed scanner and were digitally analyzed by using
the ImageMaster 2D v4.01 software (Amersham Biosciences).

Confocal immunofluorescence microscopy. Recognition of B. bovis merozoites
by anti-AMA-1 antibodies was tested by indirect immunofluorescence by using a
confocal microscope. Thin blood smears were fixed in acetone for 10 min and air
dried. Primary incubation with polyclonal rabbit serum directed against anti-
AMA-1 peptide 1, 2, or 3 (1:20) for 35 min was followed by three 5-min washes
with PBS. The slides were then incubated with goat anti-rabbit immunoglobulin
G conjugated with Alexa 488 (20 pg/ml; Molecular Probes Inc., Eugene, Oreg.)
for 30 min and washed with PBS. Subsequently, for dual labeling, the slides were
incubated with 4’,6’-diamidino-2-phenylindole (DAPI) (0.5 pM; Molecular
Probes Inc.) for 20 min and washed. FluorSave solution was applied, and the
slides were left overnight at room temperature, covered, in a horizontal position.
Fluorescent signals were visualized by using a Bio-Rad Radiance 2100MP con-
focal and multiphoton system equipped with a Nikon TE300 inverted micro-
scope. The DAPI probes were excited by multiphoton excitation at 780 nm by
using a mode-locked titanium-sapphire laser (Tsunami; Spectra-Physics)
pumped by a 10-W solid-state laser (Milennia Xs; Spectra-Physics), while the
Alexa 488 probe was excited by an argon laser at 488 nm.

Nucleotide seq e accessi ber. The nucleotide sequence described in
this paper has been deposited in the GenBank database under accession no.
AY486101.

RESULTS

Identification and cloning of a full-length cDNA encoding
BbAMA-1. A B. bovis expressed sequence tag displaying
33.1% identity to domain I of P. falciparum AMA-1 over a
stretch of 145 amino acids was identified by BLAST analysis.
Probing a B. bovis cDNA library with a 350-bp PCR product
derived from this expressed sequence tag resulted in cloning
and sequencing of a 2,036-bp ¢cDNA containing a 1,818-bp
open reading frame and a 189-bp 3’ noncoding region termi-
nating in a poly(A) tail. To determine the 5’ capped end of the
full-length mRNA, total mRNA was dephosphorylates, after
which the 5" caps, which were left intact, were removed by
tobacco acid pyrophosphatase; this was followed by ligation of
a specific RNA oligonucleotide. Subsequently, nested PCR of
first-strand cDNA allowed cloning and sequencing of a 755-bp
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fragment derived from the 5’ end of the B. bovis sequence,
which revealed a 246-bp 5" untranslated region preceding the
first methionine codon of the 1,818-bp open reading frame.

Comparison of BbAMA-1 with the T. gondii and Plasmodium
AMA-1 proteins. Conceptual translation of the 1,818-bp open
reading frame resulted in prediction of a 67.2-kDa protein with
a pI of 6.35, which was aligned with the full-length sequences
of the P. falciparum, P. vivax, and T. gondii AMA-1 proteins
(Fig. 1). Reminiscent of the previously described AMA-1 pro-
teins, the hydrophobic N-terminal 39 amino acids of
BbAMA-1 were predicted to form a signal peptide (Sig-
nalP2.0), whereas the hydrophobic stretch from Ile-523 to Trp-
541 is likely to form a transmembrane region with a predicted
topology of a type Ia membrane protein (TMHMMZ2.0), leav-
ing a 64-amino-acid cytoplasmic C terminus. The signal pep-
tide cleavage sites and terminal residues of the transmembrane
segments as predicted by using SignalP2.0 and TMHMM?2.0
for all four AMA-1 proteins are precisely aligned in Fig. 1. The
predicted signal peptide of BbAMA-1 is nearly twice as long as
those of the other proteins. However, the possibility that trans-
lation initiation does not start at the first ATG codon could not
be eliminated. The transmembrane segment of BbAMA-1 is
two to four amino acids shorter than the other transmembrane
segments, whereas the boundaries of the four segments are
remarkably conserved. The lengths of the cytoplasmic domains
of the AMA-1 molecules examined are similar (53 to 64 amino
acids), but only the 30 C-terminal residues exhibit considerable
similarity (e.g., 43.3% identity between the B. bovis and P.
falciparum sequences). The extracellular domain of P. falcipa-
rum AMA-1 has been shown to be organized in three structural
domains (domains I to IIT) that are stabilized by eight intrado-
main disulfide bridges (as shown in Fig. 1) between 16 cysteine
residues (12 of which are conserved in 7. gondii). Fourteen of
these cysteine residues are easily aligned with cysteine residues
in the B. bovis sequence, and only the third and sixth cysteine
residues of domain III, forming disulfide bridge Illc, are ab-
sent. Whereas domain I (Pro96 to Pro303) and domain II
(Met-304 to Glu-438) constitute the best-conserved regions of
AMA-1 (40.3 and 29.3% identity, respectively, in P. falciparum
and B. bovis, excluding gap positions), the remaining se-
quences, including domain III, show very little conservation. P.
falciparum AMA-1 is special when it is compared with the
AMA-1 proteins of other Plasmodium species and T. gondii
because it has an N-terminal prodomain that is cleaved off
during merozoite maturation. BbAMA-1 is the first AMA-1
that also has an extended N-terminal sequence, although this
sequence is shorter than its P. falciparum homologue. If gap
regions are disregarded, the full-length AMA-1 sequences of
B. bovis and P. falciparum are only slightly more similar to each
other (28% identity) than they are to the 7. gondii sequence
(25% identity in both cases), but alignment of the 7. gondii
AMA-1 sequence with the P. falciparum and B. bovis sequences
requires introduction of 24 gap regions, whereas the P. falci-
parum and B. bovis proteins align with 14 gaps.

Recognition of recombinant BbAMA-1 by antisera against
short, BbAMA-1-derived peptides. To enable further studies of
the BbAMA-1 protein, rabbits were immunized with KLH-
linked synthetic peptides (Fig. 1) that were derived from the
N-terminal domain (peptide 1, Ala-46 to Ser-60), domain II
(peptide 2, Arg-395 to Gly-409), and domain III (peptide 3,
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PEPTIDE 1

I
Bb MQLHNKMQSTSLKYNYKRMLCMAL\ LSSFEAEDALASNS . . .t i et i ittt iee s cnaeeanas TLEAFHKEPNNRRLTKRSSRGQLLNSRRGSDDASIHSSDRYPGREGGS 89
Ty MGLVGVQVLL T ] STRSRIHSQTLSAS .JISGN 42
Pv Y L E S A C LVHIGKCGRN . & . ittt ittt ittt it it e e it e anansananasoaenanananns QKPSRLTRSANNVLLEKGPI{VER 47
Pf MREMYC| LLLSAFEFTYMINFGRGQNYWEHPYQNSDVYRPINEHREHPKEYEYPLHQEHTYQQEDSGEDENTLQHAYPIDHEGAEPAPQIQNLFSSIEIVER Ji02

Bb KNSSQSSIT KN
Ty PFQANVEMEKT)M

Pv STRMS
Pf SNYMG.

ETAVDSNIPTQPKTRGSSS 198
.......... GGFNLNFVTPEGO ¥ 148
................... NANDHERETH 140
................... PHEPLIgERFVINE 195

RWGYEG 303
SN T 259
El L RT 248
DE HFYKD KY KNL K| TL SR 303
m. s PAF. . .EEYENSTED DNE. .LNIEAVNEDENEL‘E.TDELERLMMEK‘EANAI SEPFSNVAGTSRI 412
Gy LDYTETDTVIERVES WKT ENDGVIEIROIEHTR. . ... ... ... .... QASWNDWIFFHOSDOPH . . 357
y D N EE PY K AEDLR! G ) TRNE EEMTRY Off QNI RE LIEGAFNSDNE' v 355
D N ED FP IDLE] EQHLTEYE .KS LEETGAFKADRY E 410

+ +

lib

PEPTIDE 3

FEHIDTNGYVE PRAENI ............ NiYID FEVTEALSM] ERgrATVETKY SDRIRCTIRRESDE . - - 503
SYGSL‘S ETP.M3TIPSNPSVTPPTPETALQ. . ..o vt .. . CTADK D‘SGA ........ 5 s .............. 440
EIEREIKEQER NMNLYSVDGE L RII EKRAEIKENNQVVI 466
EIMKEI;E IKRIKLNDNDDEGN RII ERRAEVTSNNEVVV 524

TRANSMEMBRANE

T
Bb ...KF JEIRFLHMIGLYNTK CCTTT . ELT FIKAKEEPAPPSFD LSNYDYDTTLDADNETE
Tg ... CTAD S IBONECGSNT. G VGGV LALLGGGC F‘BPLDRNKGVQAAHHEHE QSDRGA.
Pv KEEFR - ENGEERKSNKQI L IGITG CVV SI YINRMKANNDINY DEMDQAEGHMGKPTTR
Pf KEEY DIPEHKPTYDKM SSAAVA LI KGNAEMYDKMDE PQDMGKSNSR

FIG. 1. Multiple-sequence alignment of AMA-1 proteins of B. bovis (Bb), T. gondii (Tg), P. vivax (Pv), and P. falciparum (Pf). Similar and identical
residues are shaded. Black shading indicates similarity in all four species, and gray shading indicates similarity in three species. Synthetic peptides 1, 2,
and 3 are indicated by black bars. The signal peptide cleavage site is indicated by an arrow, and the transmembrane region is indicated by a grey bar.
Cysteine residues that form disulfide bonds in P. falciparum AMA-1 are indicated by domain (I, II, and III) and bond (a, b, and c) designations.

Tyr-453 to Val-467). All three antisera specifically recognized
a recombinant fusion product of thioredoxin and the extracel-
lular domain of BbAMA-1 (Met-1 to Ser-501) that was ex-
pressed in E. coli BL21 cells (Fig. 2). PAGE of total cell lysates
obtained before (Fig. 2, lane 1) and after (lane 2) induction
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kDa

150 —
100 —

75 — . [ -
50 —

37 —

25 —

FIG. 2. Western blots of recombinant BbAMA-1 probed with poly-
clonal rabbit antisera against synthetic peptides: Direct Blue-stained
strips of polyvinylidene difluoride membrane obtained after blotting of
display E. coli lysates of uninduced cells (lane 1) and induced cells
(lanes 2 and 11) expressing BbPAMA-1 (lane 2) and B. bovis rab5 (lane
11). Immunoblots of recombinant BbAMA-1 (lanes 3 to 9) were in-
cubated with preimmune serum (lanes 3, 5, and 7), with immune serum
against peptide 1 (lane 4), peptide 2 (lane 6), or peptide 3 (lane 8), or
with B. bovis rab5 antiserum (lane 9). Lane 10 is an immunoblot of B.
bovis recombinant protein rab5 with AMA-1 antisera. Molecular
masses are indicated on the left.

with IPTG resulted in identification of the recombinant fusion
product as an 80-kDa product (calculated size, 65 kDa) that
was recognized by all three immune sera (lanes 4, 6, and 8) and
not by preimmune sera (lanes 3, 5, and 7) on immunoblots.
Immune recognition was specific for the BbPAMA-1 part of the
fusion product, as a recombinant fusion product of B. bovis
rab5 (lane 11) expressed in PET32a (amino acids 298 to 1801;
GenBank accession no. AY324137) was not recognized (10).
Also, immune recognition was peptide specific and not due to
antibodies induced by the KLH carrier protein used for immu-
nization, as antiserum raised against a KLH-linked synthetic
peptide unrelated to AMA-1 did not recognize the BbAMA-1
recombinant fusion product (lane 9).

Confocal immunofluorescence microscopy. To localize
BbAMA-1, rabbit antisera against the three KLH-linked pep-
tides were incubated with B. bovis in vitro cultures attached to
glass slides. Staining of DNA with DAPI allowed identification
of B. bovis parasites due to their fluorescent nuclei (Fig. 3,
middle columns). Fluorescent parasites were clearly visible
after incubation with the three immune sera (Fig. 3B, left
column), and overlay images with fluorescence derived from
DAPI-stained nuclei (Fig. 3B, right column) indicated that all
parasites in any microscope field were recognized by anti-
AMA-1 antisera. The duplicated, double-pear-shaped para-
sites usually showed more intense staining than the nondupli-
cated forms. Nuclei identified by DAPI fluorescence were
located posterior to the intense apical staining with the anti-
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FIG. 3. Immunofluorescence reactivity of antiserum against BbPAMA-1 incubated with acetone-fixed B. bovis-infected bovine erythrocytes.
(A) Incubation with preimmune sera. (B) Incubation with immune sera against peptide 1 (p1), peptide 2 (p2), and peptide 3 (p3), as indicated on
the right. Panels in the left column show anti-AMA-1 staining; panels in the middle column show DAPI staining; and panels in the right column
are overlay images. The images in the bottom row of panel B are enlargements of duplicated B. bovis merozoites reacting with anti-peptide 3.

AMA-1 antisera. This was most clearly observed in erythro-
cytes harboring duplicated parasites whose posterior ends re-
main linked by a residual body, which allowed easy
determination of the apical end (Fig. 3B). Preimmune sera
were included as a control and displayed only a faint back-
ground fluorescent signal (Fig. 3A).

Inhibition of in vitro invasion by peptide-specific antisera.
The AMA-1 proteins of P. falciparum and T. gondii are se-
creted from apically located micronemes and are thought to be
involved in host cell invasion (13, 16). A B. bovis in vitro
invasion assay that allowed us to study the invasion of eryth-
rocytes by free merozoites in a protein-free buffer within a time
span of 1 h was used to assess the effect of antisera directed
against the three peptides derived from different domains of
BbAMA-1. Free merozoites were preincubated for 1 h at 20°C
with the three anti-BbAMA-1 sera and the control serum di-
rected against a nonrelated peptide, after which invasion was
started by addition of erythrocytes. All three antisera against
the specific BBPAMA-1 peptides gave rise to significant inhibi-
tion of invasion, whereas preimmune sera and a control anti-
serum did not have a significant effect on invasion efficiency
(Fig. 4). The strongest effect (65% = 13% inhibition) was
observed with the antiserum directed against the N-terminally
located peptide, whereas antisera directed against the domain
II and III peptides showed less inhibition. Preincubation of
merozoites with a combination of antisera directed against
peptide 1 and either peptide 2 or peptide 3 did not result in
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FIG. 4. Inhibition of erythrocyte invasion by B. bovis merozoites
with antisera raised against four different synthetic peptides. The black
bar represents the value for invasion of B. bovis merozoites that were
directly added to medium after liberation, and this value was consid-
ered the 100% value with which all incubation data were compared.
The open bars indicate the values for invasion of erythrocytes by B.
bovis merozoites after preincubation with immune sera against peptide
1, peptide 2, peptide 3, and peptide C, whereas the grey bars indicate
the values for invasion of B. bovis merozoites after preincubation with
preimmune serum. Each bar indicates the average value for six indi-
vidual experiments, and the error bars indicate standard deviations.
Data were examined by using the Kruskal-Wallis nonparametric test.
Pairwise comparisons of the groups were performed by post hoc anal-
ysis as advised by Kruskall-Wallis, and P values are indicated at the
top.
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FIG. 5. Western blot analysis of total merozoites and invasion supernatant incubated with sera raised against AMA-1 peptides after 1D
SDS-PAGE (A) and 2D SDS-PAGE (B to G). (A) Total merozoites (lane 1) and invasion supernatant (lane 3) were incubated with anti-peptide
1 antiserum. The arrows indicate bands at 82 kDa (lane 1) and 69 kDa (lane 3). Lanes 2 and 4 contained an erythrocyte control incubated with
anti-peptide 1 antiserum. (B and D) Western blots of 2D gels loaded with invasion material and incubated with anti-peptide 1 and anti-peptide
3 antisera, respectively. (C and E) Erythrocyte controls incubated with anti-peptide 1 and anti-peptide 3 antisera, respectively. (F and G)
Silver-stained image of a 2D gel loaded with invasion supernatant obtained from metabolically labeled B. bovis run in parallel (F) and subsequently
exposed to film (G). The arrows indicate BbAMA-1-specific spots in total merozoite and invasion supernatants. Molecular masses are indicated

on the left.

increased inhibition compared to the inhibition observed with
antiserum against peptide 1 alone (results not shown).
Detection of BbAMA-1 secreted into the surroundings dur-
ing erythrocyte invasion. Despite the easy recognition of re-
combinant BbAMA-1 on Western blots by antisera against all
three BbPAMA-1-derived peptides (Fig. 2), only minor amounts
could be detected directly in B. bovis extracts by sensitive
chemoluminescence staining methods. The best antiserum for
this purpose appeared to be the antiserum raised against pep-
tide 1 (N-terminal peptide), which detected a B. bovis-specific
82-kDa band in total merozoite extracts (Fig. 5SA, lane 1) and
a smaller 69-kDa band in the protein pool secreted after inva-
sion of fresh erythrocytes by liberated merozoites for 1 h (lane
3). Antisera against the other two peptides occasionally recog-
nized bands of comparable sizes, but the signals were very
weak. In addition, variation in repeated experiments also in-
cluded the occasional detection of other minor bands (results
not shown) by sera against peptides 2 and 3, making the results
obtained by Western blotting with these two antisera inconclu-
sive. A reaction of anti-peptide 1 serum with 55- to 60-kDa
proteins was observed in lanes containing the merozoite ex-
tract and invasion supernatant (Fig. 5, lanes 1 and 3), as well as
in control lanes containing only erythrocyte proteins (Fig. 5,
lanes 2 and 4). Additional controls showed that several other
unrelated peptides, when linked to KLH, induced rabbit anti-
sera that reacted with a group of erythrocyte cytosolic proteins
at this position (results not shown). Merozoite extracts contain
erythrocyte cytosolic proteins derived from a fraction of eryth-

rocytes not lysed during isolation of merozoites, whereas pro-
teins secreted during invasion have been shown to be contam-
inated with erythrocyte cytosolic proteins (12), as a small
number of erythrocytes are lysed during invasion.

To obtain additional proof of the erythrocytic nature of the
bands and the B. bovis-specific nature of the 69-kDa band
secreted upon invasion, 2D gel electrophoresis was employed.
Western blots of 2D gels were probed with anti-peptide 1
serum (Fig. 5B) and anti-peptide 3 serum (Fig. 5D) and
matched with a silver-stained image of another gel (Fig. 5F).
Subsequent metabolic labeling of parasites with *S prior to
invasion allowed localization of B. bovis-specific spots (Fig.
5G). Erythrocytic proteins at 55 to 60 kDa (nonlabeled) were
recognized by both antisera and were also present in controls
carrying only erythrocyte cytosolic proteins (Fig. 5C and E). In
addition, spots that specifically reacted with anti-peptide 1
serum (Fig. 5B) and anti-peptide 2 serum (Fig. 5D) were de-
tected on the 2D Western blots, matching the most abundant
spots in a row of four metabolically labeled 69-kDa spots that
in turn matched a row of weak spots on the silver-stained gel.
We concluded on basis of this set of data that AMA-1 is a
low-abundance protein and that a 69-kDa form is secreted
upon invasion of erythrocytes by B. bovis merozoites.

DISCUSSION

Apicomplexan organisms are defined by a common set of
apically located secretory organelles required for host cell in-
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vasion by a mechanism having many conserved features. De-
spite the conserved nature of the invasion process, only very
few proteins which are involved exhibit significant similarity
when T. gondii is compared with Plasmodium species. AMA-1
is one such protein conserved in 7. gondii and P. falciparum,
and here we describe cloning of the B. bovis homologue, which
we designated BbAMA-1. Overall, BPAMA-1 is only slightly
more similar to P. falciparum AMA-1 than to T. gondii AMA-1
(28 and 25%, respectively). Most notably, these proteins have
10 conserved cysteine residues that have been shown to form
disulfide bridges and have been suggested to stabilize the pro-
posed domains I and II of the P. falciparum AMA-1 ectodo-
main (17, 30). However, a few conserved residues, like the four
cysteine residues that form two of the three disulfide bridges
present in domain III of P. falciparum AMA-1, may represent
a functional feature conserved in B. bovis and Plasmodium
species that is not present in 7. gondii. Also, the number of
insertions or deletions is much smaller in a pairwise compari-
son of B. bovis and P. falciparum than in comparisons with T.
gondii. So far, molecular phylogenetic analyses have not un-
ambiguously resolved the evolutionary relationship among the
genera Toxoplasma, Babesia, and Plasmodium, and it is tempt-
ing to hypothesize that some features of the AMA-1 ectodo-
main may be slightly more conserved in Babesia and Plasmo-
dium because of their identical host cell target, the erythrocyte.

Like other micronemal proteins, AMA-1 has a short cyto-
plasmic domain whose length varies between 64 amino acids
(B. bovis) and 53 amino acids (P. falciparum), of which the 30
C-terminal residues are remarkably similar, indicating a con-
served function. The cytoplasmic tail of micronemal proteins
has been suggested to function as an organellar targeting signal
(7, 18), but a more recent study has shown that after removal
of this domain there is still correct localization of P. falciparum
micronemal proteins like EBA-175 and TRAP (14). The cyto-
plasmic tail may be involved in binding to other intracellular
proteins that may govern the timing of secretion, which is not
synchronous for different micronemal proteins (15). Alterna-
tively, it may be involved in transmitting a signal upon contact
of the ectodomain with a host cell ligand, or it may be involved
in linkage to cytoskeletal structures like those recently de-
scribed for members of the TRAP family of micronemal pro-
teins (21).

P. falciparum AMA-1 is proteolytically processed at several
positions, giving rise to a complicated pattern of bands recog-
nized by polyclonal and monoclonal antisera (3). An 83-kDa
type I transmembrane protein with aberrant mobility (pre-
dicted M,,, 64,000) is created after cleavage of the signal pep-
tide. Upon translocation to the apical region a 72-amino-acid
propeptide is removed, leaving a protein that migrates at 66
kDa on polyacrylamide gels (19). T. gondii AMA-1 does not
possess such a propeptide, whereas BbAMA-1 was shown here
to contain an N-terminal region whose size is intermediate
between the sizes of the regions in 7. gondii AMA-1 and P.
falciparum AMA-1. Peptide 1-directed antisera recognized a
82-kDa band in B. bovis total merozoite extracts, suggesting
that there was aberrant mobility (the predicted M,, for the
region from the signal peptide cleavage site to the C terminus
is 62,700), as observed for P. falciparum AMA-1. Whether a
propeptide is cleaved remains to be determined as Western
blots probed with anti-peptide 2 and anti-peptide 3 sera
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yielded inconclusive results, potentially due to the small
amounts of BbAMA-1 present.

Several forms of soluble P. falciparum AMA-1 are continu-
ously released from the merozoite surface into the extracellu-
lar milieu. A 48-kDa form results from cleavage at a position
29 residue N-terminal to the transmembrane region (19),
whereas a 52-kDa form probably results from cleavage just
beside or within the transmembrane region (19). Further pro-
cessing gives rise to a 44-kDa protein (19). Here we demon-
strated the release of a 69-kDa form of BbAMA-1 that is
recognized by anti-peptide 1 and anti-peptide 3 sera upon
invasion of erythrocytes, suggesting that there is cleavage N
terminal of the transmembrane region for BbAMA-1 as well.
Analysis on 2D gels allowed mapping of this band to a row of
spots of low abundance and provided definite proof of the
Babesia origin of these spots by making use of metabolic la-
beling. Whereas on 1D gels only anti-peptide 1 serum consis-
tently recognized this band, peptide 3-directed antisera also
recognized these spots on 2D gels, probably due to the larger
amount of protein loaded onto a 2D gel, arguing against cleav-
age of a propeptide.

Immunofluorescence showed that BbAMA-1 was localized
at the merozoite surface and was specifically distributed
around the apical region, like the N-terminal processed form
of P. falciparum AMA-1. P. falciparum AMA-1 has been shown
to be localized near the periphery of micronemes in developing
schizonts, most likely as a transmembrane protein (3). Upon
release of mature merozoites, secretion from micronemes re-
sults in spreading of P. falciparum AMA-1 over the outside of
the plasma membrane. Immunofluorescence studies indicated
that P. falciparum AMA-1 remains mainly confined to the
apical half of the merozoite. Upon erythrocyte invasion traces
of P. falciparum AMA-1 were shown to be carried into the host
cell, but immunofluorescence soon faded away (10). Immuno-
fluorescence studies with BbAMA-1 anti-peptide sera resulted
in staining of the apical part of B. bovis parasites present in
asynchronous in vitro cultures. Staining revealed a punctuate
pattern which could represent BbAMA-1 located in the plasma
membrane, as well as in apical organelles. This staining pattern
and the fact that the more intense staining was detected mainly
on apparently mature and duplicated intraerythrocytic forms
suggest localization and temporal expression similar to those
observed for P. falciparum AMA-1.

The inability to make knockout mutants suggests that
AMA-1 has a critical function in 7. gondii (16) and P. falcipa-
rum (37). Several lines of evidence suggest that AMA-1 has a
role in host cell invasion. Monoclonal and polyclonal antisera
inhibit host cell invasion (1, 16, 17, 24), as do peptides binding
specifically to AMA-1 (22, 26). Also, repacement of the P.
falciparum AMA-1 gene with the P. chabaudi AMA-1 gene
results in P. falciparum parasites that invade mouse erythro-
cytes better (37). Antisera directed against BbPAMA-1-derived
peptides specifically reduced the in vitro invasion efficiency of
B. bovis, indicating that AMA-1 is indeed located on the sur-
face of merozoites and is accessible to antibodies. Invasion
inhibition may result in blocking of some specific function of
AMA-1 or may involve inhibition of proteolytic processing, as
recently shown for P. falciparum AMA-1 (10). Alternatively,
antibodies may just cross-link merozoites, although the low
dilutions required to obtain an immunofluorescent signal ar-
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gue against this option. Peptides derived from loop 1 of do-
main III of P. falciparum AMA-1 have been shown to induce
antibodies that inhibit P. falciparum growth (29). The immu-
nodominant epitopes in these peptides are located in the re-
gion that is aligned with peptide 3 of BbAMA-1 in Fig. 1.

The epitopes recognized by other invasion-blocking antisera
or peptides have not been mapped yet. Antisera directed
against peptide 1 (from the N terminus) and peptide 2 (from
domain II) also gave rise to inhibition of B. bovis invasion,
indicating that inhibitory antibodies can be directed against
epitopes over the full length of the ectodomain. The peptides
were selected on the basis of predictions that they form am-
phiphatic a-helices with a high surface probability and a con-
siderable number of charged residues. Studies of the popula-
tion genetics of the AMA-1 gene in endemic areas have
provided evidence that there is selective pressure operating on
domains I and III, indicating that they are targets for protec-
tive immunity (6, 33). Remarkably, the AMA-1 sequences in
domain I are most conserved in genera (Fig. 1), implying that
there are strong functional constraints, whereas the population
studies mentioned above indicated that this region of P. falci-
parum AMA-1 is the most variable region.

P. falciparum AMA-1 is considered one of the prime candi-
dates for incorporation into a recombinant vaccine (10) for
reasons briefly discussed above. Soluble parasitic antigens of B.
bovis secreted into the environment during in vitro culture
have been shown to confer protection against B. bovis infection
in cattle (28, 32), although no individual antigens contributing
to this effect have been isolated. As shown by the results pre-
sented here, we have identified BbAMA-1 as such a secreted
protein, and the inhibition of invasion by rabbit antibodies
directed against this protein indicates that it might be one of
the protective components of soluble parasitic antigens. Fur-
ther proof obviously requires immunization experiments with
cattle in which native or recombinant BbAMA-1 is used. Ge-
netic studies on BbAMA-1 diversity in the field should help in
determining the potential of this protein as a vaccine compo-
nent.
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