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Babesiosis (formerly known as piroplasmosis) is a tick-borne
disease caused by the intraerythrocytic development of proto-
zoa parasites from the genus Babesia. Like Plasmodium falcip-
arum, the agent of malaria, or Toxoplasma gondii, responsible
for human toxoplasmosis, Babesia belongs to the Apicomplexa
family. Babesia canis is the agent of the canine babesiosis in
Europe. Clinical manifestations of this disease range from mild
to severe and possibly lead to death by multiple organ failure.
The identification and characterization of parasite surface pro-
teins represent major goals, both for the understanding of the
Apicomplexa invasion process and for the vaccine potential of
such antigens. Indeed, we have already shown that Bd37, the
major antigenic adhesion protein from Babesia divergens, the
agent of bovine babesiosis, was able to induce complete protec-
tion against various parasite strains. The major merozoite sur-
face antigens of Babesia canis have been described as a 28-kDa
membrane protein family, anchored at the surface of the mero-
zoite. Here, we demonstrate that Bc28.1, a major member of this
multigenic family, is expressed at high levels at the surface of the
merozoite. This protein is also found in the parasite in vitro
culture supernatants, which are the basis of effective vaccines
against canine babesiosis. We defined the erythrocyte binding
function of Bc28.1 and determined its high resolution solution
structure using NMR spectroscopy. Surprisingly, although these
proteins are thought to play a similar role in the adhesion pro-
cess, the structure of Bc28.1 from B. canis appears unrelated to
the previously published structure of Bd37 from B. divergens.
Site-directed mutagenesis experiments also suggest that the
mechanism of the interaction with the erythrocyte membrane
could be different for the two proteins. The resolution of the
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structure of Bc28 represents a milestone for the characteriza-
tion of the parasite erythrocyte binding and its interaction with
the host immune system.

The phylum Apicomplexa, a large group of single-celled
eukaryotic intracellular parasites, includes some of the most
important pathogenic parasites of humans and animals, the
deadliest of which is the malaria parasite Plasmodium falcipa-
rum, responsible for one million human deaths per year and
with almost half of the human population at risk of contracting
malaria. No vaccine currently exists against P. falciparum, and
parasites are becoming increasingly resistant to pharmaceuti-
cals. This is also true for other pathogenic Apicomplexa, such as
Toxoplasma, which, together with Plasmodium, challenge
global human health improvement programs, and coccidiosis
and babesiosis are detrimental for agri-business in both indus-
trialized and developing countries. Babesiosis (formerly known
as piroplasmosis) is a tick-borne disease caused by the intra-
erythrocytic development of an Apicomplexa from the Babesia
genus. Hemolytic anemia due to parasite development leads to
major symptoms, such as hemoglobinury, fever, asthenia, and
renal failure. Among other animals, domestic dogs are suscep-
tible to several species, mainly from the so-called large Babesia
(in contrast to smaller Babesia, such as Babesia gibsoni): Babe-
sia canis in Europe, Babesia rossi in Africa, and Babesia vogeli in
tropical and subtropical regions around the world. Clinical
manifestations range from mild to severe and can lead to death
by multiple organ failure (1).

The search for an efficient recombinant vaccine against Api-
complexa parasites requires the identification of high potential
antigen candidates. Such antigens are molecules originating
from parasites, which could be targeted by the immune system
to at least limit the parasitic infection and its consequences.
One of the methods for finding antigen candidates relies on the
identification of molecules recognized by the immune system
of individuals that recovered from parasitic infection. In
another approach, target molecules can be chosen from those
that are involved in critical life processes of the parasite; inva-
sion of the host cell by the parasite represents one such process.
Because Apicomplexa are intracellular parasites, the most
accessible antigens are found at the surface of transitory extra-
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cellular forms like merozoites, after host cell egress and before
or during the invasion of the next host cell. Targeting the mero-
zoite surface by recombinant vaccines has been proved to be
relatively efficient against malaria (2).

Adhesive proteins at the surface of Apicomplexa infective
stages are involved in the first step of host cell invasion. Some of
these interacting proteins contain domains conserved through
a large panel of organisms, ranging from bacteria to mammals,
as well as parasite-specific architecture. In several parasites,
lineage-specific expansion of some of these interacting
domains had led to large protein repertoires, as exemplified by
the SAG1 (surface antigen 1) family in Toxoplasma gondii or
the DBL (Duffy binding-like) domain in P. falciparum (3). As in
many other parasites, the surface of Apicomplexa infective
stages is coated mainly by GPI*-anchored proteins (4, 5). In
contrast to transmembrane proteins, such as TRAP or AMA]I,
essentially conserved in all Apicomplexa (6), the diversity of
GPI-anchored protein repertoires appears to depend on the
Apicomplexa genus. Although the surface of Toxoplasma
tachyzoites is mainly coated by proteins from the SRS family (7)
and SUSA family (8), 16 different GPI-anchored proteins are
found at the merozoite surface in P. falciparum (9).

In contrast to the high diversity of GPI-anchored proteins
found in Toxoplasma and Plasmodium, ranging from 20 to
more than 150 kDa, and generated by a high copy number mul-
tigenic family, the GPI-anchored protein repertoire of Babesia
appears to be less complex. In the recently sequenced genome
of Babesia bovis, only the five genes of the already known vari-
able merozoite surface antigen were found (6). In B. canis and
Babesia divergens, in the absence of genomic data, only the
small erythrocyte-binding protein Bc28 and Bd37 families are
currently known (10).

In previous studies, we have shown that immunization with
recombinant Bd37, the major antigenic adhesion GPI-an-
chored protein from B. divergens, was able to induce complete
protection against various parasite polymorphic strains (11).
The intraerythrocytic protozoa B. divergens is the agent of
bovine babesiosis in Europe. We previously solved the solution
structure of this erythrocyte-binding protein. It suggests that
conformational plasticity could be functionally and/or immu-
nologically important (12). In an attempt to find Bd37 homo-
logues in B. canis, amplifications by low specificity PCR using
Bd37-derived primers were performed on parasite DNA, lead-
ing to the identification of the Bc28 protein family. These pro-
teins are in the 28 kDa range and do not show any clear
sequence homology with the Bd37 protein family (in which
currently two members were identified), suggesting structural
divergence (10).

In this report, we present the atomic structure as well as the
erythrocyte binding function of B¢28.1 from B. canis, the major
member of the Bc28 multigenic family. In agreement with the
low sequence homology, our data reveal an apparently unre-
lated structure when compared with Bd37 from B. divergens,
although the two proteins are thought to play a similar role in
the two organisms. In addition, site-directed mutagenesis

experiments suggest that Bc28.1 and Bd37 might bind to the
erythrocyte membrane through different mechanisms, at least
in the early stages of the association.

EXPERIMENTAL PROCEDURES

Parasite in Vitro Culture and Monoclonal Antibody
Production—In vitro culture of B. canis strain A parasites was
previously described, using erythrocytes from dogs housed in a
dedicated facility (agreement B 34-175-17). Briefly, continuous
cultures of parasites were performed in RPMI 1640 medium
(Invitrogen) containing 10% dog serum and 2% (packed cell
volume) dog erythrocytes. Erythrocyte ghosts were obtained by
freeze-thawing cycles followed by several washes of membranes
with phosphate-buffered saline until hemoglobin has been
removed. Ghosts were then boiled in SDS-PAGE reducing sam-
ple buffer.

From a previous screen of monoclonal antibodies raised
against purified merozoites from B. canis,” the mAb 6C9 was
selected as recognizing a 28-kDa merozoite surface antigen.
The hybridoma secreting the 6C9 antibody was recloned by
limiting dilution and expanded in Opti-MEM medium (Invit-
rogen) containing 5% fetal bovine serum. Cells were then trans-
ferred in a CELLine two-compartment bioreactor (Integra Bio-
sciences) for large scale production in aseric conditions, and
cell culture supernatant was harvested weekly, sterile-filtered,
and frozen at —20 °C until use.

Growth Inhibition Assay—B. canis parasites were cultivated
in 24-well plates in 800 ul of RPMI 1640 containing 10% dog
serum. Rabbit serum directed against Bc28.1 was added (10%
volume) and the corresponding preimmune serum was used as
anegative control. An unrelated serum (anti-BcVirl5, 8%) pre-
viously shown to induce parasite growth inhibition was used as
a positive control. The monoclonal 6C9 was purified using ion
exchange chromatography and dialyzed against PBS. Purified
mAb was added at 1 mg/ml to the culture, and an unrelated
mAb produced in similar conditions was used as a control. Each
culture was done in triplicate, and medium replacement with
appropriate antibodies was done after 24 h of incubation. The
parasitemia in each culture was assessed by thin blood smears
after an additional 24 h of incubation.

Merozoite Purification and Protein Fractionation Based on
Membrane Properties—Infective B. canis merozoites have been
purified using streptolysin O-mediated lysis of parasitized red
blood cells followed by differential centrifugation. Starting
from in vitro culture, dog erythrocytes were washed three times
with RPMI 1640. The streptolysin O (La Technique Biologique)
was added to the packed red blood cells at 0.025 units/ul, and
then 8 volumes of RPMI 1640 was added to 1 volume of packed
red blood cells. After 10 min at 37 °C, the cell suspension was
centrifuged (10 min, 300 X g), and supernatant was centrifuged
for 30 min at 1100 X g. The pellet contains purified, infective
merozoites, whereas supernatant was called soluble fraction,
which mainly represents the erythrocyte cytoplasm.

Phase partitioning using Triton X-114 was performed essen-
tially according to Bordier (13). Briefly, cell pellets were solubi-

“The abbreviations used are: GPI, glycosylphosphatidylinositol; TRITC,
tetramethylrhodamine isothiocyanate.
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lized in 10 volumes of 2% precondensed Triton X-114 (Fluka) in
Tris-buffered saline, and soluble fractions were brought to 2%
Triton X-114 by the addition of 11.4% solution in TBS. After
incubation on ice for 1 h, solutions were centrifuged at 13,000 X
g and 4 °C for 20 min, and supernatants were submitted to
phase partitioning at 37 °C for 5 min. Detergent-enriched and
aqueous phases were then separated by centrifugation (5000 X
g, 5 min). Each phase was washed twice; solutions were adjusted
to 2% Triton X-114 and submitted to phase partitioning.
Finally, each phase was adjusted to 1% Triton X-114-and immu-
noprecipitated overnight at 4 °C by anti-Bc28.1 rabbit serum.

Erythrocytes ghosts were obtained by freeze-thawing cycles
followed by several washes of membranes with phosphate-buff-
ered saline until hemoglobin had been removed. Ghosts were
then boiled in SDS-PAGE reducing sample buffer.

Live Merozoite Preparation—Expression plasmid containing
the coding sequence of equinatoxin II from Actinia equina (a
kind gift from Dr. G. Anderluh, University of Ljubljana (Lju-
bljana, Slovenia)) was used to produce equinatoxin II in Esche-
richia coli. As described for P. falciparum (14), erythrocytes
parasitized by B. canis were lysed by incubation with 150 ug/ml
equinatoxin I in PBS. After several washes in PBS (centrifuga-
tion for 5 min at 1200 X g), merozoite samples were treated
with anti-Bc28.1 rabbit serum for 30 min in PBS and then with
FITC-conjugated anti-rabbit antibody (Sigma). With other
samples of the same batch, merozoite viability was assessed by
incubation with 6-carboxyfluorescein diacetate or propidium
iodide. Live cells were then deposited between two microscopy
slides and imaged with FITC, TRITC, and DAPI filter sets
(Axioskop, Zeiss).

Western Blot and Immunofluorescence Analysis—After run-
ning in SDS-PAGE, the protein samples were transferred using
semidry blotter onto nitrocellulose membranes, and mem-
branes were then incubated for 1 h in blocking buffer (PBS, 0.1%
Tween 20, 5% non-fat dry milk). Duplicate membranes were
incubated for 1 h either with mAb 6C9 supernatant (1:500 in
PBS, 0.1% Tween 20) or hybridoma culture medium at the same
dilution, washed, and incubated with anti-mouse peroxidase-
conjugated secondary antibody (Sigma). Chemiluminescent
peroxidase substrate (West Pico supersignal substrate, Pierce)
was added, and blots were analyzed using a Gnome CCD
imager and GeneSnap software (Syngene).

For immunofluorescence analysis, parasitized red blood cells
from an in vitro culture of B. canis A were washed in RPMI 1640
and fixed on Teflon-coated slides by acetone/methanol (4:1) at
—20 °C. Slides were incubated for 1 h with mAb 6C9 culture
supernatant serially diluted in PBS in a wet chamber, washed,
and then incubated with FITC-conjugated anti-mouse anti-
body (Sigma) containing 10 ug/ml DAPI (Sigma), mounted
with Citifluor, and observed with immersion oil (X100) on a
fluorescence microscope with an FITC filter set (Axioskop,
Zeiss). Images were captured with a digital camera fitted on the
microscope.

Immunoprecipitation—B. canis parasites were metabolically
labeled in the presence of [**S]methionine, parasitized erythro-
cytes were washed three times in RPMI, and the packed cells
were then lysed in 10 volumes of radioimmune precipitation
buffer (10 mm Tris, 150 mm NaCl, 600 mm KCl, 5 mMm EDTA, 2%
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Triton X-100, pH 7.8). After 1 h on ice, lysates were centrifuged
at 16,000 X g for 20 min to remove insoluble materials. The
soluble fraction (50 ul) or culture supernatant (200 ul) was then
mixed with 5 ul of serum and incubated overnight at 4 °C under
agitation. A volume of 50 ul of Protein A-Sepharose CL4B (GE
Healthcare) equilibrated in radioimmune precipitation buffer
(50% slurry) was then added and incubated for 1 h at room
temperature under agitation. Beads were then washed three
times in radioimmune precipitation buffer and boiled in SDS-
PAGE sample buffer, and bound proteins were resolved on
SDS-PAGE. After Coomassie staining, gels were dried in
Amplify (GE Healthcare) and imaged using X-Omat films
(Eastman Kodak Co.).

Erythrocyte Binding Assays—Dog erythrocytes (50 ul of
packed cells) were washed three times with PBS and incubated
with purified recombinant proteins (0.5 mg in 1 ml of PBS) for
1 h with rotations. Erythrocytes were then harvested by centrif-
ugation (1800 X g, 3 min) and layered on silicon oil (d = 1.05,
Sigma). After centrifugation (4000 X g, 3 min), supernatant and
silicon oil were carefully removed, and bound proteins were
eluted from erythrocytes using 50 wl of PBS containing 0.5 M
NaCl. Experiments were done either with an increasing amount
of erythrocytes (packed cell volume ranging from 10 to 100 ul)
or an increasing amount of recombinant Bc28.1 protein (0.5, 1,
and 1.5 mg in 1 ml of PBS). Unbound and bound proteins were
then analyzed by Western blot using HRP-conjugated anti-His
tag antibody (Qiagen) revealed with WestPico chemilumines-
cent substrate (Pierce).

Protein Expression and Purification—The sequence coding
for the predicted full-length recombinant Bc28.1 polypeptide
(see Fig. 1; accession number CS019629) from Ser'® to Asp>*® was
cloned in pIVEX 2.4a (Roche Applied Science), which appends a
N-terminal hexahistidine tag using primers Bc28.1FLNterFor (5'-
cgcttaattaaacatatgaccagetgeactgaggatgagaaaagggatagtgte-3') and
Bc28.1FLRev (5'-ttagttagttaccggatcccttaatecttettacecttggetccag-
atatac-3’), which both contain sequences complementary to the
destination vector and to the Bc28.1 coding sequence to allow
assembly by splicing of overlap extension. The forward primers
Bc28delC19For (5'-cgcttaattaaacatatgaccactgaggatgagaaaagggat-
agtgtc-3') and Bc28delA32For (5'-cgcttaattaaacatatgaccgctac-
gtcegttgaagcecagettaaag-3’) were used in association with
Bc28.1FLRev to build the AC19-Bc28.1 and A-Bc28.1 recombi-
nant proteins (see Fig. 2), respectively. The proofreading thermo-
stable DNA polymerase Phusion (Finnzymes) was used for all
amplification in cloning procedures. The recombinant vector
was transformed in E. coli strain BL21(DE3) for protein pro-
duction. Bacteria were cultivated in minimum M?9-based
medium containing NH,CI and glucose as the nitrogen and
carbon source, respectively, isotopically enriched as needed
(Eurisotop, St. Aubin, France). After cell growth and induction
in an O,-controlled fermentor operated in fed batch at 37 °C,
cells were harvested and frozen at —80 °C. Cells were lysed in
binding buffer (50 mm NaPO,, 500 mm NaCl, 20 mMm imidazole,
pH 8.0) using a high pressure homogenizer at 1200 bars (Emul-
siflex, Avestin). After the addition of polyethyleneimine (0.1%),
centrifugation, and filtration, the clarified supernatant was
loaded on a HisTrap column using AKTAExplorer, and the
column was washed with 10 volumes of binding buffer contain-
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ing 1 M NaCl and finally eluted in Tris 50 mm, pH 8.0, containing
400 mm imidazole. '®N and "*N/'3C and protein samples were
concentrated to 0.5 mMm and desalted in 10 mm sodium phos-
phate, 50 mm NaCl, 0.1 mm EDTA, pH 6.5.

Site-directed Mutagenesis—Based on the examination of
the electrostatic properties of the Bc28.1 protein surface,
mutagenesis was performed to disrupt the large positive area
on one face of Bc28.1. The residues His'*®, Arg'?®, Lys'?7,
and Lys'®® were changed either by glutamate or alanine us-
ing primers HRKalaRev (5'-agacaattccgccgcagtgatagaaagce-
acgtagag), HRKalaFor (5'-agccttaagaatgcgatcgatgaatggaag),
K195alaFor (5'-gcggatatgatttacattaacgacgctatg), and K195Rev
(5'gtgggacaccaattcgttaaccactgttge) to construct the Bc28.1-
HRKKAla mutant. The primers HRKgluFor (5'-agccttaagaatg-
aaatcgatgaatggaag), HRKgluRev (5'-agacaattcttcttcagtgatagaa-
agcacgtagag), K195gluFor (5'-gaagatatgatttacattaacgacgctatg),
and KI195Rev were used to construct the mutant
Bc28.1HRKKGIu. Each primer was purified and phosphory-
lated at 5" extremities (Sigma-Genosys). The plasmid coding
for the full-length recombinant Bc28.1 protein was used as tem-
plate. After a first round of amplification with a first primer
couple, the plasmid template was digested by Dpnl (10 units, 15
min at 37 °C before clean-up) (NucleoSpin Extract II, Mach-
erey-Nagel). The PCR product was then self-ligated and trans-
formed in DH5a. Clones containing mutated plasmids were
then screened, and a second round of amplification was done
with the second primer couple followed by the same procedure.
After verification by sequencing, mutated plasmids coding for
Bc28.1HRKKGIu and Bc28.1HRKKAla were transformed in
BL21(DE3) for expression and purification. Before testing their
adhesion properties, the structure integrity of the two mutants
was checked using CD spectroscopy.

NMR Spectroscopy—NMR experiments were performed at
37 °C on Bruker AVANCE 500 (triple resonance) or 600 and
700 MHz (double resonance) spectrometers equipped with
5-mm Z-gradient 'H-">C-">N cryogenic probes. Backbone and
Cp resonance assignments were made using standard HNCA,
HNCACB, CBCA(CO)NH, HNCO, and HN(CA)CO experi-
ments (15) performed on the *°N,**C-labeled Bc28.1 sample.
HN and Hea assignments were confirmed using 'H,**N and
'H,"C NOESY-HSQC experiments (mixing time 100 ms)
recorded on the *°N- or **N,**C-labeled samples, respectively.
The analysis of the aromatic and methyl regions of the spec-
trum was considerably facilitated by the analysis of two-dimen-
sional NOESY (and TOCSY) experiments recorded on a Bruker
AVANCE 950 MHz (with cryoprobe) spectrometer on an unla-
beled 0.1 mm protein sample dissolved in deuterated buffer. 'H
chemical shifts were directly referenced to the methyl reso-
nance of DSS, whereas '>C and '°N chemical shifts were refer-
enced indirectly to the absolute frequency ratios '’N/'H =
0.101329118 and '3C/'H = 0.251449530. All NMR spectra
were processed with GIFA (16).

Heteronuclear ">N{'H} NOE experiments were recorded on
the Bruker AVANCE 700 spectrometer. Proton saturation was
achieved by application of high power 120° pulses spaced at
20-ms intervals for 3 s prior to the first pulse on °N (17). A
relaxation delay equal to 6 s between each scan was used in
order to obtain a complete relaxation of water magnetization
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and to reduce effects arising from amide proton exchange.
Moreover, the two experiments with and without proton satu-
ration were acquired in an interleaved manner, FID by FID.

Structural Modeling—The 2164 assigned NOE peaks were
classified into five categories (very strong (=<2.4 A), strong
(=2.8 A), medium (=3.6 A), weak (=4.4 A), or very weak (=4.8
A)). This set was completed with 341 ¢ and i dihedral angle
restraints taken out from TALOS predictions (18). The initial
structures of Bc28 were calculated using the program CYANA
(19). A total of 100 structures were calculated at this stage. The
20 best structures (based on the final target penalty function
values) were minimized with CNS 1.2 according the RECO-
ORD procedure (20) and analyzed with PROCHECK (21). The
root mean square deviations were calculated with MOLMOL
(22).

RESULTS

Sequence Comparison of Bc28.1, Bc28.2, and B. gibsoni Puta-
tive Orthologues—As previously described (10) and summa-
rized here for clarity, Bc28.1 belongs to a multigenic family
containing seven putative members, as assessed by DNA
hybridization on pulsed field gel electrophoresis-separated
restriction fragments. Currently, two members of this family
have been identified in B. canis: Bc28.1, presented in this paper,
and Bc28.2 (accession number CS019631). Large regions of
these two proteins share a high level of identity, as shown by
sequence alignment (Fig. 1). The C-terminal part of Bc28.2 is
shorter and displays significant sequence variations with
respect to Bc28.1. As described (10), the expression of Bc28.2
involves a translational frameshift mechanism without the
introduction of a stop codon, so that the resulting Bc28.2 cod-
ing sequence is expressed as a 45-kDa protein. The description
of the Bc28 family and the characterization of all members is
still in progress. The current work focuses on the structural and
functional analysis of Bc28.1 protein.

BLAST database mining using Bc28.1 sequence as a query
detects a group of four different proteins in B. gibsoni (p32, p45,
p47, and p50), another agent of canine babesiosis. All of these
proteins were found in many strains of B. gibsoni. Alignment of
Bc28.1 sequence with representative sequences of these four
proteins (accession numbers gi258611174, gil48362039,
gi284002400, and gil4646759, respectively) reveals significant
homology (Fig. 1). As discussed further, structurally relevant
residues are conserved in two main blocks separated by large
insertions in the larger B. gibsoni proteins.

All of these proteins are putative GPI-anchored surface pro-
teins, as suggested by the presence of the characteristic hydro-
phobic glycosylphosphatidylinositol signal at the C-terminal
end of the sequence (residues 235-256 for Bc28.1) and the
N-terminal signal peptide (residues 1-17) for endoplasmic
reticulum targeting, mandatory for GPI-protein maturation.
Supporting this assumption, in the case of Bc28.1, we demon-
strate further that this protein is anchored at the surface of the
merozoite.

Bc28.1 Protein Is Major Antigen in B. canis—Sequence anal-
ysis of the membrane protein Bc28.1 deduced from cDNA indi-
cates the presence of an N-terminal signal peptide and a C-ter-
minal hydrophobic GPI anchoring signal (Fig. 2). These
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Bc28.1/1-256 38
Bc28.2/1-260 54
p45/1-444 42
p32/1-322 51
p47/1-451 42
p50/1-466 55
Bc28.1/1-256 39 LK LAERYSADLTNKDTSRWNTDEKVKELLNEKAVGTESRELATA C---------- 98

Bc28.2/1-260 55 LK LAERYSADLTN}KDTS NTEEQVKELLNEKAVGIESRLLA | AMEFHKE@KSVI®C - - - - - - - - - - 114

p45/1-444 43
p32/1-322 52

VKNVGDVLAFR;EQEN EKLLKDFPLLGKPPFPGAWDDL
| KKLNDLFTGHEEEYK - KVLEQAPNYNAEAFKDVWGQLKEGV|

KGQVG- - -AA 109
LPKYVP- - --116

p47/1-451 43 FQ VARFDEAFNTA}EEEY KKLVHLLPLYKVNPFKDVWIHEKEGYV, LRVPQSTATPA 112
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FIGURE 1. Sequence alignment of Bc28.1 and Bc28.2 from B. canis with related proteins from B. gibsoni (p45, gi258611174; p32, gi148362039; p47,
gi284002400; and p50, gi14646759). Only residues above the 30% conservation threshold are boxed. The color scheme is for the hydrophobicity of residues

(most hydrophobic in red, most hydrophylic in blue).

sequences are potentially removed during protein maturation
in the parasite, with concomitant GPI addition. Also, the para-
site produces a soluble form of Bc28.1 (see below). A recombi-
nant protein corresponding to the full-length soluble mature
protein was produced (His-Bc28.1; Fig. 2) and used for most of
the further studies reported in this paper. Two other recombi-
nant proteins were also produced (AC19-B¢28.1 and A-Bc28.1;
Fig. 2) to further confirm the limits of the structured core of the
protein. All of these constructs were expressed as soluble pro-
teins in E. coli.

An equivalent amount of dog erythrocyte ghosts (parasitized
or not) and recombinant proteins (Bc28.1 or His-GST) were
loaded on SDS-PAGE (Fig. 3A4) and analyzed by Western blot
using the mAb 6C9 raised against merozoites of B. canis A. This
antibody specifically recognizes recombinant Bc28.1 (Fig. 3B,
lanes 3 and 4), whereas a strong single band of similar molecular
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weight is detected in ghosts from parasitized red blood cells
(Fig. 3B, lanes 1 and 2).

Ghosts prepared from parasitized red blood cells contain
both erythrocyte and merozoite membranes. Thus, the protein
content of ghosts from dog erythrocytes differs in the presence
of B. canis parasites. In the ghost sample prepared from dog
parasitized blood, some red blood cell proteins seem to disap-
pear (e.g. the 80 kDa band in Fig. 34, lane 1), whereas a large
number of proteins, potentially expressed by the parasite,
around 25-30 kDa can be detected (Fig. 34, lane 2). Although a
difference in antibody recognition between native and recom-
binant Bc28.1, as well as the existence of different proteins in
the same gel band, cannot be ruled out, the strong signal
obtained with the monoclonal antibody against Bc28.1 on par-
asitized ghosts suggests the expression of a relatively large
amount of this protein by parasites (Fig. 3B, lanes I and 2). The

JOURNAL OF BIOLOGICAL CHEMISTRY 9499



Structural and Functional Characterization of BC28.1

5 ATG TII\A
, o
3 . 3 Genomic DNA sequence
APG UlAA
2 5 3 mRNA sequence (no introns)
S
1 256
8 | N | Immature Bc28.1 protein
o Cys19 Cys98
E 18 235
o | [ — Mature GPl-anchored protein
> T T
Z Cys19 Cys98
=z 18 235
1 1 |1 Mature soluble protein
Cys19 Cys98
@ 18 235
T 1 | || Full-length recombinant Bc28.1
3 Cys19 Cys98
o
o 20 235
s 1 | [] Recombinant AC19-Bc28.1
£ Cys98
-g 32 235
o H | 1] Recombinant A-Bc28.1
S Cys98
14

FIGURE 2. Schematic description of the Bc28.1 sequence. Top, molecules found in the parasite. The gene coding for Bc28.1 displays no intron, as evidenced
by comparison of genomic and cDNA sequence. The Bc28.1 is translated as a precursor protein containing both N- and C-terminal hydrophobic sequences
(black boxes) predicted to be a signal peptide and a GPl anchor signal, respectively. Mature GPl-anchored Bc28.1 was found at the merozoite surface, whereas
a soluble form of the protein, potentially without a GPI anchor, was found produced inside the parasite and secreted in the in vitro culture supernatant. The
three last sequences correspond to recombinant proteins used in the present study. In all sequence schemes, the structured core of the protein (Ser*>-Glu®?*)

is represented as white boxes, and unstructured parts (Ser'®-Ser*® and Glu?**~Asp?3°) are shown as gray boxes.
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FIGURE 3. Western blot detection of native and recombinant Bc28.1 pro-
tein by monoclonal antibody. A, Coomassie-stained SDS-PAGE of the sam-
ples analyzed by Western blot. B, Western blots probed with hybridoma
supernatant from monoclonal antibody 6C9 or with culture medium alone.
Lane 1, ghosts from dog erythrocytes; lane 2, ghost from dog erythrocytes
parasitized by B. canis; lane 3, recombinant Bc28.1 protein; lane 4, recombi-
nant His-GST protein.

presence of this large amount of Bc28.1 in samples obtained
from non-synchronized in vitro culture, suggests that Bc28.1 is
one of the major proteins expressed by B. canis merozoites.
Bc28.1 Is Merozoite Surface Protein—The indirect immuno-
fluorescence performed with rabbit serum against Bc28.1 (Fig.
4) shows the localization of this protein at the merozoite mem-
brane. To assess the presence of Bc28.1 at the extracellular side
of the merozoite membrane, immunofluorescence analyses
were performed on live merozoites. Fluorescence labeling of
merozoite with 6-carboxyfluorescein and the absence of pro-
pidium iodide inside cells indicate that merozoites are still alive
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after purification (a few dead merozoites can also be seen). The
labeling of the live merozoite surface shows a heterogeneous
repartition of Bc28.1, suggesting that regions of the merozoite
surface do not contain this adhesion protein.

The Bc28.1 Protein Is Found in Supernatant of in Vitro
Culture—Metabolic labeling of B. canis proteins with [**S]me-
thionine in cultures allows the sensitive detection of antigen
specifically and natively recognized by antibodies. Immunopre-
cipitation, using polyclonal serum, from in vitro culture super-
natants indicates the presence of Bc28.1 in such a fraction as a
single band (Fig. 54). Bc28.1 is a putative GPI-anchored pro-
tein, and the GPI anchor is known to be labile; hence, the pres-
ence of Bc28.1 in culture supernatants could result from
constitutive release (e.g by GPI-specific phospholipase) or
shedding during invasion.

The use of a polyclonal antibody purified from anti-Bc28.1
rabbit serum using recombinant Bc28.1 allows us to increase
the specific signal while reducing background. When this poly-
clonal antibody was used to immunoprecipitate culture super-
natants, the same single band was found as with complete
serum (Fig. 5B, lane I). On the other hand, when the polyclonal
antibody was used to immunoprecipitate extract prepared by
Triton X-100 lysis of parasitized erythrocytes (total extract),
two bands were found (Fig. 5B, lane 2). One of these bands
corresponds to the protein found in culture supernatants
(lower band of the doublet), whereas a slightly heavier protein is
also present (higher band of the doublet). It is possible that the
higher band corresponds to the membrane-anchored Bc28.1
protein and that the lower band corresponds to the membrane-
released Bc28.1 protein.
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FIGURE 4. localization of Bc28.1 at the B. canis merozoite surface by
immunofluorescence on live cells. Viability of B. canis merozoites assessed
through fluorescent labeling with 6-carboxyfluorescein diacetate (6-CF) and
the absence of propidium iodide labeling (two dead merozoites are positive
in DAPI and propidium iodide, whereas five live merozoites are positive in
DAPI and negative in propidium iodide). Rabbit anti-Bc28.1 serum was used
to localize the protein on fixed merozoites (middle), showing a homogenous
merozoite membrane pattern with internal structures labeled. On live mero-
zoites (bottom panels), the observed pattern indicates the localization of
Bc28.1 at the external side of the merozoite plasma membrane. Note the
non-continuity of the labeling at the surface of merozoites. Control experi-
ments with unrelated antibodies show no signal (data not shown). DIC, differ-
ential interference contrast.

To investigate the nature of the two bands found by immu-
noprecipitation in total extract, a protein fractionation based
on their membrane properties was done. Imnmunoprecipitation
was then performed on purified merozoites, parasitized eryth-
rocyte ghosts, and the soluble fraction (Fig. 6A) using either
anti-Bc28.1 or preimmune serum. The higher band of the dou-
blet found in Triton X-100 extract was found both in purified
merozoites and ghosts, strongly indicating a membrane associ-
ation. The lower band was found in the soluble fraction result-
ing from hypotonic lysis during ghost preparation, suggesting
the lack of a hydrophobic anchor in this molecule.

From this first fractionation step, purified merozoites and
soluble fraction were each submitted to Triton X-114 phase
partitioning (Fig. 6B). The results clearly show that the protein
detected by the anti-Bc28.1 in purified merozoite serum is
found in the detergent-enriched fraction. On the other hand,
the protein detected in the soluble fraction (from hypotonic

S
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FIGURE 5. Immunoprecipitation experiments performed with rabbit
serum anti-Bc28.1 on supernatants or parasitic total extract from
[**SImethionine-labeled B. canis cultures. A, culture supernatants immu-
noprecipitated with complete serum anti-Bc28.1 (lane 1) or preimmune
serum (lane 2). The star indicates the band corresponding to Bc28.1 specifi-
cally immunoprecipitated. B, culture supernatants (lane 1) or total extract
(lane 2) immunoprecipitated with purified rabbit polyclonal antibody anti-
Bc28.1. Note the presence of two bands in the total extract.

lysis) is found in the aqueous phase of Triton X-114 partition-
ing. These results indicate that from the two bands immuno-
precipitated in total extract (Fig. 5B, lane 2), the lower band is
found in the soluble fraction and represents a protein without
an anchor. The higher band is found in fractions containing
membranes or in detergent-enriched fractions and hence prob-
ably bears a GPI anchor.

Bc28.1 Is Erythrocyte-binding Protein—The merozoite sur-
face localization of Bc28.1 protein suggests a role in the inter-
action with erythrocytes. The recombinant protein Bc28.1 was
then tested for dog erythrocyte binding properties. As shown in
Fig. 7, the protein was able to bind dog erythrocytes even if, as
already described for the Bd37 protein from B. divergens, the
amount of bound protein appears to be rather low in regard to
the unbound quantity. When the amount of erythrocytes was
increased, keeping constant the amount of Bc28.1, an increas-
ing amount of bound Bc28.1 was recovered from the binding
assay. Reciprocally, keeping constant the packed cell volume, an
increasing amount of bound Bc28.1 was recovered when the
amount of protein was increased in the binding assay. Even if
the binding of recombinant Bc28.1 has not reached saturation,
these results indicate that the low amount of bound Bc28.1
protein is not due to recombinant protein degradation or to
erythrocyte denaturation.

In Vitro Growth Inhibition Assay—The effect of monoclonal
antibody 6C9 at 1 mg/ml as well as 10% anti-Bc28.1 rabbit
serum was assessed in the in vitro culture. Although Bc28.1 is
located at the surface of merozoites and has an erythrocyte
binding function, the presence of antibodies, either rabbit
serum or monoclonal antibody, has no significant effect on the
in vitro development of B. canis parasite (supplemental Fig. 1).
In comparison and in agreement with previous studies (23), a
50% inhibition of the parasite development was obtained with
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FIGURE 6. membrane-bound and soluble forms of Bc28.1 immunopre-
cipitated from fractionated samples. A, [>*SImethionine-labeled, parasit-
ized dog erythrocytes were fractionated in purified merozoites, soluble frac-
tion,and ghosts and thenimmunoprecipitated either with preimmune serum
(lanes 1) or rabbit anti-Bc28.1 serum (lanes 2). B, purified merozoites and sol-
uble fraction were submitted to Triton X-114 phase partitioning. The deter-
gent-enriched phase (Det.) and aqueous phase (Ag.) were then immunopre-
cipitated using anti-Bc28.1 serum.

an immune serum directed against the intracellular viral
BcVirl5 protein and used as a positive control.

NMR Spectroscopy and Solution Structure—We produced
and purified the recombinant Bc28.1 protein in *N-enriched
medium in E. coli as described under “Experimental Proce-
dures.” The full-length construct Bc28.1 (Ser'®~Asp?*®) corre-
sponds to a soluble version of the parasite full-length mem-
brane protein, missing the GPI anchor sequence and the
N-terminal signal peptide, and still containing 2 cysteine resi-
dues (see Fig. 2). Its 'H-"*N HSQC spectrum is shown in Fig. 8.
By combining the information from 'H-'°N double resonance
and '"H-'"N-"2C triple resonance heteronuclear experiments,
we were able to assign more than 99% of the amide group res-
onances for the non-proline residues (2 prolines), 95.3% of the
other backbone resonances (Ca, C’, and Ha), and more than
82% of the CB. TALOS analysis (18) of the (¢,1) intraresidual
dihedral angles as well as the preliminary inspection of back-
bone-backbone NOEs show a predominant content of a-helical
structure. As indicated by negative or weak values for hetero-
nuclear ">’N{'H} NOEs (supplemental Fig. 2), the N- and C-ter-
minal peptide segments (Ser'®-Ser®® and Glu***~Asp>*°)
appear highly disordered, with chemical shifts and (¢,i) values
characteristic of a random coil structure. The chemical shifts
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FIGURE 7. Bc28.1 is an erythrocyte-binding protein from B. canis. A, bind-
ing assay performed with increasing amounts of dog erythrocytes (PCV,
packed cell volume ranging from 10 to 100 wl). His-GFP is used as a negative
control. Upper gel, unbound proteins; lower gel, bound proteins revealed by
anti-His tag. B, binding assay with increasing amounts of recombinant Bc28.1
and a constant amount (50 ul) of packed red blood cells. His-GFP is used as a
negative control. Upper gel, unbound proteins; lower gel, bound proteins
revealed by anti-His tag.

have been deposited in the BioMagResBank under the acces-
sion number BMRB-17633.

CYANA structures were built from a restraint set consisting
in 2164 NOE-derived restraints and 341 ¢ and ¢ backbone
dihedral angle restraints taken out from TALOS predictions. In
addition, 33 x; side chain dihedral angle restraints were used
for residues for which Hf3 proton stereospecific assignment can
be made unambiguously. The 20 best structures (target penalty
function values of <3.9 A2%) were minimized with CNS 1.2
according to the RECOORD procedure (Fig. 94). The resulting
refined structures have no distance violation greater than 0.28
A and no angular violation greater than 3.61°. When analyzed
with PROCHECK, 88.9% of the residues fall in the most favored
regions of the Ramachandran plot, and 9.8% are in the addi-
tional allowed regions. Only 0.9 and 0.4% of the residues fall in
the generously allowed and disallowed regions, respectively.
They correspond to residues located in the N-terminal dis-
ordered segment of the protein. Root mean square devia-
tions of 1.15 and 1.77 A were calculated with MOLMOL for
backbone and all heavy atoms, respectively, in the structured
part of the molecule (residues 24 -200). Statistics are sum-
marized in Table 1.
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FIGURE 8. Bc28.1 NMR fingerprint ['H-">N]JHSQC spectrum of Bc28.1 from B. canis recorded at 700 MHz, 37 °C, and pH 6.5 on a 0.5 mm uniformly
>N-labeled sample. Cross-peak assignments are indicated using the one-letter amino acid and number (stars indicate HN indolic resonances from trypto-

phan residues). The central part of the spectrum is expanded in the two insets.

Bc28.1 presents a roughly ovoid shape with a main axis
length and diameter of roughly 65 and 30 A, respectively (Fig.
9B). Like Bd37, it falls into the category of the mainly « folds
(24), consisting of seven antiparallel helices. However, the
topology of the two proteins is markedly different (Fig. 9, C and
E). In Bc28.1, these helices are arranged in a four-helix bundle
with a non-canonical topology; two symmetrical motifs wrap
around to form the bundle, burying the hydrophobic residues.
Each motif consists of a long helix (helix 4 and 3, respectively),
flanked on one side by two spatially contiguous shorter helices
(helix 5 and 1 and helix 6 and 7). Although the length of helix 4
is comparable with the added lengths of the shorter helices 1
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and 5, helix 3 is significantly shorter than the helical segment
formed by helix 6 and 7; as a result, a large part of helix 7
protrudes from the bundle. Helix 2 closes one of the extrem-
ities of the bundle, whereas the other extremity is capped by
the long loop joining helix 5 and 6. This organization is com-
pletely different from that observed for Bd37, where the heli-
ces are arranged in three subdomains (Fig. 9D), suggesting
that these two proteins belong to distinct protein families.
Research of fold analogues in the Protein Data Bank with
DALI (25, 26) did not return any significant candidates, con-
firming that the a-helical bundle of Bc28.1 presents indeed a
new topology.
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FIGURE 9. Solution structure of Bc28.1 from B. canis; comparison with the
three-dimensional structure and topology of Bd27 from B. divergens. A, ste-
reoview of an overlay of the 20 deposited NMR structures with lowest energy
from CNS 1.2 calculation. B, two 180° rotated views of Bc28.1 (ribbon representa-
tion) showing the arrangement of the two symmetrical motifs involved in the
a-helical bundle. The long helix 4 and the two short helices 1 and 5 form the first
motif (in blue), whereas the second moitif (in red) consists of the long helix 3, the
short helix 6, and the N-terminal part of helix 7. C, topological diagram (right) and
side view projection (left) of the spatial arrangement of the helices in the a-helical
bundle. The same color code has been used as in Bexcept for the solvent-exposed
section of helix 7, which is colored in dashed red. D, two 180° rotated views of
ABd37 (ribbon representation). The N- and C-terminal subdomains are colored in
blue and red, respectively, and the putative hinge region is yellow (for details, see
Ref. 12). E, topological diagram (right) and side view projection (left) of the spatial
arrangement of the helices in the three-dimensional structure of ABd37 (same
color code as for the ribbon representation).
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TABLE 1
Statistics for the calculations of the solution structure of Bc28.1
Root mean square deviations were calculated over mean coordinates by MOLMOL.

Parameters Values
NMR distance and dihedral constraints
Distance constraints
Total NOE 2164
Intraresidue 540
Interresidue
Sequential (|i — j| = 1) 737
Medium-range (|i — j| < 4) 540
Long-range (ﬁ —jl>5) 347
Intermolecular
Total dihedral angle restraints
é 171
o 170
X1 33
Structure statistics
Violations (mean *+ S.D.) .
Maximum distance constraint violation (A) 0.18 = 0.04
Maximum dihedral angle violation (degrees) 2.53 + 0.51
Deviations from idealized geometry
Bond lengths (A) 0.010 = 0.001
Bond angles (degrees) 1.200 = 0.024
Impropers (degrees) 1.423 * 0.050
Ramachandran plot (%)
Most favored region 88.9
Additionally allowed region 9.8
Generously allowed region 0.9
Disallowed region 0.4

Average pairwise root mean square deviation (A)
(backbone/heavy)

Residues 24-200 1.15 £ 0.20/1.77 = 0.23

As found for Bd37, the major GPI-anchored adhesion pro-
tein from B. divergens, the N-terminal (as well as the 10 last
C-terminal residues) segment (Ser'®~Ser®®) is disordered and
bears a cysteine residue (Cys'?). However, contrary to Bd37,
this cysteine residue is not disulfide-bridged with Cys®,
another cysteine present in the Bc28.1 sequence, buried in the
hydrophobic core of the bundle. Indeed, although Cys*® cannot
be assigned unambiguously, the chemical shift measured for
the CB of Cys”® (30.14 ppm) corresponds to a carbon bearing a
thiol function and does not exhibit the characteristic upfield
shift of carbon involved in a disulfide bridge. In addition, no
significant changes were observed for the core residues on an
HSQC spectrum recorded on truncated constructs of Bc28.1
(AC19-Bc28.1 and A-Bc28.1; see Fig. 1) (not shown).

The surface of Bc28.1 is highly polar; one face of the molecule
is highly basic, whereas the charge distribution on the opposite
face is not so clearly defined (Fig. 104). This is also clearly dif-
ferent from what was observed for Bd37, where electrostatic
surface calculation reveals that the protein is largely negatively
charged at physiological pH, with the exception of two negative
patches (Fig. 10B).

Site-directed Mutagenesis Analysis—Because one of the basic
patches at the surface of Bd37 has been proposed as being
directly involved in the interaction with the negatively charged
erythrocyte membranes (12), it is tempting to propose that the
large basic patch at the surface of Bc28.1 could play a similar
role in the adhesion process. To test this hypothesis, we have
mutated the 4 residues that mainly account for the positive
charge of this basic patch, namely His''®, Arg''”, Lys'*®, and
Lys'®? (Fig. 104). Note that other basic residues potentially
contributing to this basic patch were not mutated because they
are engaged in salt bridges with acidic residues in the NMR
three-dimensional structure and probably contribute also to

VOLUME 287 +NUMBER 12+MARCH 16, 2012



Structural and Functional Characterization of BC28.1

A)

FIGURE 10. Comparison of the electrostatic surface of Bc28.1 and Bd37. A, two 180° rotated views of the electrostatic surface potential of Bc28.1 calculated
using MOLMOL (21), with parameters chosen to represent physiological conditions. Electrostatic potential is represented as a tricolor gradient going from blue
(+1KT) over white (neutral) to red (—1 k7). The dotted yellow ellipse indicates the basic patch on one face of the protein structure. Basic residues accounting for
the positive charge of this patch are reported on a zoom in the ribbon representation. B, two 180° rotated views of the electrostatic surface potential of Bd37
calculated using MOLMOL, with parameters asin A. Two basic patches appear clearly at the top of the molecule (dotted yellow ellipses). In the rightmost structure,
the basic patch corresponds to the epitope of the monoclonal protective antibody mAb F4.2F8-INT. Basic residues accounting for the positive charge of this

later patch are reported on a zoom in the ribbon representation.

protein stability. The selected residues were replaced either by
alanine (Bc28.1_HRKKAIla mutant), yielding a large hydropho-
bic surface, or glutamic residues (Bc28.1_HRKKGlu mutant),
reversing the polarity of the corresponding surface (supple-
mental Fig. 34). Mutant proteins were expressed in E. coli and
purified as soluble proteins. The recombinant mutant pro-
teins were then tested for dog erythrocyte binding proper-
ties. As shown in supplemental Fig. 3, the two proteins were
still able to bind dog erythrocytes. This negative result sug-
gests that the residues mutated on the basic patch at the
surface of the wild-type protein are not sufficient to mediate
the interaction with the erythrocyte membrane, although
they could still contribute.

DISCUSSION

Bc28.1 was described here as a major protein from the
B. canis merozoite surface. Inmunofluorescence experiments
show the localization of this protein at the merozoite mem-
brane in late stages but also in young stages, although the
expression time course of such molecules was not established.
The presence of the protein anchored at the membrane of
young parasites appears to be a common feature in Apicompl-
exa. The origin of these proteins, as newly synthesized mole-
cules or proteins expressed prior to invasion, has rarely been
investigated. In B. divergens, the Bd37 protein was found in
young parasites inside human erythrocytes, but the protein’s
fate during invasion and its expression at an earlier stage was
not determined. In one of the most studied cases, MSP1 in
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P. falciparum, the C-terminal GPI-anchored part of the com-
plexis brought with the parasite during invasion, whereas other
parts of the complex are shed from the membrane (27). More-
over, P. falciparum MSP-8, another GPI-anchored protein, has
been shown to interact with parasitophorus and the food vac-
uole inside the erythrocyte (35, 28). Thus, GPI-anchored pro-
tein at the surface of young Babesia merozoites could also par-
ticipate in potential interactions with host proteins inside the
erythrocyte. The difference in ionic environment between
extracellular medium and erythrocyte cytoplasm could induce
such a switch in interaction partners. In the particular case of
Bc28.1, as for many other GPI-anchored proteins in Babesia,
the origin and functions of proteins found in young parasites
remain to be elucidated.

The recombinant protein Bc28.1 was found to bind dog
erythrocytes. Comparison with erythrocyte binding properties
of other Apicomplexa proteins remains difficult, due to the lack
of knowledge about these molecules. In fact, most of the studies
performed with full-length proteins were based on gel analysis
of bound and unbound proteins, using recombinant proteins or
native proteins from in vitro culture supernatants. Such a bind-
ing assay was used, for instance, to characterize interactions
between BAEBL, MSP1, and other proteins from P. falciparum
and the red blood cell surface (29). Quantitative information,
such as dissociation constants, has been obtained using pep-
tides derived from P. falciparum proteins (30). Further explo-
ration of the dynamics of Bc28.1 interaction with erythrocytes,
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as well as identification of the receptor, will solve many out-
standing questions concerning the invasion process. In partic-
ular, the first contact between the Apicomplexa parasite and
the host cell relies on rapidly reversible interactions between
such GPI-anchored proteins and the surface of the red blood
cell (31). Such highly dynamic interactions could explain the
small amount of bound Bc28.1 found in the erythrocyte binding
tests as well as the difficulty of reaching saturation of
erythrocytes.

Bc28.1 was found as well, as a soluble protein in the in vitro
culture supernatant and in the parasite extract. Indeed, Triton
X-114 phase partitioning strongly suggests that the two bands
found in the immunoprecipitation of the extract prepared by
Triton X-100 lysis of parasitized erythrocytes with polyclonal
rabbit antibody correspond to a membrane-bound and a mem-
brane-free form of the protein. This is a general feature of GPI-
anchored merozoite membrane proteins from Babesia to be
found either in culture supernatants or in the plasma of infected
animals, but the mechanism leading to the absence of anchor is
currently unknown. It could be related to proteolytic process-
ing, degradation, phospholipase cleavage of GPI-anchored pro-
tein, or the synthesis of an unanchored protein, as suggested
elsewhere (10). This could be also potentially due to an unbal-
anced enzymatic pathway in GPI synthesis, impacting the GPI
anchor transfer to proteins. This abundant release of soluble
antigens could represent the basis of an immune escape
mechanism; large amounts of soluble antigens could over-
whelm the host antibody production. Apicomplexa parasites
(e.g. B. bovis) have been demonstrated to produce a high level of
protein-free GPI that could interfere with the immune
response against parasites (32, 36).

Antigens found in culture supernatant from B. canis are the
basis of current vaccines against canine babesiosis (33, 34).
However, the exact role of Bc28.1 in the protective immune
response raised by such vaccines remains to be determined. As
an erythrocyte-binding protein, Bc28.1 is involved in a key
process for parasite development. Thus, we can hypothesize
that an immune response targeting such a protein would have
some protective abilities against parasite infection.

The effect of antibodies on the in vitro development of
B. canis was determined using either rabbit serum anti-Bc28.1
or the mAb 6C9. Neither rabbit serum (up to 10% in the culture
medium) nor mAb (up to 1 mg/ml in the culture medium) yield
inhibition of in vitro growth of the parasites. There is not a
strong correlation between the in vitro effect on parasite
growth and the in vivo protective effect of antibodies. Indeed, if
the GPI-anchored antigen MSA-1 from B. bovis is able to elicit
antibodies that neutralize invasion in vitro, immunization of
cattle with recombinant protein has failed to induce protection
of animals (37). Conversely, the in vivo protective mAb F4.2F8
was not able to inhibit the in vitro growth of B. divergens para-
sites. The fact that antibodies directed against Bc28.1 do not
inhibit the in vitro growth of B. canis could be related to many
parameters. Among them, the antigen-antibody stoichiometry
could be important as well as the amount of soluble Bc28.1
released by parasites that could bind a large part of the antibod-
ies, leaving few antibodies free to neutralize the Bc28.1 fraction
anchored at the parasite surface. Importantly, a similar massive
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release of soluble Bd37 protein was observed for B. divergens,
without preventing the in vivo protective effect of the recombi-
nant vaccine (11). In these cases, the incapacity of antibodies to
inhibit in vitro parasite growth inhibition is not in contradiction
with a putative role of the antigen in the invasion process. On
the other hand, there are several examples where efficient in
vitro growth inhibition by a neutralizing antibody cannot be
correlated with a direct involvement of the antigen in the inva-
sion process. This could be the case for anti-BcVir5 used as a
positive control in the present study, directed against an intra-
cellular viral protein whose role in the invasion process is still
not clear and under debate. This is definitely the case for the
monoclonal antibody DG7 directed against a heat shock pro-
tein from B. divergens that was shown to be able to inhibit the in
vitro growth of the parasite but failed to protect animals (35).
Finally, other effectors of the immune response are absent in an
in vitro assay and could have a great incidence on the protection
conferred by antibodies. Currently, a better assay to determine
the protective potential of an antigen will be the immunization
of animals and their subsequent challenge with infectious par-
asites. In this case, all of the components of the immune system
will be involved together with antibodies in the response
against parasites.

The solution structure of Bc28.1 is markedly different from
the solution structure of Bd37 (12), an antigenic surface adhe-
sion protein thought to play a similar role in B. divergens. The
surface of Bc28.1 is highly polar, with one face being highly
basic, whereas the charge distribution on the opposite face is
not so clearly defined. Bd37 displays a largely negatively
charged surface at physiological pH, with the exception of two
basic patches, one of them roughly matching the epitope rec-
ognized by the neutralizing monoclonal antibody F4.2F8-INT
(Fig. 10). Although monoclonal antibody epitopes are not pres-
ently mapped against Bc28.1, it was tempting to suggest that the
basic face of the bundle might be involved, at least in an early,
nonspecific stage, in the interaction with the negatively charged
membrane of the erythrocyte. As proposed for Bd37, this pos-
itive surface might play a major role in the prior correct orien-
tation and in the further binding of Bc28.1 to its putative recep-
tor at the red blood cell membrane. Surprisingly, the two Bc28.1
mutants, in which positively charged amino acids in the basic
patch were replaced either by alanine or glutamic acid, are still
able to bind dog erythrocytes. It seems that, in addition to hav-
ing unrelated three-dimensional structures and despite a simi-
lar function, the molecular mechanism of the interaction with
the erythrocyte membrane could be different for Bd37 and
Bc28.1. Possibly, these two merozoite surface proteins interact
with different molecules outside the host cells. Also, it should
be noted that we have only indirect evidence for the contribu-
tion of this basic patch at the surface of Bd37 to the adhesion
process: the fact that it matches the epitope recognized by the
neutralizing monoclonal antibody F4.2F8-INT. Because this
protein is supposed to undergo an important conformational
change during its adhesion to the red cell membrane, the neu-
tralizing effect of F4.2F8-INT might challenge this mechanism
rather than simply hide a potential interaction surface.

Interestingly, both proteins display a large unstructured sol-
vent-exposed N-terminal region. The N terminus of Bd37 was
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identified previously as highly polymorphic between different
isolates of the parasite. The presence of a large unstructured
and polymorphic region, which acts as an immunogenic lure
attracting antibodies, probably represents a part of the immune
escape mechanism of B. divergens. Such a strategy seems com-
mon to Apicomplexa because unstructured regions have been
found in many apicomplexan proteins (3). In the case of B¢28.1,
the polymorphism between different isolates of B. canis was
found to be relatively low (96% amino acid identity) compared
with the polymorphism of Bd37 between different isolates of
B. divergens (ranging from 53 to 88% amino acid identity) (10).
The reduced polymorphism of Bc28.1 in B. canis, compared
with Bd37 in B. divergens, could reflect a weaker immune selec-
tive pressure on Bc28.1 than on Bd37. In contrast, this reduced
polymorphism could reflect a more intense functional restraint
for erythrocyte binding, impairing diversification of the Bc28.1
alleles. Further studies are needed to explore the exact role of
such unstructured regions in both Babesia species, in particular
their quantitative importance in immune escape mechanisms.

Although a DALI search for fold analogues in the Protein
Data Bank did not return any significant candidates, a PSI-
BLAST analysis performed with the Bc28.1 sequence as a query
detected sequence homologies with four proteins of B. gibsoni,
another agent of canine babesiosis. These proteins, including
the p50 merozoite surface protein (36), are all putatively GPI-
anchored at the merozoite membrane. The Clustal alignment
of these four sequences with Bc28.1 reveals two major inser-
tions in the B. gibsoni sequences compared with the one of
B. canis (Fig. 1). These insertions of about 60 and 150 residues
concern a loosely structured region in the Bc28.1 structure and
should allow a global conservation of the three-dimensional
structure in the B. gibsoni proteins. In addition, most of the
hydrophobic residues are conserved between the four B. gibsoni
sequences and Bc28.1, suggesting, at least, a partial conserva-
tion of the three-dimensional structure. The function of these
orthologues from B. gibsoni is still unknown. Their homology
with Bc28 suggests an erythrocyte binding ability, although no
direct evidence has been reported. The use of the p50 recombi-
nant protein in ELISAs revealed the presence of antibodies
against this protein in dogs from the field (38). In addition,
antibodies against recombinant p50 have been shown to inhibit
the parasite development in a mouse model (39), and dog vac-
cination with both DNA coding for p50 and recombinant virus
expressing p50 induces a weak protection against B. gibsoni
parasites (40). Taken together, these results suggest that Bc28.1
from B. canis might also be targeted by host antibodies and then
have some potential as a vaccine candidate.

CONCLUSIONS

The high sequence heterogeneity in these parasite-specific
proteins impairs efficient domain definition using sequence
homology. The structural analysis of at least one member in
each family of GPI-anchored proteins in the Apicomplexa
genus will provide new points of comparison between such par-
asites, allowing enhancement of the annotation of the parasitic
genome and revealing new concepts in host-parasite molecular
relationships. The resolution of the structure of Bc28.1 will pro-
vide as well a basis for functional analysis, in order to charac-
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terize the dual aspect of host interactions, namely erythrocyte
binding and immune system interactions. Further studies are
needed to better understand the interaction of this protein with
the dog immune system.
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