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Glycosylphosphatidylinositol-anchored proteins are abundant on the surface of pathogenic protozoans
and might play an important role for parasite survival. In the present work, the relevance of GPI-
anchored proteins for erythrocyte invasion of the cattle hemoparasite Babesia bovis was studied. We
show that cleavage of GPI-anchored antigens from the merozoite parasite stage by phosphatidylinositol-
specific phospholipase C abolished invasion of erythrocytes demonstrating the importance of this class
of molecules for parasite propagation. In addition, the repertoire of GPI-anchored proteins of B. bovis was
predicted with high fidelity by searching its genome with available web-based bioinformatic tools. Alto-
gether 17 GPI-anchored proteins were identified, 5 of which represent the already characterized variable
merozoite surface antigens (VMSAs). Fifteen of the identified GPI-anchored proteins contain 2-26 amino
acid repeats indicating that they are likely involved in functions of recognition, adhesion, or transport.
Repeats were found to contain an increased frequency of proline, indicative of unstructured regions; and
were estimated to be 3.21 times more hydrophilic than non-repeat regions. This suggests that they might
represent eminent antibody epitopes. The majority of the putative GPI-anchored antigens reported in this
work have so far remained unnoticed, though they may represent potential candidates for inclusion in a
subunit vaccine.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

glycosylphosphatidylinositol (GPI) anchors. Protection against
Toxoplasma gondii infection was achieved by vaccinating mice

The tick-transmitted hemoparasite Babesia bovis is a major
causative agent of bovine babesiosis, an often fatal disease of cattle
thatis endemicin tropical and subtropical regions worldwide (Bock
etal., 2004). Currently, in many countries control of bovine babesio-
sisis primarily secured by vaccination using attenuated parasites. In
order to overcome the intrinsic drawbacks of existent live vaccines,
efforts are made to identify parasite molecules for the development
of non-live vaccines (Brown et al., 2006).

Prominent vaccine candidates of many pathogenic api-
complexan protozoans are surface proteins containing
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with adenovirus constructs that encode the GPI-anchored primary
surface antigens (SAGs) of this parasite (Caetano et al., 2006). In
Plasmodium falciparum, the principal GPI-anchored surface pro-
teins of sporozoites and schizonts, the circumsporozoite protein
(CSP) and the major surface proteins (MSP-1 and -2), respectively,
have been shown to confer variable degrees or even complete pro-
tection against challenge in rodent models (Holder and Freeman,
1981; Plassmeyer et al., 2009; Reece et al., 2004). Additionally, it
has been shown that recombinant Bd37, a GPI-anchored protein
of Babesia divergens, protected gerbils against a heterologous chal-
lenge with this parasite (Hadj-Kaddour et al., 2007). In B. bovis, the
variable merozoite surface antigens (VMSAs) have been proposed
to represent important candidates for inclusion in possible future
recombinant vaccines. They are expressed on the merozoite and
sporozoite surface, and antibodies against them have been shown
to neutralize in vitro erythrocyte invasion (Carcy et al., 2006;
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Florin-Christensen et al., 2002; Hines et al., 1992, 1995; Mosqueda
et al., 2002a; Suarez et al., 2000; Wilkowsky et al., 2003).

In contrast to surface proteins that are anchored into the mem-
brane with a transmembrane domain, GPI-anchored proteins are
attached to the cellular membrane via their lipid component.
Apart from the lipid moiety, the core GPI structure is composed
of myoinositol, N-acetylglucosamine, and generally 3 mannose
groups that are linked via phosphoethanolamine to the C-terminal
end of a protein (Ferguson et al., 2009). Importantly, the GPI-anchor
can be enzymatically removed with phosphatidylinositol-specific
phospholipases C (PI-PLC) converting the protein in its water sol-
uble form and releasing it into the extracellular medium. Proteins
destined to be GPI-anchored share as features (i) an N-terminal sig-
nal sequence targeting them to the endoplasmic reticulum (ER), (ii)
a C-terminal transmembrane domain (TM) for transient anchoring
in the ER membrane, and (iii) an w cleavage site at which the protein
is linked to the GPI moiety. The w site is situated a few amino acids
before the C-terminal hydrophobic domain which, upon cleavage,
is replaced by the GPI anchor (Udenfriend and Kodukula, 1995).

GPI-anchored proteins are present in all eukaryotic cells, but it
has been reported that they can be a hundred times more preva-
lent on the cell surface of pathogenic protozoans suggesting a
salient role in these organisms (McConville and Ferguson, 1993).
It has been put forward that the smaller dimension of the GPI
anchor may allow for denser packing of surface antigens with-
out compromising the integrity of the cellular membrane thus
protecting the parasite from the immune attack of the host by
the formation of protective coats (Ferguson, 1999). In addition,
GPI-anchored proteins are thought to display an increased lat-
eral mobility as compared to transmembrane proteins, a feature
that may be important for cellular motility and host cell inva-
sion (Ferguson et al., 2009; Low, 1989). Evidently, GPI-anchored
proteins are highly accessible surface molecules and are therefore
intimately involved in a variety of host-parasite interactions. In
pathogenic protozoans, GPl-anchored proteins have been impli-
cated in the formation of protective coats, host cell adhesion,
recognition, and invasion (Ferguson et al., 2009). Other likely func-
tions are connected to transport and signaling (Robinson, 1997;
Robinson et al., 1989). The involvement in these pivotal mech-
anisms of parasite survival makes them primary candidates for
vaccine development.

The objective of the work in hand is (i) to demonstrate the
involvement of the GPI-anchored proteome expressed on the mero-
zoite surface for erythrocyte invasion, a crucial step in the life cycle
of B. bovis, (ii) to in silico identify the GPI-anchored protein reper-
toire encoded by B. bovis combining the predictive power of several
bioinformatic web-based systems, (iii) to gain an improved insight
of the potential function of identified GPI-anchored proteins by
determining the existence of amino acid repeats and amino acid
biases between repeat and non-repeat regions, and (iv) to investi-
gate their genome location and paralogous relatives.

Materials and methods
Parasite cultures

Babesia bovis merozoites of the Argentine S2P pathogenic strain
were in vitro cultured on bovine erythrocytes, in 75-cm? tissue-
culture bottles, basically as described by Levy and Ristic (1980).
Erythrocytes were aseptically isolated from defibrinated bovine
blood after 3 washes using VYM buffer (0.016 g/l CaCl,-2H,0; 0.4 g/1
KCl; 1.45 g/l KH,POy; 0.77 g/l NayHPO,; 0.1 g/l MgS04-7H,0; 7 g/1
NacCl; 20.5 g/l glucose; 0.0423 g/l adenine; 0.0708 g/l guanosine; pH
7). Erythrocytes suspended 1:2 in VYM were kept at 4°C and used
within 30 days. The basic culture medium (BCM) consisted in M199

(Sigma-Aldrich, St. Louis, MO), 5 mM HEPES [4-(2-hydroxyethyl)-
1-piperazineethane sulfonic acid] (Sigma-Aldrich, St. Louis, MO),
100 U/ml penicillin, 100 pwg/ml streptomycin, pH 7.2. This medium
was supplemented with normal bovine serum from the same donor
of erythrocytes in a proportion of BCM to serum of 60:40 (v/v)
(BCM-S). Cultures were grown on 10% (v/v) bovine erythrocytes
and 90% BCM-S at 37 °Cin a 5% CO, atmosphere, with daily changes
of BCM-S, using a starting percentage of 1-2% infect erythrocytes
(IE). Growth was monitored by microscopic observation of Giemsa-
stained smears. For maintenance, cultures were split with addition
of fresh erythrocytes every 48-72 h. In order to get an erythrocyte
suspension with a higher parasitemia, a culture was diluted 1:2 on
2 consecutive days by addition of an equal volume of BCM-S and
incubated as above. The resulting suspension had no less than 15%
IE and was used as starting material for the purification of B. bovis
merozoites.

Purification of B. bovis merozoites

A suspension (240 ml) of erythrocytes showing 15% infection
with B. bovis merozoites, obtained as described above, was exposed
to 4°C for 2 h. At this temperature, merozoites accumulate outside
erythrocytes and can be highly enriched by differential centrifu-
gation (Rodriguez et al., 1986). The erythrocytes were pelleted by
low-speed centrifugation (300 x g, 10 min, 4°C), and the super-
natant containing extracellular merozoites was separated and
centrifuged (3000 x g, 20 min, 4 °C). Merozoites were washed twice
by centrifugationin BCM, suspended in 0.2 ml of BCM-S, and quanti-
fied in a Neubauer hematocytometer. This concentrated suspension
of free merozoites contained a low number of infected and non-
infected erythrocytes. To avoid jeopardizing the viability of the
highly delicate merozoites, additional low-speed centrifugation
steps that might have further reduced the level of erythrocytes
were dismissed.

Treatment of B. bovis merozoites with phospholipase C

The extracellular merozoites suspension obtained as described
above was divided in equal aliquots (each containing 7.47 x 106
merozoites), one of which received 1 U/ml of Bacillus thuringiensis
Pl-specific phospholipase C (Sigma-Aldrich). The amount of PI-PLC
was similar to that used by Coonrod et al. (1999) in live mouse
oocytes. Both aliquots were incubated for 80 min at 37°C, after
which they were centrifuged and suspended in 1.5 ml of BCM-S.
In order to determine merozoite viability, an additional smaller
aliquot (50 1) was taken from the PI-PLC-treated and also from
the untreated merozoite suspension. Both aliquots were washed by
centrifugation and incubated in 0.4 mg/ml propidium iodide in 1x
PBS for 20 min at room temperature in the dark. The 2 aliquots were
washed 4 times (3000 x g, 10 min, 4 °C), and resuspended in 1x PBS.
Viability was estimated by counting the total number of merozoites
by light microscopy vs. the number of dead (propidium iodide-
stained) merozoites by fluorescence microscopy using a 1000x
magnification. PI-PLC-treated and non-treated merozoite suspen-
sions were divided in 0.15-ml aliquots in a 96-well microtiter
plate, each of which contained 35 x 10* motile merozoites. Unin-
fected bovine erythrocytes washed in VYM buffer were quantified
in a Neubauer chamber and added to the wells at a 1:1 mero-
zoites/erythrocytes ratio. Plates were incubated at 37°C, in a 5%
CO, humidified atmosphere. At 0, 4, and 18 h, triplicate wells for
each condition were separately centrifuged, and the whole pellets
were smeared in microscopic slides and stained with Giemsa. IE
percentages were calculated by microscopic examination of 3500
erythrocytes per smear using 1000x magnification.
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Bioinformatic tools used for predictions and analysis

The following bioinformatic tools were used to identify GPI
anchored-proteins in the B. bovis, strain T2Bo, predicted proteome
(Brayton et al., 2007): GPI-SOM (Fankhauser and Maser, 2005), big-
PI (Eisenhaber et al., 2004), Pred-GPI (Pierleoni et al., 2008), and
FragAnchor (Poisson et al., 2007). In addition, SignalP 4.1 was used
to identify signal peptides based on Neural Network and Hidden
Markov model algorithms (Bendtsen et al., 2004; Petersen et al.,
2011). TOPCONS and DAS were used to identify a C-terminal trans-
membrane domain (Bernsel et al., 2009; Cserzo et al., 1997). Amino
acid repeats in GPI-anchored proteins were detected using the
rapid automatic detection and alignment of repeats tool (RADAR)
(Heger and Holm, 2000). Using ProtParam, the percentage of amino
acids in repetitive and non-repetitive sequences and the GRAVY
value was determined. The latter is an estimate of the sum of the
hydropathicity value for each amino acid residue divided by the
length of the sequence (Gasteiger et al., 2005; Kyte and Doolittle,
1982).

Results and discussion

Cleavage of merozoite GPI-anchored proteins leads to inhibition of
erythrocyte invasion

It has been previously experimentally demonstrated that the
MSA-1 of B. bovis contains a functional GPI anchor located at the
C-terminal sequence of the molecule. Importantly, MSA-1 shares
an identical GPI anchor signal region located at the C-terminal
sequence with other members of the VMSA family, including MSA-
2c (Hines et al., 1989). The presence of a fully conserved GPI signal
in all members of the VMSA family strongly suggests that all VMSA
members are anchored via GPI molecules in the surface membrane.
To demonstrate the functional relevance of GPI-anchored proteins
in the process of erythrocyte invasion, B. bovis isolated merozoites
were treated with phospholipase C and then evaluated in their abil-
ity to invade erythrocytes. Determination of viability as outlined
in Treatment of B. bovis merozoites with phospholipase C section
showed a high survival rate of non-treated merozoites (97.6%; 1378
of a total of 1412 counted merozoites were determined as viable)
and also of PI-PLC-treated merozoites (96.8%; 692 of a total of 715
counted merozoites were determined as viable). Based on Fisher’s
exact test (p=0.3196), the null hypothesis stating “no change of via-
bility observed between PI-PLC-treated and untreated merozoites”
could not be rejected. It is noteworthy, that our mild procedure of
releasing merozoites from infected erythrocytes in the cold seems
to have resulted in a considerably higher viability (97.6%) than the
possibly harsher high-voltage pulse treatment of infected eryth-
rocytes as applied by Franssen et al. (2003) which resulted in a
viability of over 80%.

PI-PLC-treated and non-treated merozoites were incubated
with bovine erythrocytes in a ratio of motile merozoites to fresh
erythrocytes of 1:1. For each cellular suspension, the increase of
infected erythrocytes due to merozoite invasion was independently
determined by microscopic examination of Giemsa-stained smears.
In non-treated merozoite-erythrocyte suspensions, an IE increase
(AIE) of 1.80% was observed at 4 h. An extended culturing of sus-
pensions for up to 18h resulted in a slightly increased AIE of
2.00% suggesting that merozoites might just have started to dupli-
cate and reinvade erythrocytes (Fig. 1). In contrast, PI-PLC-treated
merozoites/erythrocyte suspensions did not show any significant
increase of AIE neither at 4 h nor after prolonged culturing for up to
18 h demonstrating a remarkable inhibition of invasion. Although
Franssen et al. (2003) used a different parasite strain and mero-
zoite release protocol (see above), they report an invasion rate in
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Fig. 1. Inhibition of merozoite invasion of bovine erythrocytes by GPI anchor cleav-
age. PI-PLC-treated (PI-PLC) or non-treated (control) live merozoites were incubated
with equal numbers of bovine erythrocytes. The increase of infected erythrocytes
(AIE) after 0 h, 4 h, and 18 h is shown. Results show the average of triplicate parallel
suspensions +SE. The results are representative of 2 independent experiments.

a similar range of AIE between 1.6% and 2.0% at 2h and 4h when
using an infection ratio of 1 merozoite to 2 erythrocytes and/or of
1 merozoite to 10 erythrocytes.

This finding strongly suggests that GPI-anchored proteins play
a crucial role in erythrocyte invasion and provides an expla-
nation for the observation made by Rodriguez et al. (2010)
that mannosamine-mediated inhibition of GPI synthesis impaired
merozoite growth. It is furthermore in agreement with ear-
lier reports showing that incubation of merozoites with specific
antibodies against the B. bovis GPIl-anchored proteins MSA-1,
MSA-2a, MSA-2b, MSA-2a/b, and MSA-2c in each case substan-
tially decreases their invasion capacity (Hines et al., 1992, 1995;
Mosqueda et al., 2002a; Suarez et al., 2000; Wilkowsky et al., 2003).
In this context, it is important to note that also a number of non-
GPI-anchored B. bovis antigens like AMA-1 (Gaffar et al., 2004b),
TRAP-like antigen (Gaffar et al., 2004a), RAP-1 (Mosqueda et al.,
2002b), RAP-1-related antigen (RRA) (Suarez et al., 2011), a MIC-1-
like antigen (Silva et al., 2010b), and Bbo-6cys-E (Silva et al.,, 2010a)
have also been reported to neutralize erythrocyte invasion. It will
be essential to reveal in the future how these proteins interrelate in
the invasion process, and whether alternative invasion pathways
exist as has been demonstrated for Plasmodium spp. (Dolan et al.,
1990; Jiang et al., 2010; Silvie et al., 2007).

The enzymatic treatment of merozoites might have also acted on
the abundant PI-PLC-sensitive GPI molecules not associated to pro-
teins that are present in B. bovis membranes, as recently reported
(Rodriguez et al., 2010). The effect of protein-free GPIs in B. bovis
merozoite invasion of erythrocytes awaits further experimental
examination.

In silico identification of GPI-anchored proteins

The entire B. bovis proteome containing 3706 proteins was
explored for the existence of GPI-anchored proteins using several
bioinformatic tools (Table 1). To this end, a search strategy was
conceived to screen in 3 consecutive steps for the presence of the
following shared features of GPl-anchored proteins: (i) a signal
peptide, (ii) a GPI anchor-site sequence, and (iii) a C-terminal trans-
membrane domain. The sorting signal channels the protein into the
ER and is an essential prerequisite for GPI-anchor attachment as
exclusively the ER-resident transamidase can transfer the GPI moi-
ety to the proprotein (Ferguson et al., 2009). SignalP 4.1 was used
as it has been reported to predict the existence of an N-terminal
signal with a very high sensitivity (98.6%) and an extremely low
rate of false positives (1.2%) (Emanuelsson et al., 2007). Altogether,
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Table 1
Proven and predicted GPI-anchored proteins of Babesia bovis.
Gene Functional annotation Signal peptide GPI anchor site C-terminal TM Length (aa)
SignalP bigPI? GPI-SOM Pred-GPI FragAnchor Topcons/DAS"
1 BBOV_1002220A hyp. prot. + + + HP HP + 657
2 BBOV_I1000650 hyp. prot. + + + HP P + 1323
3 BBOV_11000410 hyp. prot. + + + HP WP + 293
4 BBOV_I003060A MSA-1 + + + HP PFP + 319
5 BBOV_I003020A MSA-2c + + + HP PFP + 265
6 BBOV_1002990 MSA-2b + + + HP PFP + 316
7 BBOV_1003000 MSA-2a2 + + + HP PFP + 316
8 BBOV_I003010A MSA-2a1 + + + HP PFP + 287
9 BBOV_I11003710 hyp. prot. + + + HP PFP + 462
10 BBOV_.IV002470 hyp. prot. + + + 0 P + 1016
11 BBOV_I11004180 hyp. prot. + + + HP P + 387
12 BBOV_I11004950 hyp. prot. + + + 0 PFP + 880
13 BBOV_1003130 hyp. prot. + 0 + HP P + 376
14 BBOV_IV010470 hyp. prot. + 0 + HP PFP + 479
15 BBOV_1001980 hyp. prot. + 0 + P P + 179
16 BBOV_IVO06820A hyp. prot. + 0 + P PFP + 170
17 BBOV_I11004160A hyp. prot. + 0 + WP PFP + 826

+, predicted; 0, not predicted; HP, high probability; P, medium probability; LP, low probability, PFP, possible false-positive.

2 Predicted by any of the big-PI tools.
b predicted by Topcons and/or DAS.

350 proteins were shown to contain a signal peptide and therefore
further considered as possible GPI-anchored proteins.

GPI anchor-site sequences are highly complex structures, and
the precision of prediction suffers limitations depending on the
design of each bioinformatic tool. Existing tools are based on Hid-
den Markov Models (HMM), and the quality of prediction depends
on their training with experimentally verified GPI anchor attach-
ment sites which are often scarce. An additional complicationis that
the structure of GPI anchor attachment sites varies between dif-
ferent taxonomic classes and notably between protozoans which
are an extremely divergent group from an evolutionary point of
view. Based on this rationale, GPI anchor and other prediction
tools were combined to enhance the predictive power in a man-
ual voting approach. Voting approaches are increasingly applied
and integrated in recent bioinformatic prediction tools, and they
have been regularly shown to substantially increase the qual-
ity of predictions. GPI-SOM and big-PI GPI-anchored prediction
tools make definite “yes/no” predictions. In contrast, Pred-GPI
and FragAnchor assigns the following probability values to each
prediction: HP (highly probable); P (probable), and LP (lowly prob-
able). In addition, FragAnchor also assigns the probability criterion
PFP (potentially false-positive). big-PI features a highly conser-
vative prediction thus avoiding false positives, while accepting
false-negative reports (corresponding to a prediction with a high
specificity and low sensitivity). GPI-SOM, Pred-GPI, and FragAn-
chor predict with differing grades of permissiveness and include
potentially false-positive hits (corresponding to a prediction of low
specificity and high sensitivity). Therefore, following conservative
selection criteria, a protein was accepted as being GPI-anchored
when it was predicted by at least 3 of the 4 tools applied. Propro-
teins destined to be GPI-anchored include a C-terminal alpha-helix
transmembrane region for membrane anchoring before the trans-
fer of the protein to the GPI-anchor takes place (Ferguson et al.,
2009). The TOPCONS and the DAS tool were used to verify the
existence of a C-terminal transmembrane region in the predicted
GPI-anchored proteins. All identified GPI-anchored proteins were
found to contain a C-terminal transmembrane region by at least
one of the 2 transmembrane prediction tools and therefore finally
considered to represent GPI-anchored proteins (Table 1). These
17 proteins correspond to 0.4% of genome-encoded proteins of B.
bovis, which falls within the previously estimated range for other
pathogenic protozoans (Eisenhaber et al., 2001). In a recent work,
a significant higher number of 73 putative GPI-anchored proteins

have been reported using a single GPI anchor site-predictive tool
(DGPI; Gohil et al., 2013). The difference is due to the use, in our
work, of 4 GPI anchor site-predictive tools in combination with
the outlined selection criteria and an imperative presence of a
C-terminal transmembrane region. It is noteworthy that the pre-
viously characterized VMSAs that have been either experimentally
shown (MSA-1), or strongly suggested (MSA-2a;, MSA-2a,, MSA-
2b, MSA-2c¢), to contain a GPI anchor, are included in the final list
validating the outlined approach (Carcy et al., 2006; Hines et al.,
1989; Florin-Christensen et al., 2002; Suarez et al., 2000). All other
identified putative GPI-anchored proteins have not been studied
so far, and their patterns of expression and functions are unknown.
They therefore represent prominent candidates for functional stud-
ies and for inclusion in subunit vaccines.

Occurrence and characterization of amino acid repeats in proven
and predicted GPI-anchored proteins

GPI-anchored proteins are ultimately transported to the cell
surface and are regularly involved in molecular mechanisms of
recognition, adhesion, and transport (Ferguson et al., 2009). On a
structural basis, these functions usually correspond with repeti-
tive units in the primary sequence. Fifteen of the 17 identified
GPI-anchored proteins contained amino acid repeats as assessed
by RADAR. The detected repeats vary in length between 10 and 62
residues (Supplementary Table S1). The number of different repeat
motifs varied from 1 to 8 in a single protein, and each was found
to be 2-6 times repeated with sequence variations. In one case,
altogether 26 repeat sequences were displayed in a single protein
(encoding gene: BBOVIIIO00650), amounting for 50% of its length.

Repeat motifs are supposed to contain amino acids that promote
the formation of epitopes and thus, antibody recognition. In view
of the importance of polar residues in antibody-antigen binding,
it has been put forward by Verra and Hughes (1999) that amino
acid types might have a non-random occurrence in these regions.
In order to determine in which way the amino acid composition is
altered in repetitive vs. non-repetitive regions of B. bovis predicted
GPI-anchored antigens, a chi-square test was carried out (Table 2).
After correction by the number of statistical tests, proline, an amino
acid known to strongly favor the formation of unstructured regions,
was found to be highly significantly increased. It is well established
that epitopes are frequently situated in unstructured regions. This
finding is in line with a recently reported increased presence of
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Table 3
Gene families including GPI-anchored proteins in B. bovis.

Table 2
Amino acid frequency in repeats compared to non-repeat sequences.
Amino acids Non-repetitive Repetitive Xx>-test (p)
sequences (%) sequences (%)

Alanine (A) 6.9 8.1 ns
Arginine (R) 2.9 3.5 ns
Asparagine (N) 5.3 5.5 ns
Aspartic acid (D) 79 5.6 o
Cysteine (C) 0.8 1.7 *
Glutamine (Q) 5.5 3.6 o
Glutamic acid (E) 7.8 6.2 .
Glycine (G) 5.1 49 ns
Histidine (H) 2.5 23 ns
Isoleucine (I) 5.5 6.1 ns
Leucine (L) 74 9.2 ns
Lysine (K) 6.4 6.7 ns
Methionine (M) 21 2.6 ns
Phenylalanine (F) 2.7 3.9 ns
Proline (P) 7.7 47 o
Serine (S) 8.8 8.0 ns
Threonine (T) 7.0 6.5 ns
Tryptophan (W) 0.3 0.6 ns
Tyrosine (Y) 24 3.2 ns
Valine (V) 5.1 7.0 *

p gives the level of significance after Bonferroni correction: ns, non-significant; *
significant (p < 0.05); *** extremely significant (p <0.001).

proline in repeats located in the hypervariable region of MSA-1 and
MSA-2 antigens when allelic variants were compared (Berens et al.,
2005; LeRoith etal.,2006). Among hydrophilicamino acids, aspartic
acid, glutamic acid, and glutamine exhibited a highly significantly
elevated frequency. Among hydrophobic amino acids, valine and
also cysteine were found to be significantly decreased in repeti-
tive regions. The latter observation is in accordance with a report
that hydrophobic amino acids are underrepresented in repetitive
regions as compared to non-repetitive regions in Plasmodium spp.
(Verra and Hughes, 1999).

The above observation was further underlined by determina-
tion of the GRAVY value, which allows an estimation of the average
hydrophobicity of different sequence regions (Kyte and Doolittle,
1982). Repeat regions (GRAVY value=-0.678) were found to be
3.21 times less hydrophobic than non-repeat regions (GRAVY
value=-0.211).

Repeat regions in surface antigens have also been implicated in
hemoparasite evasion of the host immune defense (“smoke screen
hypothesis”) (Kemp et al., 1987; Enea and Arnot, 1988; Bickle et al.,
1993; Reeder and Brown, 1996). Certainly, those antigens that
would be involved in immune evasion do not represent primary
vaccine candidates. However, so far experimental evidence sup-
porting the smoke screen hypothesis has neither been presented
for B. bovis nor for any other hemoparasite surface antigens. There-
fore, in any case, experimental work is needed to test the suitability
of the newly highlighted B. bovis antigens in vaccine formulations.

Genomic localization and paralogous relationships of predicted
GPI-anchored protein-encoding genes

The localization of putative GPl-anchored protein-encoding
genes across the B. bovis genome was assessed. Eight GPI-anchored
proteins were found to be encoded in chr I, one in chr I, 5 in
chr 111, and 3 in chr IV. Exclusively the gene family encoding the
VMSA is organized in a single syntenic block of chr I. None of
the remaining putative GPI-anchored protein-encoding genes are
colocalized or exhibit paralogous relationships with each other as
assessed by areverse BLASTp test. However, putative GPI-anchored
proteins encoded by gene loci BBOV_11000410 and BBOV_111004160
are each part of a gene family that includes 3 and 4 members of
other predicted non-GPI-anchored proteins, respectively. Notably,

No. Family Proteins in the family

1 VMSA family BBOV_1003010A, BBOV_1003000, BBOV_1002990,
BBOV_003020A, BBOV_1003060A
BBOV_11000410, BBOV_IV005650, BBOV_1001050,
BBOV_I001060

BBOV_111004160, BBOV_111004140A,
BBOV_I11004130, BBOV_I11004200A,

BBOV_I11004190

2 Gene family A

3 Gene family B

Genes in bold encode GPI-anchored proteins; gene designations printed in non-bold
letters encode non-GPI-anchored paralogs. Gene families have been identified by a
reverse BLASTp test and synteny studies.

also BBOV_I11004160 is organized in a single syntenic block with its
paralogous non-GPI-anchored relatives (Table 3). This exemplifies
that phylogenetic relation does not necessarily correspond with the
existence of a GPI anchor attachment signal as is observed for the
vmsa family of genes.

In summary, our study reveals the fundamental functional
importance of GPIl-anchored surface proteins for erythrocyte
invasion and identifies previously unknown putative vaccine can-
didates that deserve more profound functional studies.
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