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Abstract

:

Apical membrane antigen 1 is a microneme protein which plays an indispensable role during Apicomplexa parasite invasion. The detailed mechanism of AMA-1 molecular interaction with its receptor on bovine erythrocytes has not been completely defined in Babesia bovis. This study was focused on identifying the minimum B. bovis AMA-1-derived regions governing specific and high-affinity binding to its target cells. Different approaches were used for detecting ama-1 locus genetic variability and natural selection signatures. The binding properties of twelve highly conserved 20-residue-long peptides were evaluated using a sensitive and specific binding assay based on radio-iodination. B. bovis AMA-1 ectodomain structure was modelled and refined using molecular modelling software. NetMHCIIpan software was used for calculating B- and T-cell epitopes. The B. bovis ama-1 gene had regions under functional constraint, having the highest negative selective pressure intensity in the Domain I encoding region. Interestingly, B. bovis AMA-1-DI (100YMQKFDIPRNHGSGIYVDLG119 and 120GYESVGSKSYRMPVGKCPVV139) and DII (302CPMHPVRDAIFGKWSGGSCV321)-derived peptides had high specificity interaction with erythrocytes and bound to a chymotrypsin and neuraminidase-treatment sensitive receptor. DI-derived peptides appear to be exposed on the protein’s surface and contain predicted B- and T-cell epitopes. These findings provide data (for the first-time) concerning B. bovis AMA-1 functional subunits which are important for establishing receptor-ligand interactions which could be used in synthetic vaccine development.
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1. Introduction


Babesia bovis is an haemoprotozoan parasite which causes bovine babesiosis; it is transmitted by ticks from the genus Rhipicephalus, a vector which is distributed worldwide. This species is considered the most lethal agent from the genus Babesia since it causes severe clinical signs and high mortality rates in infected cattle, thereby representing a global menace for the livestock industry, involving huge annual financial losses worldwide [1,2]. Strategies have been developed for controlling the disease, such as using chemotherapeutics (against the parasite or vector) or vaccinating animals with attenuated parasites; such methods have not been very efficient given the increasing development of resistance to drugs and/or difficulties associated with attenuated vaccine production [3,4], highlighting the need for prioritising and improving control measures targeting this pathogen.



The need for making vaccines safer, more stable, and more effective has promoted their chemical development as an alternative strategy known today as a synthetic vaccine approach. This strategy has been widely applied on Plasmodium falciparum, mainly focusing on using a mixture of conserved peptides having binding properties derived from proteins which are critical for parasite survival [5]. Apical organelle molecules, such as micronemes and rhoptries, have been suitable candidate targets as some of them play an important role in invasion [6,7]. Apical membrane antígen-1 (AMA-1) is one of these, being a transmembrane microneme type I protein having an extracellular domain structured by 14 very conserved cysteine residues divided into 3 regions (I (DI), II (DII) and III (DIII) domains) [8].



Various studies have provided evidence that AMA-1 is essential for the formation of a multiprotein complex with rhoptry neck (RON) proteins, promoting the parasite’s strong binding to target cells, a highly conserved process within the phylum Apicomplexa [9,10,11,12,13]. Its functional importance is supported by the observation that its knockout is deleterious for Toxoplasma and Plasmodium parasites [14,15]. Interestingly, it has been demonstrated that P. falciparum AMA-1 (PfAMA-1) contain poorly immunogenic high activity binding peptides (HABPs) to human erythrocytes which are very conserved and can inhibit parasite invasion in vitro [16]. However, replacing some PfAMA-1 HABPs’ residues resulted in significantly increased immunogenicity, converting them into peptides able to trigger a powerful protection-inducing immune response in an animal model. This feature can be advantageous for developing a multi-component, subunit-based synthetic antimalarial vaccine [17,18].



AMA-1 proteins are expressed in most Babesia spp. analysed. AMA-1 has been identified in a lysate derived from Babesia orientalis-infected water buffalo blood [19]. In addition, it has been shown that the molecule is antigenic upon infection of dogs and cattle with Babesia gibsoni and Babesia bigemina, respectively [20,21]. Babesia divergens- and Babesia microti-derived AMA-1 bind to a receptor which is trypsin-sensitive for bovine erythrocytes and chymotrypsin sensitive for human ones [22,23]. Furthermore, AMA-1 can trigger the production of antibodies (Abs) capable of reducing B. microti and Babesia ovis invasion in vitro [22,24] and B. bigemina in vivo [25].



In B. bovis, AMA-1 is encoded by a single-copy single exon gene, encoding for a protein containing 605 amino acids. AMA-1 has been considered a potential vaccine candidate as it has limited polymorphism in strains from different geographical areas and can stimulate a response from the immune system of the host during natural infection [26]. It has been reported that Abs targeting a central DI-DII region (L193-T365) can reduce invasion by 70% and those targeting peptides located in DI (46FAFHREPTNRRLTRRA60) or DII (395RGVGMNWATYDKDSG409 and 453YVEPRAKTTNKYLDV467) by 65% [27,28]. However, despite significant progress on the characterization of the B. bovis AMA-1, it remains unknown which are the functionally relevant regions associated with erythrocyte receptor interaction. The identification of such regions is thus an additional strategy for finding suitable synthetic vaccine candidates.



A series of robust and highly sensitive experiments aiming at elucidating the minimum highly conserved regions governing B. bovis AMA-1 biding to bovine erythrocytes is here described. The identification of such regions, likely involved in the receptor-ligand interactions amongst the parasite and the erythrocytes of the bovine host, may aid in the design of synthetic vaccines.




2. Results


2.1. Ama-1 Has Regions Under Distinct Selective Pressure Intensity


The limited genetic variability and negative selection previously reported using B. bovis intraspecific data [26] supports the idea that ama-1 may be subject to functional constraint. Phylogenetically sequences from closely-related Babesia species were used for testing natural selection to further investigate whether purifying selection has driven ama-1 evolution. The McDonald-Kreitman (MK) test neutrality index (NI) was >1 for comparisons with Babesia xinjiang and Babesia ovata, indicating less nonsynonymous divergence than expected under neutrality. The complete gene’s dN/dS ratio was <1 for all comparisons, revealing fewer nonsynonymous than synonymous substitutions (Table 1). This outcome and the fact that bsREL analysis did not find evidence of episodic positive selection in any branch along the phylogeny analysed (Figure S1) suggested purifying selection acting on ama-1.



The dN/dS ratio was calculated considering that natural selection can act differentially on a protein’s regions; a sliding window was thus used to evaluate dN/dS behavior along the ama-1 locus. Omega (ω) values between species were marginally >1 for the transmembrane region encoding region and close to 1 for a short fragment encoding DI (Figure 1a). Within B. bovis, ω values were >1 for two regions encoding DI and DII and close to 1 for those ones encoding the DI. Eighteen negatively and two positively selected sites were identified within B. bovis, whereas 425 negatively and 15 positively selected sites were found amongst babesial species. DI had the highest enrichment of negatively selected sites (90%; 172/190), followed by DII (74%; 104/139) and DIII (71%; 58/81) (Figure 1a). These results indicated that pervasive purifying selection has acted throughout ama-1, having neutral or positive selection sites located within DI and DII.



Conserved regions amongst Babesia AMA-1 homologue proteins and other Apicomplexan parasites known to invade red blood cells (RBC) (mainly P. falciparum and Plasmodium vivax) were found through profile-profile comparison using a sequence profile obtained from babesial sequence alignment (Figure S2). Besides intense negative selection signatures, these regions had identical residues (including two conserved cysteines, Cys136 and Cys302, forming a putative disulphide bond) or conservative amino acid (aa) replacements and secondary structure conservation being consistent with the observation that DI and DII were more conserved than DIII in Babesia [29] and that they had regions having high RBC binding activity in P. falciparum and P. vivax [10,30]. The forgoing, added to the finding regarding B. bovis AMA-1-DI-DII, suggested that functional constraint and purifying selection appear to have driven these regions’ evolution to conserve the sequence and structural features and could therefore be important for target cell binding activity.




2.2. B. bovis AMA-1 Bovine Erythrocyte Binding Activity is Mediated by Conserved Small Peptides


B. bovis AMA-1 specific binding to a bovine RBC receptor was ascertained by peptide-cell interaction competition assays. Fully conserved intra-species peptides whose encoding regions had ω < 1 were selected; 5 DI-, 5 DII- and 2 DIII-derived peptides were synthesised (Figure 1a). These synthetic peptides were radiolabelled and incubated with bovine erythrocytes in the presence or absence of the same unlabelled peptide to test their specificity and sensitivity binding properties. A specific binding slope plot from 0 to 0.03 was found when the peptides’ specific binding was calculated by subtracting non-specific binding from total binding (Figure 1b). Only DI-derived peptides 42437 (100YMQKFDIPRNHGSGIYVDLG119) and 42438 (120GYESVGSKSYRMPVGKCPVV139) and DII 42443 (302CPMHPVRDAIFGKWSGGSCV321) were considered HABPs considering a > 0.01 slope. Saturation analysis gave Kd = 1.1 μM and nH = 1.3 for peptide 42437, Kd = 1.3 μM and nH = 1.6 for 42438 and Kd = 2.4 μM and nH = 1.3 for 42443, with peptides located in DI being those that have the highest binding affinity (Figure 1c). Altogether, these data support the notion that AMA-1 DI is the protein region participating in the interaction with bovine erythrocytes mediated by two 20-residue-long peptides.




2.3. B. bovis AMA-1 HABPs Have High Affinity Biding to Enzyme Treatment-Sensitive Receptors


Binding assays involving trypsin-, chymotrypsin-, and neuraminidase-treated cells were done for determining the specific binding properties of B. bovis AMA-1 HABPs to a bovine erythrocyte receptor. Calcein M led to confirming that no enzyme treatment affected erythrocyte viability as more than 99% of the cells were viable, unlike those treated with triton X-100, which caused 25% of cell lysis (cell mortality control) (Figure 2a). Analysis of peptide 42437 binding profile revealed that it became reduced by 58% with chymotrypsin-treated erythrocytes, 36% for neuraminidase-treated, and 31% for trypsin-treated ones (Figure 2b). Peptide 42438 interaction with chymotrypsin-treated cells became reduced by 66%, whilst there was no effect using trypsin- and/or neuraminidase-treated cells (Figure 2b). Peptide 42443 interaction with bovine erythrocytes was affected by 46% using chymotrypsin treatment and 42% with neuraminidase, whilst there was a lesser effect with trypsin treatment (Figure 2b).



A cross-linking assay was carried out to confirm the binding specificity and approximate molecular weight of the receptor with which B. bovis AMA-1 peptides 42437, 42438, and 42443 interacted. It was found that the three peptides were capable of specifically binding to a receptor having an apparent 75 kDa molecular weight as the intensity of the radioactive signal became reduced when an excess of the same non-radiolabelled peptide was used; such interaction was significantly less intense for peptide 42443 (Figure 2c). A cross-competition assay was carried out as peptides 42437 and 42438 were adjacent, finding that non-radiolabelled peptide 42438 competed with peptide 42437 in a concentration-dependent manner (Figure 2d); this supports the idea that peptides are bound to the same receptor site or a very close region, thereby confirming the DI region’s functionality.




2.4. B. bovis AMA-1 HABPs 42437 and 42438 are Promising Synthetic Vaccine Candidates


The ectodomain was structurally modelled to analyse each peptide’s spatial location since it was found that B. bovis AMA-1 had HABPs to target cells. The methodology enabled obtaining very good quality 3D models (Figure S3a); four missing loops in the B. divergens structure were modelled ab-initio to complete the B. bovis AMA-1 homology model (Figure S3b). It was observed that peptides 42437 and 42438 had more significantly surface-exposed sectors than 42443 when B. bovis AMA-1 HABPs were located on 3D structure (Figure 3a–d), supported by solvent accessibility analysis (Figure 3e). This finding agreed with the highest binding activity and affinity found for peptides 42437 and 42438 (Figure 1b,c), indicating that they could be involved in target cell receptor binding.



B- and T-cell epitopes on B. bovis AMA-1 protein were predicted as immune control against this pathogen relies mainly on humoral and cellular responses [31,32,33]. It was observed that modelled loops had most predicted B-cell epitopes and, particularly interesting, the region formed by peptides 42437 and 42438 had two sequential B-cell epitopes and three T-cell epitopes (one having two alternative binding frames) predicted as strong binders for multiple BoLA-DR molecules, unlike peptide 42443, which only had an adjacent T-cell epitope having an affinity spectrum for fewer alleles (Figure 3e, Table S1). This result led to inferring that the 42437 and 42438 peptides could be regions of interest for the design of novel interventions aimed at blocking bovine erythrocyte invasion by B. bovis parasites.





3. Discussion


Discovering receptor-ligand interactions occurring between parasite molecules and those of their target cells (more specifically, the minimum interacting regions) is a promising strategy for developing effective control methods against microorganisms. So far, only the role of TRAP2 [34] and RAP1 [35] proteins binding to B. bovis bovine erythrocytes has been described; however, no study to date has reported specific target cell binding regions for any molecule. AMA-1 has been one of the most studied proteins, based on functional evidence reported in Apicomplexa microorganisms invading erythrocytes [14,15]. This molecule has specialised regions able to establish inter- (with erythrocyte receptors) [16] and intra- (with RON proteins) [9,13] molecular interactions that may facilitate adhesion and invasion to their target cells. Considering that inter-molecular interactions are important for vaccine development [5], this work was thus designed towards identifying the minimum regions participating in B. bovis AMA-1 binding to bovine erythrocytes.



It has been reported that functional or structurally important regions within a protein tend to evolve much more slowly than those which are not constrained by functionality [36]; these are usually conserved amongst related species and have intense purifying selection signatures [37]. Natural selection action on ama-1 using a sequence dataset of phylogenetically closely-related Babesia and B. bovis species were analysed for identifying regions under functional constraint since ama-1 has been shown to have limited variability and negative selection signatures within B. bovis [26]. Such analysis led to finding that ama-1 had intense negative selection signals in babesial species with no evidence of lineages having episodic positive selection (Figure S1). McDonald–Kreitman test results and the dN/dS ratio for B. bovis and closely-related species (B. orientalis, B. xinjiang, B. bigemina, B. ovata and B. divergens) suggested that ama-1 could be under intense functional constraint, similar to that reported for other Apicomplexan parasites [38]. Limited variability and purifying selection signatures were thus identified, indicating functional constraint on regions within B. bovis ama-1. It is worth highlighting that negative selection signatures were also detected in almost all ama-1 loci when dN/dS ratio was evaluated using a sliding window, thus agreeing with results for the whole gene (Figure 1a). Analysis indicated that AMA-1 might have functionally relevant regions which could be explored to evaluate their role in target cell adhesion-related B. bovis biology.



Twelve highly conserved B. bovis AMA-1 20-residue-long regions under negative selection were thus selected to find which of them were involved in bovine erythrocyte binding based on a sensitive and specific binding assay extensively used for detecting protein’s highly conserved functional regions involved in the interaction with P. falciparum, P. vivax and Mycobacterium tuberculosis target cells [5,10,39]. The assays showed conclusively that two B. bovis AMA-1 DI-derived peptides (42437 and 42438) and one from DII (42443) bound specifically to erythrocytes. In addition, peptides 42437 and 42438 displayed low affinity constants, indicating positive cooperativity (Figure 1b,c). No DIII-derived peptide had binding activity consistent with results for P. vivax (PvAMA-1) and Plasmodium yoelii AMA-1 (PyAMA-1), given that such regions do not take place in erythrocyte binding [10,40]. It has been shown that Abs directed against some peptides located in B. bovis AMA-1 DI (46FAFHREPTNRRLTRRA60) and DII (395RGVGMNWATYDKDSG409 and 453YVEPRAKTTNKYLDV467) were able to reduce invasion by 65% [27]. DII-derived 395R-G409 did not interact with bovine erythrocytes whilst 46F-A60 and 453Y-V467 peptides were not considered for peptide-cell interaction assays given their polymorphic nature (Figure 1b). Due to the above and given that a suitable vaccine candidate must be involved in protein-receptor interaction and avoid an allele-specific immune response [41], it could be suggested that peptides 42437, 42438, and 42443 are promising candidates for evaluating their usefulness as synthetic vaccine components.



It was found that binding was significantly reduced by chymotrypsin treatment for the three HABPs, and by sialic acid residue excision when using neuraminidase for peptides 42437 and 42443 (Figure 2b,c). This profile was similar to that reported for the HABP found in PvAMA-1-DI-II (21270) but different for recombinant PfAMA-1-DIII (trypsin sensitive and sialic acid independent) [42] and B. divergens and B. microti native AMA-1 (trypsin and chymotrypsin sensitive but neuraminidases resistant) [22,23], suggesting that AMA-1 could interact with distinct receptors depending on the target cell, despite being conserved within the Apicomplexa phylum. Interestingly, it has also been reported that B. bovis invasion in vitro is mainly affected by neuraminidase treatment (77.5 ± 2.5% inhibition), followed by chymotrypsin (33 ± 7.7% inhibition) and trypsin (26 ± 2.2% inhibition) [43]. The erythrocyte invasion process is complex and involves at least an initial step of recognition, following the re-orientation and formation of a tight junction between the parasite and the erythrocyte. All these steps require a coordinated secretion of proteins derived from the apical organelles, AMA-1, being secreted to establish the tight junction [9,13]. It is thus possible that although B. bovis invasion to bovine erythrocytes could mainly be sialic acid residue-mediated, the parasite attachment to cells through AMA-1 occurs with a protein nature receptor just before tight junction formation. This is consistent with the AMA-1 peptides’ enzyme profile given that some of them could interact with the receptor’s backbone whilst others interacted with sialic acid residues (Figure 2b). Therefore, and taking into account the reported role of glycophorins A and B in Babesia invasion [44,45], it can be suggested that the B. bovis AMA-1 receptor is a sialoglycoprotein; however, further assays are required to confirm such hypothesis.



B. bovis AMA-1 target cell HABPs were compared to those from other Apicomplexan parasites known to invade RBC, such as P. falciparum and P. vivax (Figure S2). Interestingly, peptide 42438 had 61.9% similarity with a HABP found in P. falciparum (4313: 134DAEVAGTQYRLPSGKCPVFG153) and 43.5% for that found in P. vivax (21270: 81EVENAKYRIPAGRCPVFGKG100) whilst peptide 42443 had 55% similarity with that found in PfAMA-1 (consisting of HABP 4321- (294VVDNWEKVCPRKNLQNAKFGY313) and 4322- (314LWVDGNCEDIPHVNEFSAIDY333) derived regions). It has been reported that peptide 4313 was able to inhibit P. falciparum invasion of erythrocytes by 72% [16] whilst peptide 21270 inhibited recombinant PvAMA-1-DI-II interaction with human reticulocytes [10]. Such finding supported the idea that B. bovis AMA-1-derived 42438 peptide could play a critical role in target cell binding.



Since B. bovis AMA-1 have failed to stimulate protective immunity [27,28], identifying novel highly conserved regions having the potential to be B- or T-cell epitopes may prove important for effective vaccine development. Interestingly, the DI region where the 42437 and 42438 peptides are located (Figure 3a-d) had two regions which could be B-cell epitopes and another three having high potential to be processed and presented to several BoLA-DR molecules (Figure 3e). It has been suggested that immune control against this pathogen relies mainly on MHC class II–restricted CD4+ T-helper cell responses due to the lack of a nucleated cell stage in the B. bovis lifecycle in the vertebrate host [31,33]; antigens inducing this type of response can activate macrophages and stimulate the production of neutralising and opsonising antibodies (nAbs) in cattle, thus protecting against B. bovis challenge. Characteristics found in peptides 42437 and 42438 regarding their conservation and selective landscape, as well as their binding properties and potential B- and T-cell epitope regions highlight them as potential candidates for the development of a synthetic vaccine against B. bovis. Future studies evaluating the peptides’ ability to induce a protective immune response could contribute towards confirming such hypothesis.




4. Materials and Methods


4.1. Predicting B. bovis Ama-1 Functional Constraint Regions


Nucleotide sequences from B. bovis isolates from Thailand: Chiang Mai (accession numbers KY575955, KY575956, KY575957), Sri Lanka: Polonnaruwa, Ampara and Jaffna (AB787632, AB787633, AB787634, AB787635, AB787636, AB787637), Israel: Bet-Dagan (AY486101, KX196262, KX196263), Brazil: Northeast, North, Southeast, South and Midwest regions (FJ588024, FJ588025, FJ588026, FJ588027, FJ588028) and the United States: MD, Rockville (XM_001610993), along with phylogenetically close species B. orientalis (KJ196379), B. xinjiang (XP_028870051), B. bigemina (PiroplasmaDB ID: BBBOND_0109200), B. ovata (PiroplasmaDB ID: BOVATA_017080) and B. divergens (PiroplasmaDB ID: Bdiv_023990c), were retrieved from the NCBI GenBank [46] or PiroplasmaDB sequence databases (Release 46 6 Nov 2019) [47]. Deduced aa sequences were aligned using MUSCLE [48] and PROMALS3D [49] multiple sequence and structure alignment servers; The MergeAlign algorithm [50] was used for constructing a consensus alignment which was manually adjusted, based on profile-profile comparisons and secondary and tertiary structure information. The HHpred server [51] was used for profile-profile comparisons and TranslatorX [52] was used for obtaining final codon alignment.



Several methods were used for evaluating natural selection action on the ama-1 locus. The McDonald–Kreitman test was used for comparing polymorphism and divergence patterns, using a web server [53]. MEGA X [54] was used for calculating the ratio of nonsynonymous substitutions per nonsynonymous site to synonymous substitutions per synonymous site (dN/dS) with the modified Nei-Gojobori method and Jukes-Cantor correction, using the Z-test for evaluating significance. DnaSP v.6 [55] DNA polymorphism analysis software was used for calculating the dN/dS ratio regarding alignments using a sliding window with the Nei-Gojobori method and Jukes-Cantor correction [56]. Phylogeny was inferred by maximum likelihood using the MEGA X sequence alignment tool [54], showing that the sequence dataset was divergent enough for confidently evaluating natural selection signals (8.1 expected substitutions per codon along the tree and 0.9 substitutions per codon average branch length) [57]. The Datamonkey web server [58] was used for identifying lineages under episodic diversifying selection (Branch-site REL method [59]) and potential recombination breakpoints (GARD method). Codons under negative and positive selection were inferred using maximum likelihood (FEL, SLAC, REL [60], FUBAR [61]) and Bayesian methods (MEME [62]), taking <0.1 p-value (FEL, SLAC and MEME), >0.9 posterior probability (FUBAR) or >50 Bayes factor (REL) as significant.




4.2. B. bovis AMA-1 Peptide Selection, Synthesis and Radiolabelling


Peptide selection was based on the degree of conservation and the presence of functionally constricted regions found throughout B. bovis ama-1 gene. Twelve peptides were synthesised using the tert-butoxycarbonyl (t-Boc) strategy and solid-phase synthesis methodology [63]. Cysteine residues were replaced by serine residue to avoid oxidation; a tyrosine residue was added to peptides lacking one in their native sequences to enable radiolabelling. The peptides were analysed using reversed-phase high-performance liquid chromatography (RP-HPLC) and MALDI-TOF mass spectrometry (Bruker Daltonics) after having been cleaved by the low–high hydrogen fluoride technique. Every peptide (10 μL) diluted at 1mg/mL in 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid buffered saline (HBS) was individually radiolabelled for 15 min using 3 μL Na125I (100 mCi/mL; ARC) and 15 μL chloramine T (2.75 mg/mL). After halting the reaction with 15 μL sodium metabisulfite (2.25 mg/mL), each peptide was purified by size exclusion chromatography using Sephadex G-10 columns (Pharmacia). A gamma counter (Packard Cobra II) was used for measuring/quantifying single samples’ radioactivity.




4.3. Blood Collection and Animal Handling


A blood sample was obtained by jugular venepuncture from a clinically healthy Normande 18month-old bull and collected in anticoagulant tubes. The animal was properly restrained/fastened and then its head was secured by a strap and rope. After locating the external jugular vein and applying pressure, the area was disinfected with ethanol for inserting the needle at a 30° angle and 20 mL blood samples were collected in tubes containing sodium citrate using the closed system. The above procedures and animal maintenance and handling were carried out at the Remanso farm, according to guidelines for the care of large animals established by Universidad de Ciencias Aplicadas y Ambientales (U.D.C.A)’s ethics committee (regulated by agreement No. 285/2008) using the protocol described in the minute 201901. The collected blood was washed thrice with HBS (1:1 ratio) to eliminate the sera and the leucocyte layer by spinning at 1600× g for 5 min for each run. A 60% erythrocyte solution was incubated at 37 °C for 1h 30 min with trypsin (1 mg/mL), chymotrypsin (1 mg/mL) and neuraminidase (100 μU/mL). After three washes using 250× g for 3 min, 4 × 105 erythrocytes were incubated with 5 μM Calcein M at 37 °C for 45 min in the dark. An assay was carried out with erythrocytes treated at 37 °C for 30 min or with 0.05% or 0.005% triton X-100 for 15 min at room temperature (RT) for using them as cell lysis controls. A FACSC Canto II cytometer (BD) was used for determining cell viability by analysing 100,000 events.




4.4. Radiolabelled Peptide Bovine Erythrocyte Binding Assays and Dissociation Constants


The assays for every B. bovis AMA-1-derived synthetic peptide binding to bovine erythrocytes were carried out as described for P. falciparum, with some modifications [10]. Briefly, initial binding was screened in triplicate by incubating 7.5 × 107 normal cells for 2 h at RT with increasing concentrations of each radiolabelled peptide (20–200 nM) in the absence (total binding) or presence (nonspecific binding) of the same non-radiolabelled peptide (20 μM) at 200 μL final volume. A similar binding assay was done with enzymatically-treated cells for 1 h at 37 °C without shaking. HABP bovine erythrocyte binding selection criteria were determined according to that established for P. falciparum [30]. Briefly, the Ka.r = [b]/[l] equation was used, where Ka is the association constant, r the receptor sites, b bound ligand and l free ligand. The [b]/[l] ratio is the binding activity, represented by the slope (m) of the specific binding curve. Peptides having a specific binding curve greater than or equal to 0.01 (1%) (0.010pmol bound peptide/pmol added peptide) were considered HABPs.




4.5. Saturation Assays


Modified binding assays were carried out to determine kinetic constants associated with B. bovis AMA-1 HABP binding interaction with bovine RBCs. Briefly, 7.5 × 107 RBCs were incubated with a wide range of concentrations of each radiolabelled HABP (0–6000 nM) in the absence or presence of unlabelled peptide (~26 μM) at final 245 μL volume. Samples were incubated for 90 min at RT and then washed twice with HBS before measuring cell-associated radioactivity on a gamma counter. Equilibrium dissociation constants (kD), equivalent to the ligand concentration (moles/litre) occupying half of the receptors, were calculated by equilibrium phase curve (using a 1:1 interaction model). Hill coefficients (nH) were calculated by taking saturation results; positive cooperativity was assumed if nH had values higher than 1 which could have been the result of a binding site’s increased affinity due to a ligand’s previous binding to another site. Conversely, nH values lower than 1 would have indicated negative cooperativity (also called antagonism) and the first ligand molecule’s binding would have reduced the probability of a second molecule binding [64].




4.6. Receptor Identification by Cross-Linking


Cross-linking assays were used in triplicate for evaluating B. bovis AMA-1 interaction with any membrane receptor. The assay consisted of incubating radiolabelled peptide with 7.5 × 107 bovine erythrocytes (v/v) at RT for 2 h at 4 rpm. A competition assay was used as control using an excess of non-radiolabelled peptide. The mixture was incubated for two hours at RT with 0.4 µg/mL bis(sulphosuccinimidyl) suberate (BS3) and then washed thrice with HBS. The cells were then lysed in 30 µL lysis buffer (15 µL buffer A (50 mM Tris-HCl, 100 mM NaCl and 0.1 mM EDTA) and 15 µL buffer B (0.5 M Tris-HCl, 10% SDS (w/v), 25% glycerol, 0.5% (w/v) bromophenol blue and 50μL β-mercaptoethanol, pH 6.8)) and spun at 14,000× g for 10 min. SDS-PAGE was used for separating the proteins and radioactivity signals were observed by autoradiography. Radiolabelled peptide 43437 (1 µM) binding competition assay involved using different non-radiolabelled peptide 42438 concentrations (0–160 µM).




4.7. B. bovis AMA-1 Ectoplasmic Region Structural Modelling and B- and T-Cell Epitope Prediction


MODELLER 9.25 protein structure modelling software [65,66,67] was used for modelling undetermined loops and refining them in the available crystallographic structure for the B. divergens ectoplasmic region (PDB:4APM). NAMD 2.12 parallel molecular dynamics software using CHARMM36 protein force field [68] and an isothermal/isobaric assembly (P = 1 atm, T = 273K) with the TIP3 solvation model [69] were used for refining the structure by 0.25 ns energy minimisation, followed by 1.0 ns molecular dynamics and 0.25 final minimisation. SCWRL4 protein side-chain conformation prediction software [70] was used for making the necessary substitutions in this structure to create a B. bovis AMA-1 ectodomain model, using the T2Bo sequence (XM_001610993.1) as reference (see alignment in Figure S3, panel b). The same refinement procedure described for B. divergens was then used. The models’ quality was evaluated using MOLPROBITY structure-validation software and Qualitative Model Energy ANalysis (QMEAN4) scores [71,72]. The final model for each molecule was visualised using VMD 1.9.3 molecular visualisation software [73] to detect B. bovis AMA-1 peptides having higher than 1% binding. PolyView image viewer and editor [74] was used for calculating each aa’s secondary structure annotation, physical-chemical profile and relative accessibility to solvent.



The BepiPred-2.0 [75] server was used for predicting B-cell epitopes, using a 0.56 epitope threshold. NetMHCIIpan 4.0 software [76] was used for predicting T-cell epitopes, using the context encoding option for predicting peptide elution affinities for BoLA-DR molecules. An ad-hoc version of the predictor was used for estimating peptide binding for previously reported 135 BoLA-DR molecules [77]. The percentile rank distribution for each peptide size/BoLA-DR was produced using a set of 200,000 non-redundant random UnitProtKB/Swiss-Prot derived peptides [78]. The threshold for a strong binder was ≤2% rank and >2% to ≤10% rank for weak binders.





5. Conclusions


Novel findings on B. bovis AMA-1 minimum regions participating in bovine erythrocyte interaction have been reported for the first time in this study. B. bovis AMA-1 has three regions (peptides 42437, 42438 and 42443) under selective pressure which participate in high-affinity binding to erythrocytes via a receptor containing sialic acid residues. Given that peptides 42437 and 42438 were highly conserved amongst B. bovis strains, had bovine erythrocyte binding properties, were surface exposed and consisted of B- and T-cell epitopes, they are attractive for designing a synthetic vaccine against B. bovis. Future work should be focused on evaluating 42437 and 42438 Abs capability for blocking B. bovis AMA-1 binding to bovine erythrocytes and their correlation in in vitro invasion inhibition assays.








Supplementary Materials


The following are available online at https://www.mdpi.com/1422-0067/22/2/714/s1.





Author Contributions


Conceptualisation, D.A.M.-P. and G.A.-P.; methodology, L.C.-C., J.J.C.-R., D.O., G.M.G.-L., L.P. and C.E.S.; formal analysis, D.A.M.-P., G.A.-P., M.D.B., C.F.S., G.M.G.-L., L.P. and C.E.S.; data curation, M.D.B. and C.F.S.; writing—original draft preparation, L.C.-C., M.D.B. and C.F.S.; writing—review and editing, D.A.M.-P., G.A.-P, C.E.S. and M.A.P.; project administration, D.A.M.-P., G.A.-P. and M.A.P.; funding acquisition, M.A.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundación Instituto de Inmunología de Colombia (FIDIC).




Institutional Review Board Statement


The study was conducted according to the guidelines for the care of large animals established by U.D.C.A.’s research ethics committee, using the protocol described in the minute No. 20190.




Informed Consent Statement


Not applicable for studies not involving humans.




Data Availability Statement


The data presented in this study are available within the article and in the supplementary material.




Acknowledgments


We would like to thank Jason Garry for translating the manuscript.




Conflicts of Interest


The authors declare that the research was not financed by any commercial or financial relationship that could be construed as a potential conflict of interest.




Abbreviations




	AMA-1
	apical membrane antigen 1



	RON
	rhoptry neck protein



	TRAP
	thrombospondin-related anonymous protein



	RAP1
	rhoptry-associated protein 1



	HABPs
	high activity binding peptides



	RBC
	red blood cells



	D
	domain







References


	



Hurtado, O.J.B.; Giraldo-Ríos, C. Economic and Health Impact of the Ticks in Production Animals, Ticks and Tick-Borne Pathogens; IntechOpen: London, UK, 2018; pp. 1–19. [Google Scholar]

	



Homer, M.J.; Aguilar-Delfin, I.; Telford, S.R., 3rd; Krause, P.J.; Persing, D.H. Babesiosis. Clin. Microbiol. Rev. 2000, 13, 451–469. [Google Scholar] [CrossRef] [PubMed]

	



Florin-Christensen, M.; Suarez, C.E.; Rodriguez, A.E.; Flores, D.A.; Schnittger, L. Vaccines against bovine babesiosis: Where we are now and possible roads ahead. Parasitology 2014, 141, 1563. [Google Scholar] [CrossRef] [PubMed]

	



Lew-Tabor, A.E.; Rodriguez Valle, M. A review of reverse vaccinology approaches for the development of vaccines against ticks and tick borne diseases. Ticks Tick Borne Dis. 2016, 7, 573–585. [Google Scholar] [CrossRef] [PubMed]

	



Patarroyo, M.E.; Bermudez, A.; Alba, M.P.; Vanegas, M.; Moreno-Vranich, A.; Poloche, L.A.; Patarroyo, M.A. IMPIPS: The immune protection-inducing protein structure concept in the search for steric-electron and topochemical principles for complete fully-protective chemically synthesised vaccine development. PLoS ONE 2015, 10, e0123249. [Google Scholar] [CrossRef] [PubMed]

	



Carruthers, V.B.; Tomley, F.M. Microneme proteins in apicomplexans. Subcell. Biochem. 2008, 47, 33–45. [Google Scholar] [PubMed]

	



Kemp, L.E.; Yamamoto, M.; Soldati-Favre, D. Subversion of host cellular functions by the apicomplexan parasites. FEMS Microbiol. Rev. 2013, 37, 607–631. [Google Scholar] [CrossRef] [PubMed]

	



Remarque, E.J.; Faber, B.W.; Kocken, C.H.; Thomas, A.W. Apical membrane antigen 1: A malaria vaccine candidate in review. Trends Parasitol. 2008, 24, 74–84. [Google Scholar] [CrossRef]

	



Alexander, D.L.; Mital, J.; Ward, G.E.; Bradley, P.; Boothroyd, J.C. Identification of the moving junction complex of Toxoplasma gondii: A collaboration between distinct secretory organelles. PLoS Pathog. 2005, 1, e17. [Google Scholar] [CrossRef]

	



Arevalo-Pinzon, G.; Bermudez, M.; Hernandez, D.; Curtidor, H.; Patarroyo, M.A. Plasmodium vivax ligand-receptor interaction: PvAMA-1 domain I contains the minimal regions for specific interaction with CD71+ reticulocytes. Sci. Rep. 2017, 7, 9616. [Google Scholar] [CrossRef]

	



Baum, J.; Cowman, A.F. Biochemistry. Revealing a parasite’s invasive trick. Science 2011, 333, 410–411. [Google Scholar] [CrossRef]

	



Guerin, A.; Corrales, R.M.; Parker, M.L.; Lamarque, M.H.; Jacot, D.; El Hajj, H.; Soldati-Favre, D.; Boulanger, M.J.; Lebrun, M. Efficient invasion by Toxoplasma depends on the subversion of host protein networks. Nat. Microbiol. 2017, 2, 1358–1366. [Google Scholar] [CrossRef] [PubMed]

	



Richard, D.; MacRaild, C.A.; Riglar, D.T.; Chan, J.A.; Foley, M.; Baum, J.; Ralph, S.A.; Norton, R.S.; Cowman, A.F. Interaction between Plasmodium falciparum apical membrane antigen 1 and the rhoptry neck protein complex defines a key step in the erythrocyte invasion process of malaria parasites. J. Biol. Chem. 2010, 285, 14815–14822. [Google Scholar] [CrossRef] [PubMed]

	



Mital, J.; Meissner, M.; Soldati, D.; Ward, G.E. Conditional expression of Toxoplasma gondii apical membrane antigen-1 (TgAMA1) demonstrates that TgAMA1 plays a critical role in host cell invasion. Mol. Biol. Cell 2005, 16, 4341–4349. [Google Scholar] [CrossRef] [PubMed]

	



Yap, A.; Azevedo, M.F.; Gilson, P.R.; Weiss, G.E.; O’Neill, M.T.; Wilson, D.W.; Crabb, B.S.; Cowman, A.F. Conditional expression of apical membrane antigen 1 in Plasmodium falciparum shows it is required for erythrocyte invasion by merozoites. Cell. Microbiol. 2014, 16, 642–656. [Google Scholar] [CrossRef]

	



Urquiza, M.; Suarez, J.E.; Cardenas, C.; Lopez, R.; Puentes, A.; Chavez, F.; Calvo, J.C.; Patarroyo, M.E. Plasmodium falciparum AMA-1 erythrocyte binding peptides implicate AMA-1 as erythrocyte binding protein. Vaccine 2000, 19, 508–513. [Google Scholar] [CrossRef]

	



Cubillos, M.; Salazar, L.M.; Torres, L.; Patarroyo, M.E. Protection against experimental P. falciparum malaria is associated with short AMA-1 peptide analogue alpha-helical structures. Biochimie 2002, 84, 1181–1188. [Google Scholar] [CrossRef]

	



Salazar, L.M.; Alba, M.P.; Torres, M.H.; Pinto, M.; Cortes, X.; Torres, L.; Patarroyo, M.E. Protection against experimental malaria associated with AMA-1 peptide analogue structures. FEBS Lett. 2002, 527, 95–100. [Google Scholar] [CrossRef]

	



He, L.; Fan, L.; Hu, J.; Miao, X.; Huang, Y.; Zhou, Y.; Hu, M.; Zhao, J. Characterisation of a Babesia orientalis apical membrane antigen, and comparison of its orthologues among selected apicomplexans. Ticks Tick Borne Dis. 2015, 6, 290–296. [Google Scholar] [CrossRef]

	



Torina, A.; Cordaro, A.; Blanda, V.; D’Agostino, R.; Scimeca, S.; Scariano, M.E.; Sireci, G.; Lelli, R. A promising new ELISA diagnostic test for cattle babesiosis based on Babesia bigemina Apical Membrane Antigen-1. Vet. Ital. 2016, 52, 63–69. [Google Scholar]

	



Zhou, J.; Yang, J.; Zhang, G.; Nishikawa, Y.; Fujisaki, K.; Xuan, X. Babesia gibsoni: An apical membrane antigen-1 homologue and its antibody response in the infected dogs. Exp. Parasitol. 2006, 114, 329–333. [Google Scholar] [CrossRef]

	



Moitra, P.; Zheng, H.; Anantharaman, V.; Banerjee, R.; Takeda, K.; Kozakai, Y.; Lepore, T.; Krause, P.J.; Aravind, L.; Kumar, S. Expression, Purification, and Biological Characterization of Babesia microti Apical Membrane Antigen 1. Infect. Immun. 2015, 83, 3890–3901. [Google Scholar] [CrossRef] [PubMed]

	



Montero, E.; Rodriguez, M.; Oksov, Y.; Lobo, C.A. Babesia divergens apical membrane antigen 1 and its interaction with the human red blood cell. Infect. Immun. 2009, 77, 4783–4793. [Google Scholar] [CrossRef] [PubMed]

	



Bilgic, H.B.; Hacilarlioglu, S.; Bakirci, S.; Kose, O.; Unlu, A.H.; Aksulu, A.; Pekagirbas, M.; Ahmed, J.; Deschermeier, C.; Langley, G.; et al. Comparison of protectiveness of recombinant Babesia ovis apical membrane antigen 1 and B. ovis-infected cell line as vaccines against ovine babesiosis. Ticks Tick Borne Dis. 2020, 11, 101280. [Google Scholar] [CrossRef] [PubMed]

	



AbouLaila, M.; Terkawi, M.; Menshawy, S.; Yokoyama, N.; Igarashi, I. Identification, Characterization, and Protective Effect of the Apical Membrane Antigen-1 (AMA-1) Homolog from the Argentina Strain of Babesia bigemina. Ann. Clin. Investig. 2019, 1, 1001. [Google Scholar]

	



Rittipornlertrak, A.; Nambooppha, B.; Simking, P.; Punyapornwithaya, V.; Tiwananthagorn, S.; Jittapalapong, S.; Chung, Y.T.; Sthitmatee, N. Low levels of genetic diversity associated with evidence of negative selection on the Babesia bovis apical membrane antigen 1 from parasite populations in Thailand. Infect. Genet. Evol. 2017, 54, 447–454. [Google Scholar] [CrossRef]

	



Gaffar, F.R.; Yatsuda, A.P.; Franssen, F.F.; de Vries, E. Erythrocyte invasion by Babesia bovis merozoites is inhibited by polyclonal antisera directed against peptides derived from a homologue of Plasmodium falciparum apical membrane antigen 1. Infect. Immun. 2004, 72, 2947–2955. [Google Scholar] [CrossRef]

	



Salama, A.A.; Terkawi, M.A.; Kawai, S.; Aboulaila, M.; Nayel, M.; Mousa, A.; Zaghawa, A.; Yokoyama, N.; Igarashi, I. Specific antibody to a conserved region of Babesia apical membrane antigen-1 inhibited the invasion of B. bovis into the erythrocyte. Exp. Parasitol. 2013, 135, 623–628. [Google Scholar] [CrossRef]

	



Tonkin, M.L.; Crawford, J.; Lebrun, M.L.; Boulanger, M.J. Babesia divergens and Neospora caninum apical membrane antigen 1 structures reveal selectivity and plasticity in apicomplexan parasite host cell invasion. Protein Sci. 2013, 22, 114–127. [Google Scholar] [CrossRef]

	



Urquiza, M.; Rodriguez, L.E.; Suarez, J.E.; Guzman, F.; Ocampo, M.; Curtidor, H.; Segura, C.; Trujillo, E.; Patarroyo, M.E. Identification of Plasmodium falciparum MSP-1 peptides able to bind to human red blood cells. Parasite Immunol. 1996, 18, 515–526. [Google Scholar] [CrossRef]

	



Brown, W.C.; Logan, K.S.; Zhao, S.; Bergman, D.K.; Rice-Ficht, A.C. Identification of Babesia bovis merozoite antigens separated by continuous-flow electrophoresis that stimulate proliferation of helper T-cell clones derived from B. bovis-immune cattle. Infect. Immun. 1995, 63, 3106–3116. [Google Scholar] [CrossRef]

	



Brown, W.C.; Norimine, J.; Knowles, D.P.; Goff, W.L. Immune control of Babesia bovis infection. Vet. Parasitol. 2006, 138, 75–87. [Google Scholar] [CrossRef] [PubMed]

	



Stich, R.W.; Rice-Ficht, A.C.; Tuo, W.; Brown, W.C. Babesia bovis: Common protein fractions recognized by oligoclonal B. bovis-specific CD4+ T cell lines from genetically diverse cattle. Exp. Parasitol. 1999, 91, 40–51. [Google Scholar] [CrossRef]

	



Terkawi, M.A.; Ratthanophart, J.; Salama, A.; AbouLaila, M.; Asada, M.; Ueno, A.; Alhasan, H.; Guswanto, A.; Masatani, T.; Yokoyama, N.; et al. Molecular characterization of a new Babesia bovis thrombospondin-related anonymous protein (BbTRAP2). PLoS ONE 2013, 8, e83305. [Google Scholar] [CrossRef] [PubMed]

	



Yokoyama, N.; Suthisak, B.; Hirata, H.; Matsuo, T.; Inoue, N.; Sugimoto, C.; Igarashi, I. Cellular localization of Babesia bovis merozoite rhoptry-associated protein 1 and its erythrocyte-binding activity. Infect. Immun. 2002, 70, 5822–5826. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, R. Molecular signatures of natural selection. Annu. Rev. Genet. 2005, 39, 197–218. [Google Scholar] [CrossRef]

	



Camargo-Ayala, P.A.; Garzon-Ospina, D.; Moreno-Perez, D.A.; Ricaurte-Contreras, L.A.; Noya, O.; Patarroyo, M.A. On the Evolution and Function of Plasmodium vivax Reticulocyte Binding Surface Antigen (PvRBSA). Front. Genet. 2018, 9, 372. [Google Scholar] [CrossRef] [PubMed]

	



Treeck, M.; Zacherl, S.; Herrmann, S.; Cabrera, A.; Kono, M.; Struck, N.S.; Engelberg, K.; Haase, S.; Frischknecht, F.; Miura, K.; et al. Functional analysis of the leading malaria vaccine candidate AMA-1 reveals an essential role for the cytoplasmic domain in the invasion process. PLoS Pathog. 2009, 5, e1000322. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Barinas, C.D.; Ocampo, M.; Tabares, L.; Bermudez, M.; Patarroyo, M.A.; Patarroyo, M.E. Specific Binding Peptides from Rv3632: A Strategy for Blocking Mycobacterium tuberculosis Entry to Target Cells? BioMed Res. Int. 2019, 2019, 8680935. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, T.S.; Kappe, S.H.; Narum, D.L.; VanBuskirk, K.M.; Adams, J.H. Erythrocyte-binding activity of Plasmodium yoelii apical membrane antigen-1 expressed on the surface of transfected COS-7 cells. Mol. Biochem. Parasitol. 2001, 117, 49–59. [Google Scholar] [CrossRef]

	



Takala, S.L.; Plowe, C.V. Genetic diversity and malaria vaccine design, testing and efficacy: Preventing and overcoming ‘vaccine resistant malaria’. Parasite Immunol. 2009, 31, 560–573. [Google Scholar] [CrossRef]

	



Kato, K.; Mayer, D.C.; Singh, S.; Reid, M.; Miller, L.H. Domain III of Plasmodium falciparum apical membrane antigen 1 binds to the erythrocyte membrane protein Kx. Proc. Natl. Acad. Sci. USA 2005, 102, 5552–5557. [Google Scholar] [CrossRef] [PubMed]

	



Gaffar, F.R.; Franssen, F.F.; de Vries, E. Babesia bovis merozoites invade human, ovine, equine, porcine and caprine erythrocytes by a sialic acid-dependent mechanism followed by developmental arrest after a single round of cell fission. Int. J. Parasitol. 2003, 33, 1595–1603. [Google Scholar] [CrossRef]

	



Cursino-Santos, J.R.; Halverson, G.; Rodriguez, M.; Narla, M.; Lobo, C.A. Identification of binding domains on red blood cell glycophorins for Babesia divergens. Transfusion 2014, 54, 982–989. [Google Scholar] [CrossRef] [PubMed]

	



Lobo, C.A. Babesia divergens and Plasmodium falciparum use common receptors, glycophorins A and B, to invade the human red blood cell. Infect. Immun. 2005, 73, 649–651. [Google Scholar] [CrossRef] [PubMed]

	



Sayers, E.W.; Beck, J.; Brister, J.R.; Bolton, E.E.; Canese, K.; Comeau, D.C.; Funk, K.; Ketter, A.; Kim, S.; Kimchi, A.; et al. Database resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2020, 48, D9–D16. [Google Scholar] [CrossRef] [PubMed]

	



Aurrecoechea, C.; Brestelli, J.; Brunk, B.P.; Fischer, S.; Gajria, B.; Gao, X.; Gingle, A.; Grant, G.; Harb, O.S.; Heiges, M.; et al. EuPathDB: A portal to eukaryotic pathogen databases. Nucleic Acids Res. 2010, 38, D415–D419. [Google Scholar] [CrossRef]

	



Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32, 1792–1797. [Google Scholar] [CrossRef]

	



Pei, J.; Kim, B.H.; Grishin, N.V. PROMALS3D: A tool for multiple protein sequence and structure alignments. Nucleic Acids Res. 2008, 36, 2295–2300. [Google Scholar] [CrossRef]

	



Collingridge, P.W.; Kelly, S. MergeAlign: Improving multiple sequence alignment performance by dynamic reconstruction of consensus multiple sequence alignments. BMC Bioinform. 2012, 13, 117. [Google Scholar] [CrossRef] [PubMed]

	



Soding, J.; Biegert, A.; Lupas, A.N. The HHpred interactive server for protein homology detection and structure prediction. Nucleic Acids Res. 2005, 33, W244–W248. [Google Scholar] [CrossRef]

	



Abascal, F.; Zardoya, R.; Telford, M.J. TranslatorX: Multiple alignment of nucleotide sequences guided by amino acid translations. Nucleic Acids Res. 2010, 38, W7–W13. [Google Scholar] [CrossRef] [PubMed]

	



Egea, R.; Casillas, S.; Barbadilla, A. Standard and generalized McDonald-Kreitman test: A website to detect selection by comparing different classes of DNA sites. Nucleic Acids Res. 2008, 36, W157–W162. [Google Scholar] [CrossRef]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef] [PubMed]

	



Rozas, J.; Ferrer-Mata, A.; Sanchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sanchez-Gracia, A. DnaSP 6: DNA Sequence Polymorphism Analysis of Large Data Sets. Mol. Biol. Evol. 2017, 34, 3299–3302. [Google Scholar] [CrossRef] [PubMed]

	



Nei, M.; Gojobori, T. Simple methods for estimating the numbers of synonymous and nonsynonymous nucleotide substitutions. Mol. Biol. Evol. 1986, 3, 418–426. [Google Scholar] [PubMed]

	



Anisimova, M.; Bielawski, J.P.; Yang, Z. Accuracy and power of bayes prediction of amino acid sites under positive selection. Mol. Biol. Evol. 2002, 19, 950–958. [Google Scholar] [CrossRef] [PubMed]

	



Delport, W.; Poon, A.F.; Frost, S.D.; Kosakovsky Pond, S.L. Datamonkey 2010: A suite of phylogenetic analysis tools for evolutionary biology. Bioinformatics 2010, 26, 2455–2457. [Google Scholar] [CrossRef] [PubMed]

	



Kosakovsky Pond, S.L.; Murrell, B.; Fourment, M.; Frost, S.D.; Delport, W.; Scheffler, K. A random effects branch-site model for detecting episodic diversifying selection. Mol. Biol. Evol. 2011, 28, 3033–3043. [Google Scholar] [CrossRef] [PubMed]

	



Kosakovsky Pond, S.L.; Frost, S.D. Not so different after all: A comparison of methods for detecting amino acid sites under selection. Mol. Biol. Evol. 2005, 22, 1208–1222. [Google Scholar] [CrossRef] [PubMed]

	



Murrell, B.; Moola, S.; Mabona, A.; Weighill, T.; Sheward, D.; Kosakovsky Pond, S.L.; Scheffler, K. FUBAR: A fast, unconstrained bayesian approximation for inferring selection. Mol. Biol. Evol. 2013, 30, 1196–1205. [Google Scholar] [CrossRef] [PubMed]

	



Murrell, B.; Wertheim, J.O.; Moola, S.; Weighill, T.; Scheffler, K.; Kosakovsky Pond, S.L. Detecting individual sites subject to episodic diversifying selection. PLoS Genet. 2012, 8, e1002764. [Google Scholar] [CrossRef] [PubMed]

	



Houghten, R.A. General method for the rapid solid-phase synthesis of large numbers of peptides: Specificity of antigen-antibody interaction at the level of individual amino acids. Proc. Natl. Acad. Sci. USA 1985, 82, 5131–5135. [Google Scholar] [CrossRef] [PubMed]

	



Cattoni, D.I.; Chara, O.; Kaufman, S.B.; Gonzalez Flecha, F.L. Cooperativity in Binding Processes: New Insights from Phenomenological Modeling. PLoS ONE 2015, 10, e0146043. [Google Scholar] [CrossRef] [PubMed]

	



Fiser, A.; Do, R.K.; Sali, A. Modeling of loops in protein structures. Protein Sci. 2000, 9, 1753–1773. [Google Scholar] [CrossRef]

	



Sali, A.; Blundell, T.L. Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol. 1993, 234, 779–815. [Google Scholar] [CrossRef]

	



Webb, B.; Sali, A. Protein Structure Modeling with MODELLER. Methods Mol. Biol. 2017, 1654, 39–54. [Google Scholar]

	



Huang, J.; MacKerell, A.D., Jr. CHARMM36 all-atom additive protein force field: Validation based on comparison to NMR data. J. Comput. Chem. 2013, 34, 2135–2145. [Google Scholar] [CrossRef]

	



Jorgensen, W.; Chandrasekhar, J.; Madura, J. Comparison of simple potential functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [Google Scholar] [CrossRef]

	



Krivov, G.G.; Shapovalov, M.V.; Dunbrack, R.L., Jr. Improved prediction of protein side-chain conformations with SCWRL4. Proteins 2009, 77, 778–795. [Google Scholar] [CrossRef]

	



Benkert, P.; Biasini, M.; Schwede, T. Toward the estimation of the absolute quality of individual protein structure models. Bioinformatics 2011, 27, 343–350. [Google Scholar] [CrossRef]

	



Williams, C.J.; Headd, J.J.; Moriarty, N.W.; Prisant, M.G.; Videau, L.L.; Deis, L.N.; Verma, V.; Keedy, D.A.; Hintze, B.J.; Chen, V.B.; et al. MolProbity: More and better reference data for improved all-atom structure validation. Protein Sci. 2018, 27, 293–315. [Google Scholar] [CrossRef] [PubMed]

	



Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [Google Scholar] [CrossRef]

	



Porollo, A.A.; Adamczak, R.; Meller, J. POLYVIEW: A flexible visualization tool for structural and functional annotations of proteins. Bioinformatics 2004, 20, 2460–2462. [Google Scholar] [CrossRef] [PubMed]

	



Jespersen, M.C.; Peters, B.; Nielsen, M.; Marcatili, P. BepiPred-2.0: Improving sequence-based B-cell epitope prediction using conformational epitopes. Nucleic Acids Res. 2017, 45, W24–W29. [Google Scholar] [CrossRef]

	



Reynisson, B.; Barra, C.; Kaabinejadian, S.; Hildebrand, W.H.; Peters, B.; Nielsen, M. Improved Prediction of MHC II Antigen Presentation through Integration and Motif Deconvolution of Mass Spectrometry MHC Eluted Ligand Data. J. Proteome Res. 2020, 19, 2304–2315. [Google Scholar] [CrossRef]

	



Maccari, G.; Robinson, J.; Ballingall, K.; Guethlein, L.A.; Grimholt, U.; Kaufman, J.; Ho, C.S.; de Groot, N.G.; Flicek, P.; Bontrop, R.E.; et al. IPD-MHC 2.0: An improved inter-species database for the study of the major histocompatibility complex. Nucleic Acids Res. 2017, 45, D860–D864. [Google Scholar] [CrossRef]

	



UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506–D515. [CrossRef]








[image: Ijms 22 00714 g001 550] 





Figure 1. B. bovis AMA-1 peptide selection and binding to bovine erythrocytes. (a) The sliding window showing the ω rate (y-axis) and the nucleotide position (x-axis) (A ω < 1 means functional constraint). A gene diagram indicating the B. bovis AMA-1 encoding regions for the signal peptide (brown), the transmembrane region (yellow) and DI (di), DII (dii) and DIII (diii) can be observed below the sliding window. Negatively selected inter-species codons are shown in green and positively selected ones in red. (b) Binding profile for B. bovis AMA-1 domain-derived highly conserved peptides, carried out in triplicate. Cell binding activity percentage is represented by black bars. The binding activity (red line) was considered when each peptide had ≥1 binding percentage. (c) Peptide saturation curves. Log F = free peptide (x-axis) and log [B/bmax-B] (y-axis), where B = amount of bound peptide and Bmax = maximum amount of bound peptide, shown on the Hill plot (inset). 
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Figure 2. Peptides’ specific binding activity. (a) Cell viability assay showing Calcein M signal (x-axis) and the amount of cells (y-axis). Bovine RBC treated with trypsin (Try) chymotrypsin (Chy), neuraminidase (Neu), Triton X-100 (T) or dyed with Calcein M (RBC-Cal) are also shown. (b) Specific binding effect of enzyme treatment on B. bovis AMA-1 42437, 42438 and 42443 peptides. The specific enzyme-treated erythrocyte binding percentage is represented by a bar. Untreated RBC were used as control. (c) Cross-linking assay. The autoradiogram shows radiolabelled HABPs’ total (odd lane) and inhibited (even lane) binding to erythrocytes using non-radiolabelled peptides. The molecular weight (MW) pattern and receptor (arrow) found are also shown. (d) Peptide 43437 binding competition assay, using different non-radiolabelled peptide 42443 concentrations. The 42443 binding percentage and μM concentration are shown. Standard deviations for Figure 2b,d were below 5%. 
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Figure 3. Structural analysis and B- and T-cell epitope prediction for B. bovis AMA-1-DI-II. (a) Localisation on the surface view of HABPs 42437 (blue), 42438 (red), and 42443 (green). Peptides 42437 (b) and 42438 (c) had more surface-accessible residues than peptide 42443 (d). (e) Secondary structure representation, including the relative solvent accessibility and physical-chemical amino acid profile. Peptide sequences are presented in bold and boxed using the same color code as in panel a. DI (cyan triangles), DII (green triangles), and DIII (black triangles) are also indicated. Regions containing B-cell epitopes are highlighted by magenta bars and T-cell ones by grey bars. 
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Table 1. Natural selection on ama-1 locus.
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MK

	
dN/dS




	
Babesia Species

	
NI

	
p-Value

	
dN

	
dS

	
dN/dS

	
p-Value






	
B. orientalis

	
1.131

	
0.617

	
0.0356

	
0.1908

	
0.187

	
<0.001




	
B. xinjiang

	
1.519

	
0.046

	
0.0465

	
0.1864

	
0.250

	
<0.001




	
B. bigemina

	
1.317

	
0.273

	
0.0591

	
0.1986

	
0.298

	
<0.001




	
B. ovata

	
2.136

	
0.004

	
0.0583

	
0.1973

	
0.295

	
<0.001




	
B. divergens

	
1.216

	
0.341

	
0.063

	
0.1933

	
0.326

	
<0.001








MK: the McDonald–Kreitman neutrality index (NI) regarding the pairwise comparison amongst B. bovis and phylogenetically-related species. dN/dS: the ratio of the amount of nonsynonymous substitutions per nonsynonymous site to the amount of synonymous substitutions per synonymous site.
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