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Current serological tests for Babesia bigemina use semipurified merozoite antigens derived from infected
erythrocytes. One of the major drawbacks of these tests is that antigen quality can vary from batch to batch.
Since the quality of the antigen contributes to the sensitivity and specificity of serological tests, the use of
standardized recombinant antigens should ensure consistency in assay quality. Previously, a 200-kDa mero-
zoite antigen (p200) was identified as a candidate diagnostic antigen for use in a serological assay for the
detection of B. bigemina antibodies in infected cattle. In this study, we have cloned, characterized, and
expressed p200. A 3.5-kbp ¢cDNA clone encoding p200 was isolated and shown to be almost full length, lacking
approximately 300 bp at the 5’ end. The predicted amino acid sequence shows that p200 consists of a long,
highly charged central repeat region of an uninterrupted « helix, indicative of a fibrous protein. Inmunoelec-
tron microscopy localized p200 to the merozoite cytoplasm, suggesting that the antigen may be a structural
protein involved in forming filament structures within the cytoskeleton. The 3.5-kbp ¢cDNA was expressed in
bacteria as a fusion protein with glutathione S-transferase (GST), but the yield was poor. To improve the yield,
c¢DNA fragments encoding antigenic domains of p200 were expressed as fusions with GST. One of these fusion
proteins, C1A-GST, is composed of a 7-kDa fragment of the p200 repeat region and contains epitopes that react
strongly with sera from cattle experimentally infected with B. bigemina. Recombinant C1A-GST should permit
the development of an improved enzyme-linked immunosorbent assay for the detection of antibodies against

B. bigemina.

Babesia bigemina is a tick-borne protozoan parasite of cattle
that causes a disease variously referred to as Texas fever,
redwater fever, or cattle tick fever. The disease is characterized
by fever, hemolytic anemia, hemoglobinuria and, in acute
cases, death (8). The parasite is widely distributed throughout
Africa, southern Europe, southern Asia, southeastern Asia,
Australia, Central America, and South America, coincident
with its main tick vectors Boophilus decoloratus, Boophilus mi-
croplus, and Boophilus annulatus (2). Economically, it is most
important as a cause of heavy losses in susceptible cattle, par-
ticularly in imported taurine breeds.

The classical diagnosis of animals acutely infected with
Babesia is made by the light microscopic demonstration of
intraerythrocytic parasites in Giemsa-stained blood smears (7).
However, when infections are subclinical or latent, parasites
may not always be demonstrable by microscopy because of low
levels of parasitemia (13). Alternatively, infection of an animal
by Babesia can be determined directly by PCR-based tests (4,
21) or indirectly by measurement of the humoral response
using serological tests (27). While PCR can provide good sen-
sitivity and specificity and is able to detect current, carrier
infections, such tests are complex and time-consuming, requir-
ing specialized laboratory equipment and highly trained per-
sonnel. As such, PCR-based tests are currently not applicable
for use in many of the regions where babesiosis causes high
economic losses. Serodiagnostic methods, however, are gener-
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ally much simpler to perform and can provide important in-
formation for implementing control measures and for epide-
miological studies. Several serological tests for the detection of
antibodies to B. bigemina have been developed, including com-
plement fixation, passive hemagglutination, capillary tube ag-
glutination, card agglutination, indirect immunofluorescence
test, and enzyme-linked immunosorbent assay (ELISA) (17,
27). The indirect immunofluorescence test and the ELISA are
most widely used because of their superior sensitivity, robust-
ness, and ease of use. These tests, however, use either whole
parasites or semipurified antigens, whose qualities can vary
from batch to batch. Also, the production of antigens for these
tests requires experimentally infected cattle, making produc-
tion time-consuming and expensive.

A merozoite antigen of approximately 200 kDa (p200) in B.
bigemina is a candidate diagnostic antigen (18), and it was
shown that 98% of sera collected from cattle in areas in which
B. bigemina is endemic recognized this antigen (J. M. Katende,
unpublished data). Monoclonal antibodies (MAbs) to p200
were used to immobilize native antigen in an indirect antibody
ELISA. This ELISA was shown to be specific for B. bigemina
antibodies, lacking cross-reactivities with sera from cattle in-
fected with Babesia bovis, Theileria parva, Theileria taurotragi,
or Anaplasma marginale (18). A major improvement in this
assay would be obtained through the use of standardized re-
combinant p200.

In this study, the expression of recombinant p200 in bacteria
was undertaken to facilitate the production of large quantities
of standardized antigen for the development of a serodiagnos-
tic test. Major bovine B-cell epitopes were identified within
p200, and these were expressed as a recombinant 7-kDa frag-
ment. This recombinant p200 fragment is a strong candidate
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diagnostic antigen that should facilitate the development of an
improved antibody ELISA for B. bigemina.

MATERIALS AND METHODS

Parasite stocks. B. bigemina (Kikuyu stock) from Kiambu District, Kenya, was
provided by A. Kelly, National Veterinary Laboratories, Kabete, Kenya. The
Pongola strain of B. bigemina was obtained from D. T. de Waal, Onderstepoort
Veterinary Institute, Onderstepoort, South Africa.

Purification of B. bigemina merozoites. B. bigemina merozoites were prepared
from blood collected at peak parasitemia from experimentally infected, splenec-
tomized Friesian calves. Infected blood was collected into an equal volume of
heparinized Alsever’s solution. The blood was centrifuged at 2,500 X g for 30 min
at 4°C, and the packed cells were washed four times with Alsever’s solution by
centrifugation as before. For RNA preparation, an aliquot of the packed infected
erythrocyte pellet was lysed with an equal volume of 1% cold acetic acid in water,
and unlysed cells were removed by centrifugation at 2,500 X g for 10 min at 4°C.
The supernatant was centrifuged at 9,000 X g for 10 min at 4°C. The pellet was
resuspended in an equal volume of Dulbecco’s phosphate-buffered saline
(DPBS) and centrifuged again. The resulting pellet of B. bigemina merozoites
and erythrocyte ghost membranes was immediately snap frozen as droplets in
liquid nitrogen and stored at —70°C. For genomic DNA extraction, packed
infected erythrocytes were lysed in an equal volume of 1 mg of saponin per ml in
water for 10 s. Lysis was stopped by the addition of four volumes of 20 mM
Tris-HCI (pH 8.0)-10 mM EDTA-100 mM NaCl (TEN buffer) and followed by
centrifugation at 1,000 X g for 15 min at 4°C to remove leukocyte nuclei and
unlysed erythrocytes. The supernatant was recovered and further centrifuged at
8,000 X g for 30 min at 4°C to pellet the merozoites. The pellet of merozoites was
washed with TEN buffer by further centrifugation until it was free of hemoglobin
and stored at —70°C.

Genomic DNA preparations. DNA was prepared from purified merozoites by
standard methods of proteinase K digestion, phenol-chloroform extraction, and
ethanol precipitation (22). The B. bigemina DNA preparations from Argentina
(pathogenic strain S,P), Brazil (wild-type strain B.68Cpo6dc), and Mexico
(cloned strain J629) were obtained from the Department of Veterinary Micro-
biology and Pathology, Washington State University, Pullman. DNA from B.
bovis (strain K ) was obtained from A. Lew and W. Jorgensen, Animal Research
Institute, Yeerongpilly, Queensland, Australia.

Production of antibodies. Hyperimmune polyclonal antiserum BJ28 was pre-
pared by intravenously inoculating a Boran steer with B. bigemina (Kikuyu)
blood stabilate. Three booster inoculations were given subcutaneously at 2-week
intervals after the primary inoculation. Serum was collected 2 weeks after the
final inoculation. Bovine immunoglobulins (immunoglobulin G1 [IgG1] and
1gG2) were purified by DE52 chromatography by standard procedures (11) from
sera pooled from 28 cattle that had recovered from B. bigemina infection. Rat
polyclonal antisera to p200 was raised by inoculation with p200 purified by
preparative sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE). MADbs Bb F4/86.6, Bb F4/86.11, Bb F4/86.19, and Bb F4/86.34, with
specificity for the B. bigemina p200 antigen, were derived from BALB/c mice
inoculated with B. bigemina (Kikuyu) merozoite lysate by methods described
previously (19). Bb F4/86.6, Bb F4/86.11, and Bb F4/86.19 are isotype IgM, while
Bb F4/86.34 is isotype IgG1. For sequential bovine infection sera, Boran steer
BJ26 was infected with B. bigemina sporozoite stabilate 3899, and sera were
collected at approximately 5-day intervals over a 228-day period.

ELISA, SDS-PAGE, and immunoblotting. The indirect antibody ELISA was
carried out essentially as described previously (14). Bound antibodies were de-
tected with horseradish peroxidase (HRP)-conjugated secondary antibodies and
ABTS [2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)] as a chromogen.
Optical densities (OD) were measured at 414 nm. Results were expressed as OD
values or as percent positivity (PP) values. PP was calculated as follows: (OD of
test serum/OD of a strong positive serum) X 100 (13). SDS-PAGE under re-
ducing conditions and immunoblotting were performed as detailed previously
(11). For immunoblotting, secondary antibodies were conjugated to HRP (14) or
125T (Amersham International, Aylesbury, United Kingdom). For blots incubated
with HRP-labeled conjugates, antibody binding was visualized by the addition of
a substrate-chromogen (hydrogen peroxide-diaminobenzidine) solution. For fil-
ters incubated with *I-labeled conjugates, antibody binding was visualized by
exposure to X-ray film.

Construction and immunoscreening of a B. bigemina cDNA expression library.
Total RNA was isolated from B. bigemina (Kikuyu) merozoites by the hot
phenol-SDS method (25). mRNA isolated by oligo(dT)-cellulose chromatogra-
phy was used to construct an expression library in Agtll by methods described
previously (22). Immunoscreening of Agt11 phage plaques propagated on Esch-
erichia coli strain Y1090 was carried out by standard methods (22). The library
was screened with MAb Bb F4/86.6 diluted to 10 mg/ml, bovine recovery serum
immunoglobulins at 20 pg/ml, hyperimmune antiserum BJ28 diluted to 1:100,
and polyvalent rat antisera to p200 diluted to 1:50. Phage plaques that were
positive with all the sera were selected for further study.

Southern and Northern hybridization. Southern hybridization was carried out
by standard methods (22). Five micrograms of Babesia genomic DNA and 15 pg
of bovine lymphocyte DNA were digested with EcoRlI, electrophoresed through
a 1% agarose gel, transferred to a Hybond-N nylon membrane (Amersham), and
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hybridized with an [a->?P]dCTP-labeled probe. Blots were washed at a high
stringency (0.1X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate]-
0.1% SDS at 65°C). Northern hybridization was carried out by published meth-
ods (20). Two micrograms of B. bigemina merozoite mRNA was electrophoresed
through a 1% agarose gel and transferred to Hybond-N. Hybridization and
washing of Northern blots were as described for Southern blots.

Sequencing of the cDNA encoding p200. The 3.5-kbp cDNA encoding p200
(designated Bb3.5) was subcloned into pUCIS8 for sequencing. Sequencing was
performed with the finol (Promega Corp., Madison, Wis.) and Sequenase (Unit-
ed States Biochemicals, Cleveland, Ohio) sequencing systems according to the
manufacturers’ instructions and with primers to the vector and primers based
upon acquired sequences. Additional sequences were obtained from fragments
of Bb3.5 cDNA that were generated by Pvul, Sau3Al, and BAL 31 digestions,
subcloned into pUCI8, pBluescript IT KS(+) (Stratagene, La Jolla, Calif.), or
pNEB193 (New England Biolabs), and sequenced with vector primers. Sequence
analysis was performed with DNASIS V2.5 for Windows (Hitachi Software
Engineering America Ltd., San Bruno, Calif.) and PC/gene 6.80 software (Intel-
liGenetics Inc., Mountain View, Calif.). The prediction of protein secondary
structure and hydrophobicity was done with published algorithms (8, 11). The
BLAST facility of the National Center for Biotechnology Information was used
for sequence homology searches (http://www.ncbi.nlm.nih.gov/blast/blast.cgi).

Bacterial expression of the p200 antigen. Recombinant proteins were pro-
duced in bacteria as fusion proteins with 26-kDa glutathione S-transferase (GST)
by use of the pGEXIAT expression system (Pharmacia Biotech, Uppsala, Swe-
den). Recombinant proteins were produced in E. coli strain XL1-Blue (Strat-
agene) and affinity purified on glutathione-Sepharose (Pharmacia) according to
the manufacturer’s instructions. Parental GST was produced from nonrecombi-
nant vector pGEXIN (24).

Construction and immunoscreening of a subfragment library of the p200
3.5-kbp ¢DNA. Random DNA fragments of approximately 100 to 500 bp were
created by digestion of the 3.5-kbp ¢cDNA in pUCI18 with a DNase Shotgun
Cleavage Kit (Novagen Inc., Madison, Wis.) according to the manufacturer’s
instructions. The fragments were cloned into Agtll, and approximately 10,000
recombinant plaques were immunoscreened with hyperimmune antiserum BJ28.
Immunopositive clones were also screened with MAbs Bb F4/86.6, Bb F4/86.11,
Bb F4/86.19, and Bb F4/86.34. Inserts from selected clones were subcloned into
pGEXIAT and expressed as GST fusion proteins.

Epitope mapping with synthetic peptides. A set of 11 overlapping peptides on
pins was synthesized by Chiron Mimotopes (Clayton, Victoria, Australia) to
represent the fragment of p200 encoded by clone C1A (see below). Each peptide
was 12 residues long and overlapped the preceding and subsequent peptides by
7 residues, except for the last peptide, which overlapped the preceding peptide
by 10 residues. A 12-residue peptide with an irrelevant amino acid sequence was
used as a control. The peptides were tested in an ELISA with hyperimmune
antiserum BJ28 diluted to 1:100, naive bovine serum diluted to 1:100, and MAb
Bb F4/86.6 at a concentration of 10 pg/ml. For reuse, the pins were treated in a
sonication bath with 1% SDS-0.1% 2-mercaptoethanol in 0.1 M phosphate
buffer (pH 7.2) for 10 min at 60°C, followed by rinsing in distilled water at 60°C.

Localization of the B. bigemina p200 antigen in merozoites by immunoEM. A
200-pl aliquot of blood from a calf that had 10% parasitemia with B. bigemina
(Kikuyu stock) was collected directly into 2% parafomaldehyde in 0.1 M phos-
phate buffer (pH 7.3) and fixed in suspension for 1 h at room temperature. Fixed
cells were centrifuged at 13,000 X g for 5 min, and the cell pellet was processed
into Lowicryl K4M resin (Chemische Werke Lowi GmbH & Co., Waldkraiburg,
Germany) by the method described previously (1). Cells were prepared for
immunogold electron microscopy (immunoEM) by the method described previ-
ously (3). Briefly, 60-nm sections of embedded cells were cut and collected on
Parlodion-coated copper grids. The sections were preincubated by flotation on
20-ul droplets of 5% bovine serum albumin (BSA) in DPBS in a humidified
chamber for 30 min. The sections were then incubated for 1 h with MAb Bb
F4/86.11 diluted 1:50 in 5% BSA-DPBS. After being washed in 5% BSA-DPBS,
the sections were incubated for 1 h with goat antimouse IgG-5-nm colloidal gold
(British Biocell, Cardiff, United Kingdom) diluted 1:10 in 5% BSA-DPBS. The
sections were washed twice with DPBS, followed by two washes with distilled
water. Sections were then contrasted for 2 min with 2% aqueous osmium tet-
roxide, washed, and stained for 20 min with 2% aqueous uranyl acetate. The
sections were examined with a Zeiss EM 10A electron microscope (Carl Zeiss,
Oberkochen, Germany) operating at 80 kV.

Nucleotide sequence accession number. Nucleotide sequence data reported in
this paper are available in the GenBank database under accession number
AF142406.

RESULTS

Characterization of antibodies to the B. bigemina p200 an-
tigen. Anti-p200 antibodies that were used for immunoscreen-
ing an expression library were characterized by immunoblot-
ting. Antigens recognized by bovine hyperimmune serum BJ28,
bovine recovery serum immunoglobulins, rat antisera, and
MADbs to the p200 antigen are shown in Fig. 1. All sera recog-
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FIG. 1. Immunoblotting of B. bigemina merozoite lysate with antibodies to
the p200 antigen. B. bigemina merozoite proteins were separated by SDS-PAGE
through a 7.5 to 17.5% gradient gel, transferred to a nitrocellulose membrane,
and probed with B. bigemina hyperimmune serum BJ28 diluted to 1:100 (lane 1),
20 pg of bovine recovery serum immunoglobulins per ml (lane 2), polyclonal rat
antisera to p200 diluted to 1:50 (lane 3), and 10 pg each of anti-p200 MAbs Bb
F4/86.6 (lane 4), Bb F4/86.34 (lane 5), and Bb F4/86.11 (lane 6) per ml. The
positions of molecular mass standards are indicated to the left.

nized the p200 antigen as a diffuse band extending from ap-
proximately 150 to 250 kDa. Hyperimmune and recovery sera
also recognized other proteins between 58 and 125 kDa, but
p200 appeared as the most immunodominant. Rat polyvalent
antisera and MAbs were specific for p200. None of the anti-
bodies reacted with bovine erythrocyte proteins (data not
shown).

Isolation of ¢cDNA encoding the p200 antigen. Approxi-
mately 80,000 PFU from a B. bigemina (Kikuyu) cDNA ex-
pression library in Agtll were immunoscreened for the p200
antigen. Thirty-five plaques were positive with all screening
sera: MADb Bb F4/86.6, bovine hyperimmune serum BJ28, bo-
vine recovery serum immunoglobulins, and rat antisera to
p200. The clone that gave the strongest signals on immuno-
screening was selected for further study. The cDNA in this
clone was estimated to be 3.5 kbp (data not shown) and was
designated Bb3.5.

Southern and Northern hybridization. In Southern blotting,
Bb3.5 cDNA hybridized to a single band of approximately 20
kbp in EcoRI-digested DNA of B. bigemina isolated from Ke-
nya, South Africa, Australia, Brazil, Argentina, and Mexico
(Fig. 2A), indicating that the p200 gene is conserved among B.
bigemina stocks and strains from different geographical re-
gions. There was no hybridization of Bb3.5 cDNA to B. bovis
DNA (Fig. 2A) or to bovine lymphocyte DNA (data not
shown). Bb3.5 cDNA hybridized to a single band of 3.8 kb in a
Northern blot of B. bigemina (Kikuyu) mRNA (Fig. 2B). A
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FIG. 2. Southern and Northern hybridization. (A) Southern hybridization.
Conservation of the gene encoding the p200 antigen among stocks of B. bigemina
from different geographical locations. Genomic DNA (between 5 and 10 pg) was
digested with EcoRI, electrophoresed through a 1% agarose gel, transferred to
a nylon membrane, and probed with [a-**P]dCTP-labeled Bb3.5 cDNA. The
DNA samples were Kikuyu stock from Kenya (lane 1), Pongola strain from
South Africa (lane 2), strain S,P from Argentina (lane 3), strain J629 from
Mexico (lane 4), wild-type strain B.68Cpo6dc from Brazil (lane 5), and B. bovis
strain K; from Australia (lane 6). The positions of DNA size markers are
indicated on the left. (B) Northern hybridization. Two micrograms of B. bigemina
(Kikuyu) mRNA was electrophoresed through a 1% agarose gel, transferred to
a nylon membrane, and probed with [a-3?P]dCTP-labeled Bb3.5 cDNA (lane 1).
RNA size markers (lane M) are indicated to the left.

transcript of 3.8 kb is sufficient to encode a protein of approx-
imately 140 kDa.

Sequence analysis of the p200 Bb3.5 cDNA. Sequence anal-
ysis of the p200 Bb3.5 cDNA showed that it is composed of
3,464 bp (DNA data not shown) with a large open reading
frame from bases 1 to 3324, sufficient to encode a protein of
133 kDa. A TAG stop codon at position 3325 and a poly(A)
tail at positions 3446 to 3464 demonstrated that the 3’ end of
Bb3.5 ¢cDNA was complete. There was no ATG initiation
codon near the 5" end of the sequence (the first ATG codon
occurred at bp 253), indicating that Bb3.5 is a partial-length
cDNA. Because the p200 transcript is 3.8 kb (Fig. 2B), it was
deduced that Bb3.5 could be lacking ~300 bases from the 5’
end. The p200 amino acid sequence deduced from the open
reading frame in Bb3.5 cDNA is shown in Fig. 3. The amino
acid sequence could be divided into three distinct regions: N-
and C-terminal regions flanking a large central region contain-
ing complex repeating peptide sequences.

Deduced amino acids 1 to 185 of the N terminus do not
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1 RFLRNARGFF VLALIQCLIA NTASAYHAGS SAQRNLYKND FLSTQHPTAS
51 FLALGSRSES RSHTPIFLED ADTTFSTISV QPSSMNVQSV LSRYNRQALE
101 ELKAQPIIDKC @EWEPLTNCE] TKQALHCLKP LDTSITMLCF NDTCGTWSPW
151 TICNNQLQYR FRPECAGDSI QYRECSGNNY AIFKI B

186 EEAKRLAK 468 EKAEREQRER 742 EEAERLAREQ
194 EKAEREAK 478 EKAERLAR 752 AEREQRER
202 EKAEREQRER 486 EKAEREAR 760 EEAERLAREQ
212 EKAEREAK 494 EKAEREQRER 770 AEREAREK
220 EKAEREQRER 504 EKAEREAR 778 AEREQRER
230 EKAEREAK 512 EKAEREQRER 786 EEAERLAREQ
238 EKAEREQRER 522 EKAERLAR 796 ADREAREK
248 EKAEREAK 530 EKAEREAR 8§04 EEAERLAREQ
256 EKAEREAK 538 EKAEREQRER 814 EEREAREK
264 EKAEREQRER 548 EKAEREAR 822 EEAERLAREQ
274 EKAEREAK 556 EKAEREQRER 832 KEREAREK
282 EKAEREQRER 566 EKAERLAR 840 EEAERLAQEQ
292 EKAEREAK 574 EKAEREAR 850 AEREA
300 EKAEREAK 582 EKAEREAR 855 EEARRLAQEQ
308 EKAEREQRER 590 EKAEREQRER 865 ADREALEK
318 EKAELEAK 600 EKAERLAR 873 EEAERLAREQ
326 EKAEREQRER 608 EKAEREAR 883 EEREAREK
336 EKAEREAK 616 EKAEREQRER 891 EEAERLAQEQ
344 EKAEREAK 626 EKAEREAK 901 AEREAREA
352 EKAEREQRER 634 EKAEREQRER 909 EEADRLAREQ
362 EKAELEAK 644 EKAEREAK 919 AEREA
370 EKAEREQRER 652 EKAEREQRER 924 EEARRLAQEQ
380 EKAEREAK 662 EKAEREAK 934 EEREAREK
388 EKAEREQRER 670 EKAEREQREH 942 EEADRRAREQ
398 EKAEREAR 680 EKAEREAR 952 AEREA
406 EKAEREQRER 688 EKAEREAR 957 EEARQKEAER
416 EKAEREAR 696 EKAEREQRER

424 EKAEREQRER 706 EKAEREAK

434 EKAERLAR 714 EKAEREQRER

442 EKAEREAR 724 EKAEREAK

450 EKAEREQRER 732 EKAEREQRER

460 EKAEREAR

967 LEHEHEEPEA REQQDGESIQ PEEAHPTPYT MVRELNEEAS LEDEEKQAHE

1017
1067

QKDOEYDEKQ NENNSKYSTM SMVKHASVGL AAVVSAVVGS YVYSKGPSAA
AGLASGVAEQ GFDDGAYGAR KEDDIETKIQ LEENFWAEGD DS

FIG. 3. Partial-length amino acid sequence of B. bigemina (Kikuyu) p200 as deduced from Bb3.5 cDNA. Amino acids 186 to 966 are vertically aligned to show the
structure of repeat sequences. The left and middle columns (amino acids 186 to 741) are composed of R1 and R2 repeats, while the right column is composed of R3,
R4, and RS repeats. Potential sites for N-linked glycosylation are indicated by N. The boxed and circled amino acid residues indicate potential sites for protein kinase
C phosphorylation and casein kinase II phosphorylation, respectively. The sequence marked by single underlining represents overlapping regions (amino acids 213 to
270 and 257 to 314) which have 100% identity to the p200 fragment encoded by clone C1A. The sequence marked by double underlining (amino acids 883 to 960)
represents a region which has 100% identity to the p200 fragment encoded by clone C3A.

contain peptide repeats. Of these, 19% are charged, 44% are
hydrophilic, and 37% are hydrophobic. Two asparagines at
amino acid positions 118 and 141 are potential sites for N-
linked glycosylation. Serines at positions 59 and 120 and a
threonine at position 107 are potential sites for protein kinase
C phosphorylation, while the serine at position 111 is a poten-
tial site for casein kinase II phosphorylation.

The central repeat region of p200 is composed of 781 amino
acids (positions 186 to 966), of which 74% are charged, 20%
are hydrophobic, and 6% are hydrophilic. Fifty-one percent of
the charged residues are glutamic acid, and the remainder are
arginine, histidine, lysine, and aspartic acid. The central region
lacks potential sites of posttranslational modification.

Vertical alignment of the amino acids using a backbone of
EKAERE identified five types of related repeating sequences,
designated R1 to RS (Fig. 3). These repeats can be divided into
two domains: amino acids 186 to 741, containing R1 and R2

repeats, and amino acids 742 to 966, containing R3, R4, and
RS repeats.

The R1 repeat has 8 amino acids with the consensus se-
quence EKAEREAK/R, while the R2 repeat has 10 amino
acids with the consensus sequence EKAEREQRER. There
are 37 R1 repeats and 26 R2 repeats. The arrangement of
amino acids in R1 and R2 is that of alternating negatively and
positively charged residues interrupted by a hydrophobic or
hydrophilic residue at positions 3 and 7. The sequences of R1
and R2 are highly conserved, with only eight R1 repeats and
one R2 repeat having amino acid substitutions. R1 alternates
with R2 imperfectly, since there are one, two, or three R1
repeats after every R2 repeat.

The R3 repeat has the consensus sequence EEAERLAREQ,
which is similar to that of R2 except for substitutions at posi-
tions 2, 6, 7, and 10. The consensus sequence of the R4 repeat,
AEREAREK, is similar to that of amino acids 2 to 8 of R2
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FIG. 4. Immunogold localization of the p200 antigen in B. bigemina merozoites by electron microscopy. The electron micrograph shows a longitudinal section
through a merozoite in the erythrocyte cytoplasm. The spheroid body (S), rhoptries (R), and nucleus (N) of the merozoite are indicated. MAb Bb F4/86.11 immunogold
labeling was mainly located in the merozoite cytoplasm, although some was also present in the spheroid body. Bar = 0.5 um.

except for substitutions at positions 5 and 8. The five-amino-
acid RS repeat sequence AEREA is identical to amino acids 3
to 7 of R1. The amino acid arrangement of charged, hydro-
phobic, and hydrophilic residues of the R3, R4, and RS repeats
is similar to that of R1 and R2. Seven of 13 R3 repeats and 9
of 10 R4 repeats have at least one amino acid substitution. The
three RS repeats are conserved. The repeats are arranged such
that an R3 repeat alternates with an R4 or RS repeat.

The C terminus of p200 (amino acids 967 to 1108) is com-
posed of nonrepeating amino acid sequences, of which 35%
are charged, 25% are hydrophilic, and 40% are hydrophobic.
The asparagine at position 1029 is a candidate for N-linked
glycosylation, while the serines at positions 986, 1006, and 1020
are potential sites for casein kinase II phosphorylation.

From a search of protein databases, the predicted amino
acid sequence of p200 showed similarities with several proteins
that were also rich in glutamic acid. These proteins included
troponin T, trichohyaline, calreticulin, and Plasmodium falci-
parum glutamic acid-rich protein, although the overall level of
homology with these proteins was insignificant (data not
shown).

Predicted secondary structure of the p200 antigen. Com-
puter analysis predicted that the highly charged central repeat
region of p200 has a secondary structure of an uninterrupted o

helix (data not shown). All of the « helix was predicted to be
hydrophilic. In contrast, the N and C termini were predicted to
be composed of short fragments of coil, B-sheet, and a-helix
conformations, forming several regions of hydrophobicity
(data not shown).

ImmunoEM localization of the p200 antigen in B. bigemina
merozoites. The p200 antigen is highly labile (data not shown)
and therefore required mild fixation with 2% paraformalde-
hyde. These mild conditions, however, resulted in poor fixa-
tion, obscuring some detail of the parasite ultrastructure. La-
beling was predominantly cytosolic, with no labeling of
rhoptries or the nucleus. The spheroid body appeared to be
labeled to a similar degree as the cytosol (Fig. 4).

Expression of the p200 Bb3.5 ¢cDNA. Bb3.5 cDNA was
cloned into the EcoRI site of the pGEXIAT bacterial expres-
sion plasmid. The yield of GST-p200 fusion protein (Bb3.5-
GST) was poor, equivalent to only 0.5 pg/ml of bacterial cul-
ture. SDS-PAGE analysis demonstrated that the Bb3.5-GST
preparation contained a diffuse band at approximately 150 to
250 kDa, a nonrecombinant GST-sized protein of 26 kDa, and
several other bands of from 20 to 100 kDa (Fig. 5A). On
immunoblotting with MAb Bb F4/86.6, there was a very strong
signal extending over approximately 150 to 250 kDa, indicating
successful expression of recombinant Bb3.5-GST, albeit at low
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FIG. 5. SDS-PAGE and immunoblot analyses of p200 recombinant antigen. (A) One microgram of Bb3.5-GST fusion protein preparation was analyzed by
SDS-PAGE and stained with Coomassie blue (lane 1). The bracket indicates a small amount of a high-molecular-weight protein. Five micrograms of GST was also
electrophoresed (lane 2). (B) Immunoblot of gel arranged as in panel A and probed with MAb Bb F4/86.6. (C) Two micrograms of GST (lane 1) and 10 ng each of
C1A-GST (lane 2) and C3A-GST (lane 3) were analyzed by SDS-PAGE and stained with Coomassie blue. (D) Immunoblot of gel arranged as for panel C and probed
with hyperimmune serum BJ28. (E) Immunoblot of gel arranged as for panel C and probed with MAb Bb F4/86.6. The sizes of molecular mass standards (lanes M)

are shown.

levels (Fig. 5B). Bb3.5-GST also reacted similarly with bovine
recovery sera (data not shown). Several bands of 20 to 100 kDa
in the Bb3.5-GST preparation were immunologically nonreac-
tive and may have been of bacterial origin.

Identification and expression of antigenic regions of p200. A
subfragment library of Bb3.5 cDNA was created in \gt11. Ten
thousand plaques were immunoscreened with hyperimmune
serum BJ28, and 34 positive clones were identified; 5 of these
also reacted with MAbs Bb F4/86.6, Bb F4/86.11, Bb F4/86.19,
and Bb F4/86.34. Two clones were selected for further study:
clone C1A, which gave the strongest signal on immunoscreen-
ing with hyperimmune serum BJ28, and clone C3A, which
reacted weakly with serum BJ28 but gave the strongest signal
on immunoscreening with MAbs. The inserts from C1A and
C3A were subcloned into pGEXINT, sequenced, and ex-
pressed. The protein encoded by the insert in C1A has identity
with two overlapping regions in p200 at positions 213 to 270
and 257 to 314 (Fig. 3) and is therefore composed of R1 and
R2 repeats. The protein encoded by the C3A insert has identity
with residues 883 to 960 of the p200 antigen (Fig. 3) and is
therefore composed of R3, R4, and RS5 repeats. Yields of
C1A-GST and C3A-GST were equivalent to 20 pg/ml of bac-
terial culture. On SDS-PAGE, C1A-GST and C3A-GST ap-
peared as stable fusion proteins of 33 and 39 kDa, respectively
(Fig. 5C). This result demonstrates that the p200 portion of

C1A-GST is 7 kDa, while for C3A-GST, it is 11 kDa. On
immunoblotting, C1A-GST reacted strongly with hyperim-
mune serum BJ28 but showed no reactivity with MAb Bb
F4/86.6 (Fig. 5D and E). In contrast, C3A-GST reacted
strongly with MADb Bb F4/86.6 and weakly with hyperimmune
serum BJ28 (Fig. 5D and E). These results demonstrate that
the major epitopes for these bovine and murine antibodies are
located within different regions of p200.

Antibody epitope mapping with synthetic peptides. Eleven
overlapping peptides representing the C1A fragment of p200
all reacted strongly with hyperimmune serum BJ28 (data not
shown). C1A peptides showed no reactivity with a control
bovine serum or with MAb Bb F4/86.6 (data not shown). A
control peptide with an irrelevant amino acid sequence showed
no reactivity with BJ28 serum, control bovine serum, or MAb
Bb F4/86.6 (data not shown).

Antibody responses in an experimentally infected animal.
Steer BJ26 infected with a B. bigemina sporozoite stabilate
developed a significant antibody response to p200 by day 14, as
determined by an ELISA with C1A-GST as the antigen. The
antibody response was maintained at high levels until day 179,
after which the response fell to approximately 60% its maximal
level by day 228 (Fig. 6). These results indicate that soon after
infection an animal can develop a detectable antibody re-
sponse which is then maintained over a long period.
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FIG. 6. Antibody responses to CIA-GST in sequential sera from a steer
experimentally infected with B. bigemina. Boran steer BJ26 was infected with B.
bigemina sporozoites, and sequential sera were collected over a period of 228
days. Sera were diluted to 1:100 and tested by an ELISA with C1A-GST as the
antigen. ELISA OD values were expressed as PP.

DISCUSSION

Screening of a B. bigemina \gtll cDNA expression library
with MAbs and polyclonal antibodies to the p200 antigen iden-
tified an immunoreactive clone that contained a 3.5-kbp insert
(Bb3.5). Hybridization to DNA of B. bigemina that originated
from Kenya, South Africa, Australia, Mexico, Argentina, and
Brazil demonstrated that the gene encoding the p200 antigen is
geographically conserved. It was shown by Northern hybridiza-
tion that the mRNA encoding p200 is 3.8 kb, indicating that
the Bb3.5 cDNA was missing approximately 300 bases from the
5" end. A transcript of 3.8 kb would encode a protein with a
predicted mass of approximately 140,000, in contrast to the
mass of 150 to 250 kDa on immunoblots of merozoite p200.
The discrepancy in molecular mass is most likely due to the
presence of highly charged repeating amino acid residues,
which may have disrupted the binding of SDS to the protein
(10). Similar migration patterns have been observed for a
highly charged, glutamic acid-rich protein encoded by the
Pf332 gene of P. falciparum and for which the predicted mo-
lecular mass of 700,000 is in marked contrast to the actual mass
of 2,500 kDa (16).

A striking feature of the p200 protein is the presence of a
central, highly charged, glutamic acid-rich region composed of
five types of related repeat sequences, designated R1 to RS.
Unlike repetitive proteins of Plasmodium and Trypanosoma,
where repeats are arranged tandemly (6, 15), the repeats
within p200 alternate imperfectly. The N-terminal end of the
central repeat region is composed of highly conserved R1 and
R2 repeats, suggesting that this region may be critical for the
function of the protein. In contrast, the C terminus of the
central repeat region contains divergent R3 and R4 repeats.

Secondary structure analysis of p200 predicted a long a-he-
lical central domain flanked by short N- and C-terminal re-
gions each composed of alternating short segments of coil,
B-sheet, and a-helix conformations. The high propensity for an
a-helical conformation in the repeats is due to the high pro-
portion of helix-stabilizing amino acid residues, such as glu-
tamic acid, alanine, lysine, and glutamine (29). The a-helix of
the central region of p200 is predicted to form an elongated,
uninterrupted, inflexible rod.

Unlike the central repeat region, the N- and C-terminal
regions contained consensus sites for posttranslational modi-
fication. Three sites for N-linked glycosylation, with typical
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NXS/T consensus sequences, were identified. Also present
were seven sites for casein kinase II and protein kinase C
phosphorylation. Restriction of posttranslational modification
sites to the C and N termini is typical of proteins containing
central regions of repeated amino acids. A good example is the
intermediate filaments (IF) of the cytoskeleton, which contain
consensus sites for phosphorylation at the nonrepeating “head”
and “tail” domains of the molecule (23). For IF, phosphoryla-
tion sites close to the repeat region appear to affect filament
assembly, while sites further away appear to be important for
interactions with other cellular components. It has been shown
that phosphorylation plays an important role in the regulation
of IF dispersal throughout the nucleus and the cytoplasm,
especially during cell division (5). It is tempting to speculate
that phosphorylation of the p200 antigen may be necessary for
the molecule to perform its cellular functions. Immunogold
localization of the p200 antigen to the merozoite cytoplasm
supports the idea that this protein may function as a cytoskel-
etal structural protein.

The p200 Bb3.5 cDNA was expressed as a fusion with GST.
On immunoblotting, Bb3.5-GST appeared as a diffuse band
that extended from approximately 150 to 250 kDa, similar to
native p200. Bb3.5-GST reacted strongly with MADb Bb F4/86.6
and with bovine recovery serum, indicating that it contained
immunodominant epitopes. A major drawback in the use of
Bb3.5-GST as a potential diagnostic antigen was the very low
yield of fusion protein. It has been observed that fusions of
GST with proteins that are larger than 100 kDa are insoluble
(24). It is possible that the low yields of Bb3.5-GST were due,
at least in part, to poor solubility resulting from the large size
of the p200 fragment being expressed. To improve yields of
recombinant p200, we expressed small fragments of the anti-
gen that contained the critical diagnostic epitopes. We pro-
duced two smaller constructs, CIA-GST and C3A-GST, con-
taining 7- and 11-kDa fragments of p200, respectively. C1A-
GST reacted strongly with bovine sera, whereas C3A-GST
reacted strongly with MAbs to p200. Since C1A was derived
from the region containing R1 and R2 repeats and C3A was
derived from the region containing R3, R4, and RS repeats, it
appears that the epitopes for the bovine and murine antibodies
used in this study are located within different regions of p200.
ELISA analysis of synthetic peptides representing the C1A
protein showed that bovine epitopes are distributed through-
out this fragment. C1A peptides did not react with MAb Bb
F4/86.6, confirming that bovine and murine epitopes in p200
are distinct. Since the R1 and R2 repeats are well conserved in
p200, it is assumed that the entire R1 and R2 repeat region
(amino acids 186 to 741 of the p200 antigen) is immunodom-
inant in cattle.

We have shown that an ELISA with C1A-GST as an antigen
can detect a significant antibody response in an animal soon
after experimental infection with B. bigemina (day 14). Also,
this antibody response was still detectable on day 228 postin-
fection, indicating that this assay can detect antibodies during
both early and late stages of infection. Furthermore, it has
been demonstrated that ELISAs with C1A-GST or native p200
are equally efficient at detecting antibodies in B. bigemina-
infected cattle (26), indicating that C1A contains major p200
epitopes recognized by bovine infection sera. Detailed descrip-
tions of the field and laboratory validations of an ELISA with
C1A-GST for the detection of antibodies to B. bigemina in
cattle will be published elsewhere.
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