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ABSTRACT Glycoproteins located on the luminal surface
of the plasma membrane of tick gut epithelial cells, when used
to vaccinate cattle, are capable of stimulating an immune
response that protects cattle against subsequent tick infesta-
tion. One such tick gut glycoprotein, designated Bm86, has
been purified to homogeneity and the amino acid sequences of
peptide fragments generaied by endoproteinase Lys-C diges-
tion have been determined. We report here the isolation and
characterization of a cDNA that encodes Bm86. The nucleotide
sequence of the cDNA contains a 1982-base-pair open reading
frame and predicts that Bm86 contains 650 amino acids
including a 19-amino acid signal sequence and a 23-amino acid
hydrophobic region adjacent to the carboxyl terminus. The
main feature of the deduced protein sequence is the repeated
pattern of 6 cysteine residues, suggesting the presence of several
epidermal growth factor-like domains. A fusion protein con-
sisting of 599 amino acids of Bm86 and 651 amino acids of
PB-galactosidase was expressed in Escherichia coli as inclusion
bodies. Ticks engorging on cattle vaccinated with these inclu-
sion bodies were significantly damaged as a result of the
immune response against the cloned antigen.

The tick Boophilus microplus is a major ectoparasite of cattle
in many parts of the world. A single female cattle tick takes
up as much as 1.5 ml of bovine blood, increasing its body
weight to =250 mg. It has bteen estimated that cattle in
tropical areas of Australia may become infested with 1000
tick larvae per day, resulting in greatly reduced productivity.
In addition, B. microplus is the vector of hematoprotozoal
parasites such as Babesia bovis. Chemicals have been used
extensively to control ticks and have been partially success-
ful, but this approach suffers from certain drawbacks such as
environmental and residue problems, the high incidence of
acaricide resistance that has developed in tick populations in
the field, the need for frequent administration, and high cost.

Recently it was shown that cattle immunized against a
membrane-bound glycoprotein (Bm86) purified from cattle
ticks are highly resistant to parasite challenge (1). A vaccine
based on Bm86 would be a very attractive alternative to
acaricide treatment and would overcome most of the diffi-
culties associated with the use of chemicals. Available evi-
dence suggests that immunized cattle produce antibodies that
recognize Bm86 present on the surface of tick gut digest cells
(1, 2). After the ticks ingest blood, these antibodies, together
with other components of the immune system such as com-
plement, cause lysis of the gut epithelial cells, leading either
to tick death or to damaged ticks exhibiting reduced growth
and egg-laying ability. The effects are very striking. As many
as 90% of ticks failed to survive to adulthood on cattle
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vaccinated with three doses of only 2 ug of Bm86 (1). How-
ever, it was necessary to begin with 40,000-60,000 ticks in
order to purify 20-100 ug of Bm86. In order to produce the
larger quantities of Bm86 that are needed to develop a com-
mercial vaccine, we have cloned and expressed the Bm86
gene.$ Recombinant Bm86, even in the form of a fusion protein
produced in Escherichia coli as inclusion bodies, is capable of
inducing a substantial degree of protection against tick
infestation.

MATERIALS AND METHODS

Construction and Screening of cDNA Library. RNA was
extracted (3) from adult B. microplus (picked from cattle 15
days after infestation), cDNA was synthesized from 4 ug of
poly(A)* RNA (4), and cDNA fragments larger than 800 base
pairs (bp) were ligated to Agtll (5) to generate a library of 8
X 105 recombinant clones. Oligodeoxynucleotide probes
(Table 1) were based on the sequences derived from peptides
generated by endoproteinase Lys-C digestion of Bm86 (1).

Three nitrocellulose filters were prepared from five 150-mm
plates each containing 10° plaques. After prehybridization in
0.6 M sodium pyrophosphate/0.005% heparin (Sigma) at 40°C
for 4 hr, hybridization was carried out for 16 hr at 40°C in the
same solution with the radioactive oligonucleotide probe. Two
of the filters were hybridized with the 63-mer probe while the
third was hybridized with a mixture of the 50-, 51-, and 72-mer
probes. The filters were washed in 0.3 M NaCl/0.03 M sodium
citrate, pH 7.5/0.1% SDS at 45°C and positive plaques were
identified by autoradiography. Other molecular biology tech-
niques were carried out basically as described (6).

DNA Sequencing. The 3.9-kilobase-pair (kb) EcoRI frag-
ment in the Agtll clone was self-ligated to form circles and
concatemers, then sonicated. Fragments were end-repaired
and then size-fractionated by electrophoresis in a low-
melting-temperature agarose gel. Fragments in the size range
200-500 bp were cloned into the phage M13mpl8 and se-
quenced (7). The sequence was compiled from all of the
subsequences and analyzed with the programs GEL and SEQ
(IntelliGenetics). Some DNA sequence was also obtained by
the exonuclease III/nuclease S1 method (8).

Construction of Expression Vector pBTA708. A Bm86 gene
fragment was prepared by first inserting a 2058-bp Xmn 1
restriction fragment (positions 120-2178) into the Sma I site
of vector M13um31 (International Biotechnologies). After
digestion with Sac I and Pst I, a fragment encoding most of
Bm86 was ligated into pBTA224 [derived from pUR292 (9) by

Abbreviations: EGF, epidermal growth factor; IPTG, isopropyl

B-D-thiogalactopyranoside.

#To whom reprint requests should be addressed.

8The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M29321).

E. coli BTA1751, which contains the entire Bm86 gene, has been
deposited in the American Type Culture Collection (ATCC desig-
nation 67548).
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Table 1. Oligodeoxynucleotide probes

Probe Sequence (5' — 3')

50-mer TTACCAATGGATGTACAAATAGCTTCAAGGACACCATCTTCGTACCACTT

51-mer CTTCGACGGATTGGATTCGACGCATCTGCCATAGCTACATTCCCTCGTCTT _

72-mer TTTAGGTACAACCTCACATTCAGCATTCCTACAAAATTCATTACCGAAATCAAAACAAATACTACTCTCCTT
63-mer CTTGCAATGGATTCCATCCTCGGCGACAGTGAAAGCTCTAGGGCAAGTGCACTCATAAGCCTT

eliminating the EcoRI site that lies outside of the B-
galactosidase-coding region] to give pBTA708, which was
used to transform E. coli JM101 (10) to give BTA1752.

Expression Tests. BTA1752 was grown in tryptone soybroth
(TSB) containing ampicillin (50 ug/ml) overnight, diluted 1:10
in fresh TSB, and induced with 1 mM isopropyl B-D-thioga-
lactopyranoside (IPTG) for 30 hr. The cells were resuspended
in 50 mM Tris, pH 7.5/1 mM EDTA/1 mM phenylmethylsul-
fonyl fluoride and disrupted by sonication. Crude inclusion
bodies were solubilized in 2.7% SDS/0.8 M urea/1.6% 2-
mercaptoethanol), resolved in a SDS/8% polyacrylamide gel,
and transferred electrophoretically to nitrocellulose (Schle-
ichér & Schuell). The membrane was blocked overnight with
0.1% gelatin in 10 mM borate buffer (pH 8.0), washed three
times in 10 mM Tris, pH 8.0/0.1 M NaCl/0.1% Tween 20
(TST) and incubated for 1 hr at room temperature in TST
containing a 1:500 dilution of serum from cattle 32 and 34,
which had been vaccinated with native Bm86 isolated from
ticks (1). The membrane was washed three times with TST,
incubated for S min with a 1:500 dilution in TST of a rabbit
anti-bovine antibody conjugated to horseradish péroxidase
(Dakopatts, Copenhagen), washed three times with TST, and
incubated in a solution of chloronaphthol (0.5 mg/ml) and
H,0, (0.00025%) in 10 mM Tris (pH 7.5) until color developed.

[**SICysteine Labeling. A culture of BTA1752 was grown
overnight in minimal medium (11) plus ampicillin (50 ug/ml)
and then diluted 1:20 in TSB and incubated until the optical
density at 600 nm reached 0.5. Proteins were induced and
labeled by addition of IPTG and [>3S]cysteine to 1 mM and 2
nCi/ml, respectively (1 pCi = 37 kBq). Six hours after
induction, labeled and unlabeled samples were removed and
analyzed by SDS/PAGE. The gel was soaked in Amplify
(Amersham), dried, and autoradiographed.

Cattle Vaccinatiori and Challenge Trials. Vaccination and
challenge trials were carried out essentially as described (1).
In brief, groups of three cattle received three vaccinations at
4-week intervals, the first two intramuscularly in Freund’s
complete adjuvant, the third subcutaneously in 0.9% NaCl.

RESULTS AND DISCUSSION

Isolation of cDNA Clones. One Agtl1 plaque that hybridized
with both the 63-mer and the mixture of 50-, 51-, and 72-mer
probes was isolated from =5 X 10° recombinants. The clone
was found to contain an insert of 5.6 kb, which could be
digested with EcoRI to give 3.9-kb, 1.5-kb, and 0.2-kb
fragments. All four probes hybridized to the 3.9-kb fragment
and not to the others. The sequence (Fig. 1) of nucleotides
1-2235 of the 3.9-kb EcoRI fragment encodes Bm86. All of
the peptide sequences used for designing probes (underlined)
as well as the other sequences determined from the endopro-
teinase Lys-C peptide fragments (1) can be identified. The
sequence Setr-Gly-Ser at amino acid positions 235-237 is
differént from that determined by peptide sequencing (Arg-
Ala-Phe). The sequence of a second cDNA clone suggests
that this is due to polymorphism within Bm86.

It is likely that amino acid 20 is the amino-terminal residue
of the mature Bm86 protein. (i) The amino-terminal 19-amino
acid segment is hydrophobic, which is a characteristic of
leader sequences (12). (i{) The amino acids at positions —1
and —3 of the putative cledvage site are small and nonpolar,
which is also characteristic of the amino acids in these
positions of many signal peptides (12). (iii) Although peptides

were generated from Bm86 by endoproteinase Lys-C diges-
tion, only one of the 12 peptide sequences obtained, that
starting at amino acid 20, is not preceded by a lysine.

A polyadenylylation sequence (AATAAA) is present at
position 2203 and 17 nucleotides downstream is a stretch of
10 adenines. As the poly(A) stretch was short for a poly(A)
tail and there was DNA downstream from this sequence, it
was not clear whether this was the 3’ end of the mature
mRNA. Another Bm86 cDNA clone was isolated from a
different cDNA library and was found to terminate in more
than 50 adenines from position 2226. This suggests that an
unrelated cDNA fragment was joined to the original Bm86
cDNA fragment at some stage in the construction of the
library.

The carboxyl-terminal 23-amino acid region (amino acids
628-650) is very hydrophobic and resembles segments in
other membrane proteins that are removed and then replaced
by a glycosyl-phosphatidylinositol anchor (13). If this is the
case, Bm86 has no cytoplasmic domain. The 27 amino acids
that precede the hydrophobic sequence (amino acids 601-
627) contain clusters of serine and threonine residues. This is
a characteristic of several membrane-bound proteins, such as
the low density lipoprotein receptor, which may have O-
linked carbohydrate chains in such regions (14). There are
also five sites of possible N-linked carbohydrate addition
(Asn-Xaa-Ser/Thr; Fig. 1).

Comparison of the Bm86 amino acid sequence with se-
quences in the National Biomedical Research Foundation
(January 1989) and Kyoto (July 1988) data banks revealed
many similarities between regions of Bm86 and the epidermal
growth factor (EGF) precursor and other proteins containing
EGF-like repeats. The similarities are mainly due to the
conservation of the 6 cysteine residues within the EGF-like
region. Several regions of Bm86 (Fig. 2) fall into the pattern
Cys-Xaay_g-Cys-Xaas_g-Cys-Xaag_;;-Cys-Xaag_;-Cys-
Xaas_15-Cys, where Xaa is any amino acid except cysteine.
The pattern in EGF is Cys-Xaa;-Cys-Xaas-Cys-Xaajo-
Cys-Xaa;-Cys-Xaag-Cys. In EGF, 5 amino acids precede the
first cysteine and there are 11 after the sixth, but we show
only the sequence between the cysteine residues in Fig. 2
because it cannot be predicted where the regions begin and
end in the Bm86 sequence. There are no obvious proteolytic
cleavage sites that would release a single EGF repeat from
Bm86 in a manner similar to the release of EGF from its
precursor.

Several other extracellular proteins have been found to
contain EGF-like regions (reviewed in ref. 15). These fall into
two general categories: those involved in blood coagulation
and complement cascades and those associated with the
regulation of cell growth. Bm86 clearly resembles the latter
group, which is characterized by muitiple EGF repeats,
transmembrane or carboxyl-términal hydrophobic regions,
and location on the extracellular surface. The function of
Bm86 is not known but, by analogy with the other members
of this group, one possibility is that Bm86 is a cell membrane-
bound ligand transmitting positional or cell-type information
to adjacent cells and perhaps even influencing the cell lineage
of those adjacent cells in a manner similar to the function of
the Drosophila Notch protein (16).

There are some striking internal sequence homologies at
the carboxyl terminus of Bm86, which includes the EGF-like
region H (Fig. 2). There is sufficient sequence similarity to



Biochemistry: Rand et al. Proc. Natl. Acad. Sci. USA 86 (1989) 9659
1 OOGOGA( \CGCAGTGAG 32
Mt Gly De Ala lLeu Phe Vi Ak A Vi Ser Lem Be Tix Ala Gl Ser Ser D Cys Ser Asp Phe Gly Am Glu 30
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mmm/\mﬁmmmwm GAA ATC GAA GAA GAG AAC CIT GAAQCAGI' A'ﬁ'acmocrocc%m 1382
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Glu SﬂGlAhTh‘TIIAhAh Ther Thr The Thr Ala I’nGy Ser Ak Ala Al 630
w} TCT GAA GCA ACA ACA GCT GOG mmmm&mm&m& Aﬁ' TCAAGI'GCI'G(‘AOCA 1922
Vi Ser Aa Tir Gly Leu Lew Lew Lew Lem Ala Ak Thr Ser Val Thr Ala Ala Ser Leu End
GTA TCA GCT ACT GGG CTC TTG TTA CTGCIC GCA GCT ACT TCA GTC ACCGCA GCATOG TTG TAA  GGAAGATGTCCAACTTGAATAOGGAACAG 2014
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FiG. 1.
and the five sites for potential N-linked glycosylation are underlined.

suggest that the amino acid segment 492-529 is an EGF-like
region, albeit with only 5 cysteines. Because the strongest
feature of EGF-like regions is the conservation of the cys-
teine residues, we considered that a mutation could have
occurred at some stage in the construction of the cDNA
library. We therefore isolated a Bm86 clone from a different
tick cDNA library and determined the DNA sequence in this
region. Base 1552 in the new clone is a guanine instead of the
thymine in the original clone, translating to cysteine instead
of phenylalanine in the predicted amino acid sequence.
The significant sequence similarities shown in Fig. 2 sug-
gest that amino acids 576-600 comprise a truncated EGF-like

The DNA sequence and the derived amino acid sequence of Bm86. Regions correspondmg to the 72-, 51-, 63-, and 50-mer probes

region that contains only the first 4 cysteines. There are no
cysteines after position 600. It has been determined that in
EGF and in the EGF repeat of bovine factor X, disulfide
bonds are formed between the cysteine pairs 1 and 3, 2 and
4, and S and 6 (17, 18). If the same occurs in Bm86, the
576-600 region could form the first two disulfide bonds of an
EGF-like region. There are 4 cysteines between regions B
and C (see Figs. 2 and 3). The pattern in this region,
Cys-Xaag-Cys-Xaa;-Cys-Xaa;,-Cys-Xaayg, falls outside the
pattern of Bm86 EGF-like regions. But the region fits the
pattern if the cysteine residues are 2, 4, S, and 6. The disulfide
bond that would be missing in this case from this possible

AMINO ACID 1 2 3 4 5 6
POSITION
A 24 - 65 [clsprenNE —CRNAE'-—EVVPGAEDDFVCKCPRDNMYFNAAEKQ--C
B 71 - 103 CIKTRE----|¢[SYGR--[C/[VESNPSKAS--|¢clvlcleEasDpDDLTLQ----- - c
113 - 147 - CIRNRGGTAKLRTDGFIGATCIPDIJCCEWGAMNMTTRN - - -|C
C 152 - 183 C[LRPDLT--|CKDL---[CEKNLLQRDSR-|cl|-|JcloegwNTAN-------- c
D 209 - 246 CIKTKEAGFUV|CI[KHG---|[CIRSTGKAYE---[C|T|[cClIPSGSTVAEDGIT- - -|C
E 255 - 291 CITAEQKOQT -|CI[RPTED -[CRVHKGTVL---CIEJC[PWNQHLVGDT---- - c
F 295 - 334 CIVDKK----|C/[HEEFMD|C|GVYMNRQS -- -[C|YJcCPWKSRKPGPNVNTINE|C
\
G 492 - 529 CNENQSE—c_;_\JDKGQ'IF*VYENGKAN———TQCPP TKPGEIG--- - - C
H 535 - 567 c|N[® k|E] 1 o|lE -{c[0 D K[K L Ef¢]v Y[kIN[H]k &lE - - -|c|E|clp|D|D/H E - - - = = - - - - - c
576 - 600 CSEDNGK—CQSSGQRCVIENGKAV—-—C T —

FiG. 2. Comparison of the amino acid sequences of the regions of Bm86 whose sequences fit (or partially fit) the pattern Cys-
Xaa,_g-Cys-Xaaz_g-Cys-Xaag_;1-Cys-Xaay_1-Cys-Xaas_;s-Cys (Where Xaa is any amino acid except for cysteine). Dashes were inserted to align
the cysteine residues (shaded). The regions containing 5 or 6 cysteine residues are labeled A-H for reference (see also Fig. 3). In the
carboxyl-terminal region, residues identical in two or three of the aligned sequences are enclosed in boxed outlines. At amino acid position 507,
the asterisk highlights the phenylalanine identified from the sequence of the first Bm86 cDNA clone that is predicted as a cysteine from the

sequence of a second cDNA isolated from a separate library.
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‘‘partial EGF repeat’’ is that which forms in EGF and bovine
factor X between cysteines 1 and 3. A diagram of Bm86 that
illustrates the above features (Fig. 3) shows that most of the
protein consists of EGF-like regions or regions with only 4
cysteines that may be ‘‘partial EGFs.”’

Expression of Recombinant Bm86 in E. coli. pBTA708
encodes a fusion protein of 143 kDa consisting of the first 651
amino acids of E. coli B-galactosidase, 599 amino acids of
Bm86 (amino acids 31-629), and 19 amino acids that are
encoded by other parts of the vector, such as the cloning-site
regions. After induction of cultures of BTA1752 with IPTG,
a band of =143 kDa could be seen on polyacrylamide gels
(Fig. 4A). Because about 10% of Bm86 consists of cysteine
residues it was expected that Bm86 would be highly labeled
by adding [*’S]cysteine to the growth medium after induction.
A strong band was seen on the autoradiograph in the region
of 143 kDa after induction of cultures with IPTG (Fig. 4B).
Further evidence that the 143-kDa band was related to Bm86
was obtained by demonstrating that the 143-kDa protein is
recognized by antiserum from a cow vaccinated with native
Bma86 (Fig. 4C) but not by prevaccination serum (data not
shown).

Partial Protection of Cattle by Vaccination with $-Galacto-
sidase-Bm86 Inclusion Bodies. Most, if not all, of the B-
galactosidase-Bm86 fusion protein was present as inclusion
bodies (19) in the insoluble fraction of the E. coli extract. A
crude preparation of inclusion bodies was used to vaccinate
three cattle which were subsequently challenged with ticks.
The most dramatic aspect of the results (Table 2) was the high
proportion of damaged ticks that were recovered from the
vaccinated cattle. Damage was recognized by the striking
change in coloration of ticks from the normal gray to red, due
to the leakage of bovine erythrocytes through the damaged
tick gut wall into the tick hemolymph. In this experiment,
there was only a modest decrease in the number of ticks that
survived on the vaccinated animals (24%). However, the
majority of the surviving ticks were damaged and the average
. weight of ticks dropping from vaccinated animals after en-
gorgement was significantly reduced. These damaged ticks

A B C
M i i i v i i i v M

——

— — — —
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NH

EGF-like regions
164 amino acids
Part EGF?

Cc

non EGF
25 amino acids

EGF-like regions
126 amino acids

non EGF
8 157 amino acids

EGF-like regions
109 amino acids

Part EGF?
Ser/Thr rich O-linked sugars? 27 amino acids
KEKSEATTAATTTTKAKDKDPDPGKSS

Membrane 23 amino acids or phospholipid linkage?
AAAVSATGLLLLLAATSVTAASL

1y

TTTT

COCH

FiG. 3. Structure of Bm86. Proposed EGF-like regions are des-
ignated A-H. The numbers in the ovals and rectangles refer to the
number of cysteines in each region; region G is shown as having 5
cysteines, the number deduced from the original clone. As described
in the text, a second cDNA clone was found to encode 6 cysteines
in this region. The sites for potential N-linked glycosylation as
defined by Asn-Xaa-Ser/Thr are indicated (<). The membrane is
shaded and possible sites for O-linked carbohydrate addition are
shown as short horizontal lines.

were greatly impaired in their egg-laying ability. In this
preliminary experiment, the overall effects of vaccination
were to reduce the reproductive ability of the ticks on vac-

FiG. 4. Characterization of recombinant
Bm86. (A and B) BTA1752 and JM101 contain-
ing pBTA224 were grown in tryptone soy broth
(A) or in tryptone soy broth containing
[**S]cysteine (B). Crude inclusion body prepa-
rations were resolved by SDS/8% PAGE and
stained with Coomassie brilliant blue (A) or
autoradiographed (B). Samples were isolated
from JM101/pBTA224 not induced with IPTG
(lane i), JM101/pBTA224 induced with IPTG
(lane ii), BTA1752 induced with IPTG (lane iii),
BTA1752 not induced with IPTG (lane iv). (C)
Samples were also transferred to nitrocellulose
and incubated with bovine serum from cattle
vaccinated with native Bm86 isolated from
ticks. Lane i, JM101/pBTA224; lane ii,
BTA1752. Bio-Rad high molecular weight mark-
ers were used (lane M, A and C): myosin heavy
chain, M; 200,000; B-galactosidase, M, 116,000;
phosphorylase b, M, 92,500; bovine serum albu-
min, M, 66,200; ovalbumin, M, 45,000.
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Table 2. Results of cattle vaccination and challenge trial
Cumulative Cumulative
tick tick Mean tick % ticks Egg/tick Cumulative egg
Animal number weight, g weight, mg damaged weight ratio weight, g
Controls
181 979 272 278 1 0.57 155
183 1269 319 251 4 0.57 182
185 1365 381 279 1 0.57 217
Mean = SD 1204 + 201 324 £ 55 269 * 16 2+2 0.57 185 + 31
Total 3613 972 553
Vaccinates
180 1191 247 207 81 0.21 52
182 662 111 168 80 0.22 25
188 880 161 183 74 0.32 52
Mean = SD 911 + 266 182 + 84 186 + 20 78 + 4 0.25 = 0.06 43 + 16
Total 2733 519 129
Reduction 24% 47% 31% 56% 77%

Three cattle were vaccinated with =400 ug of the B-galactosidase~-Bm86 fusion polypeptide isolated as inclusion bodies
from BTA1752. Due to the high degree of purity of the antigen preparation, control cattle were vaccinated with adjuvant
alone. The cattle were subsequently challenged with ~1000 tick larvae on each of three successive days. The total number
and total weight of ticks >4 mm (all females) collected from each animal over an 8-day period beginning 18 days after the
challenge commenced was used to calculate the mean weight per tick. The number of ticks that were visibly damaged was
determined on each day and the sum of these is expressed as a percentage of the total number of ticks collected from each
animal. On days 18, 19, 20, and 22 following the commencement of the challenge, 20-60 representative ticks from each
animal were separated, weighed, and incubated until egg production had ceased. The weight of the eggs produced was
determined and used to calculate the proportion of the tick weight that was converted into eggs. This figure was then used
to estimate the total weight of eggs that all of the surviving ticks would have produced under ideal conditions. The percent
reduction in the measurements for the experimental groups is indicated relative to the control animals. Differences in total
weight, mean weight, percent damage, and total egg production between the two groups are significantly different (>95%

confidence level).

cinated animals by 77% compared with controls (as measured
by the weight of eggs laid by survivors). These results dem-
onstrate that protective epitopes are present in the protein
portion of Bm86, and we are confident that it will be possible
to produce an effective recombinant anti-tick vaccine. Math-
ematical models (20) predict that if the effects obtained in this
preliminary trial could be maintained in the field for a complete
tick season, pasture contamination would be reduced to such
an extent that productivity losses due to ticks would be
minimal.
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