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Theileria equi merozoite antigen-2 interacts with actin molecule of equine
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" Theileria equi EMA-1 & 2 interact
with host erythrocytic proteins.

" We confirmed explicit interaction of
EMA-2 (not with EMA-1) with actin
molecule.

" This has substantiated our
knowledge on modification of
infected host erythrocytes.
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Theileria equi is a tick-transmitted intraerythrocytic protozoan parasite in equids. Equine merozoite anti-
gen (EMA)-1 and EMA-2 of T. equi have been identified as immunodominant proteins co-expressed on the
surface of extra-erythrocytic merozoites. Additionally, only the EMA-2 is shed into the cytoplasm of
infected erythrocyte or inside the erythrocytic membrane during their early developmental stage. In this
study, we initially performed West-Western blot analysis on Triton X-100-insoluble erythrocytic skele-
ton collected from a healthy horse, using a glutathione S-transferase (GST)-tagged recombinant EMA-
1t or EMA-2t of T. equi. The results indicated positive interactions of actin and band 4.1 molecules in
the equine erythrocytic skeleton only with the recombinant EMA-2t. Subsequently, we carried out GST
pull-down assay using the recombinant antigens (as above) against solubilized lysate of equine erythro-
cytic skeleton, and confirmed the co-precipitation of actin molecule with EMA-2t, but not with the EMA-
1t. The interaction of EMA-2 with host erythrocytic actin indicated its role in the pathobiology of T. equi
infection within host erythrocytes.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction serious threat in international movement of the infected horses.
Equine piroplasmosis, which is a tick transmitted haemoproto-
zoan disease caused by Theileria equi and/or Babesia caballi, poses a
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gimoto).
These parasites are widely distributed in the world, including Asian
continent, Europe, Africa, and South America, and the prevalence
corresponds to the presence of the tick-vectors (Kumar and Kumar,
2007). Two kinds of immunodominant merozoite surface proteins,
equi merozoite antigen (EMA)-1 (34 kDa) and EMA-2 (30 kDa),
have been identified in T. equi (Kappmeyer et al., 1993; Knowles
et al., 1991, 1992), in which the antigens belong to members of
the major piroplasm surface protein (MPSP) family and are con-
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served among the genus Theileria (Knowles et al., 1997). The patho-
biology and mode of erythrocyte invasion by Babesia parasite (T.
equi was earlier known as Babesia equi) is analogous to other api-
complexan parasites, including Plasmodium species, and the mech-
anism is executed by many number of parasite’s surface proteins,
which are produced in several apical secretary organelles (Yokoy-
ama et al., 2006; Igarashi et al., 1988; Bannister and Mitchell,
2003; Preiser et al., 2000). Previously, we have investigated the cel-
lular localizations and expression patterns of the EMA-1 and -2
during the asexual growth cycle of T. equi, and have concluded
co-expression of these two antigens only during early develop-
mental stage (Kumar et al., 2004). Furthermore, EMA-2 shedding
(not EMA-1) was also demonstrated in the erythrocytic cytoplasm
or inside the membrane.

Molecular mechanisms involved in cellular interaction between
protozoan parasites and host cells are still not understood well
(Forero and Wasserman, 2000). Apicomplexean parasites (includ-
ing Theileira) employ the surface proteins for direct attachment
to the erythrocytic surface, although the corresponding receptors
on the erythrocytic membrane are obscure (Preiser et al., 2000;
Holder et al., 1999). The principal protein constituents of the 2-
dimensional spectrin-based membrane skeletal network are a-
and b-spectrin, actin, protein 4.1R, adducin, dematin, tropomyosin,
and tropomodulin (Yu et al., 1973; Sheetz, 1979; Mohandas and
An, 2006). Spectrin-actin network attributes a function of main-
taining erythrocytic membrane deformability and reformability
(Mohandas and Gallagher, 2008a,b). Hence, it helps to protect
erythrocytic breakdown while passing through small blood capil-
laries. In Plasmodium species, their merozoite surface antigens have
been reported to be associated with several components of eryth-
rocytic meshwork (Dluzewski et al., 1989; Waller et al., 2007). Like
Plasmodium, Babesia and Theileria are also members of phylum Api-
complexa (Cooke et al., 2001). The pathogenesis and disease clini-
cal picture by Babesia, Theileria, and Plasmodium species in animals
and humans, respectively, have striking resemblance (Allred, 1995;
Schetters and Eling, 1999; Cooke et al., 2005). Previously, we had
demonstrated the shedding of T. equi EMA-2 on the cytoplasmic
membrane of the infected erythrocytes during their asexual
growth, and its binding affinity with Triton X-100-insoluble eryth-
rocyte membrane stroma (Kumar et al., 2004). The last findings
have prompted us to identify the target molecules composing the
equine erythrocytic skeleton, which may have a binding affinity
with the EMA-2. In this study, we investigated the interaction of
T. equi EMA-1 or EMA-2 with the host erythrocytic molecules,
which may have some roles in the pathology of the parasite.
2. Materials and methods

2.1. T. equi and the infected erythrocytes

The USDA strain of T. equi was grown in equine erythrocytes by
using a standard microaerophilous stationary phase cultivating
method (Avarzed et al., 1997, 1998). When the parasitaemia
reached 10–15% in the culture, the erythrocytes were washed three
times with phosphate-buffered saline (PBS) by centrifuging at
2,000g for 5 min at 4 �C. The pelleted erythrocytes were immedi-
ately stored at �80 �C for DNA extraction (Tanaka et al., 1999).
Equine erythrocytes were collected from healthy animals. This
study was performed in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of
the Obihiro University of Agriculture and Veterinary Medicine.
The protocol for management, housing and experimentation was
approved by the Committee on the Ethics of Animal Experiments
of the Obihiro University of Agriculture and Veterinary Medicine
(Permit number 23-26).
2.2. Expression and purification of recombinant T. equi meorzoite
antigens (EMA-1 and EMA-2)

For expressions of truncated EMA-1 (Genbank accession num-
ber: AB043618) and EMA-2 (AB013725) gene products in Esche-
richia coli, two kinds of plasmid vectors were constructed: pGEX/
EMA-1t and pGEX/EMA-2t, respectively (Kumar et al., 2004).
Briefly, these truncated version of EMA-1 and -2 were without N-
terminal signal peptides and C-terminal hydrophobic trans-mem-
brane domain. The EMA-1 and -2 genes were amplified from the
T. equi DNA template in PCR using the previous reported oligonu-
cleotide primers (Avarzed et al., 1997; Xuan et al., 2001): sense
and anti-sense primers for truncated EMA-1 and EMA-2 genes were
forward 50-ACGAATTCGGAGGAGAAACCCAAG-30, reverse 50-ACGA-
ATTCTTAAGCGGCATCCTTG-30, and forward 50-ACGAATTCTAAAA
TGTTGAGCAAG-30, reverse 50-ACGAATTCCGATGAGGCACCAAAG-30,
respectively. The underlined letters in the primer sequences repre-
sent the EcoRI cloning site. A 633-bp or 684-bp truncated EMA-1 or
EMA-2 gene was amplified by the PCR, respectively. The PCR prod-
ucts were digested with EcoRI, purified with QIAquick gel extrac-
tion kit (Qiagen, Inc., Hilden, Germany), and then ligated into the
EcoRI site of pGEX-4T1 E. coli expression vector (Amersham Phar-
macia Biotech, Piscataway, NJ, USA). These resultant plasmids,
pGEX/EMA-1t and -2t, were used to produce the gene products
fused with a glutathione S-transferase (GST) in E. coli, DH5 strain,
according to standard techniques (Sambrrok and Russell, 2001).
The transformed E. coli cells were washed three times with PBS,
lysed in 1% Triton X-100–PBS, sonicated, and then centrifuged at
12,000g for 10 min at 4 �C. The supernatants containing soluble
GST fusion proteins (designated as rEMA-1t or rEMA-2t) were puri-
fied with glutathione-Sepharose 4B beads (Amersham Pharmacia
Biotech), as described previously (Chen et al., 2001).

2.3. West-Western blot analysis

Erythrocytes were separated from the defibrinated blood col-
lected from a healthy horse and washed three times with Tris–sal-
ine (50 mM Tris–HCl, pH 8.0, and 150 mM NaCl) by centrifugation
at 2000g for 10 min at 4 �C. Erythrocyte pellet was incubated for
30 min at 4 �C with a 10-pellet volume of TNET buffer (50 mM
Tris–HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, and 0.05% (v/v) Triton
X-100) containing protease inhibitors (Protease inhibitor cocktail
tablets, Complete Mini�, Roche Diagnostic GmbH, Mannheim, Ger-
many). The suspension was centrifuged at 15,000g for 10 min at
4 �C, and the collected pellet was termed as a Triton X-100 insolu-
ble erythrocyte stroma. The pellet was washed with Tris–saline,
centrifuged at 15,000g for 10 min at 4 �C, and finally suspended
in equal volume of Tris–saline. The Triton X-100-insoluble erythro-
cyte stroma was electrophoresed on 10–12% SDS–PAGE. Briefly,
15 ll volume of the sample was mixed with equal volume of 2�
SDS sample buffer (62.5 mM Tris–HCl, pH 6.8, 10% glycerol, 5% 2-
mercaptoethanol, 2% SDS, and 0.01% bromophenol blue), and
boiled for 5 min, followed by centrifuges at 8000g for 10 min.
Twenty microliters of supernatant were loaded into the loading
wells and then fractionated at a constant current of 60 mA for
60 min. The fractionated proteins in the gel were transferred
(semi-dry electrophoretic transfer) to PVDF membrane (Hybond-
P, GE Healthcare Japan Corporation, Tokyo, Japan) at 0.8 mA/cm2

as described previously (Towbin et al., 1979). The membranes were
incubated overnight at 4 �C with 100 lg of rEMA-1t or rEMA-2t, or
the control GST protein diluted in 1% bovine serum albumin (BSA)
prepared in PBS. Thereafter, the membranes were washed three
times with a washing buffer (50 mM Tris–HCl, pH 7.0, 150 mM
NaCl, and 0.05% (v/v) Tween 20) and then blocked with a blocking
buffer (3% BSA in PBS) for 1 h at room temperature (RT). Subse-
quently, the membranes were incubated at RT for 1 h with anti-
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GST antibody (anti-GST (HRP)-conjugated, GE-Healthcare, Tokyo,
Japan) diluted to 1:2,000 in 1% BSA prepared in PBS. After washing,
the membranes were processed with chemiluminescent reagents
(as per manufacturer’s instructions, Amersham ECL™ Western
blotting detection reagents, GE Healthcare, Tokyo Japan), and the
membranes were read in a gel imaging system [ChemiDoc™ XRS,
Bio-Rad Laboratories (Life Science Division), Tokyo, Japan].
2.4. Solubilisation of normal equine erythrocytes

The pellet of Triton X-100-insoluble erythrocyte stroma was
mixed with equal volume of 1% C12E8 (Octaethyleneglycol mono-
n-Dodecyl ether, Sigma–Aldrich Japan K.K., Tokyo, Japan) prepared
in Tris–saline. The suspension mixture was incubated overnight at
4 �C. The material was centrifuged at 15,000g for 30 min, and the
supernatant was collected and dialyzed against PBS for 12–16 h
at 4 �C. The dialyzed supernatant was collected and then stored
at 4 �C until further use.
2.5. GST pull-down assay

Twenty microgram of GST or GST-fusion proteins (rEMA-1t or
rEMA-2t) were bound to 80 ll of glutathione-Sepharose 4B beads
in a total of 300 ll volume, and then incubated for 30 min at
4 �C. Thereafter, glutathione-Sepharose 4B beads were washed
three times with PBS by centrifuging at 5000g for 1 min at 4 �C,
and subsequently suspended in 300 ll of a binding buffer (5 mM
NaH2PO4, pH7.6, 25 mM NaCl, 1 mM DTT, 1 mM EDTA, 50 mM
KCl, 2 mM MgCl2, 1 mM ATP, and 1 mg/ml BSA) containing equal
amount of solubilized normal equine erythrocytes as described
above. The suspension was incubated overnight at 4 �C. Thereafter,
the beads were washed three times with the binding buffer, sus-
pended in 80 ll of PBS, and then mixed with equal volume of 2�
SDS sample buffer. Separately, solubilized normal equine erythro-
cytes, and rEMA-1t and rEMA-2t suspensions were also mixed with
equal volume of 2� SDS sample buffer. All of these suspensions
were loaded into the wells of 10–12% SDS–PAGE gel, and then elec-
trophoresed. The fractionated proteins on the gel were transferred
to PVDF membrane, and then immune-blotted with mouse anti-ac-
tin monoclonal antibody (Chemicon International, Inc., CA, USA) as
per procedure described elsewhere.
3. Results

3.1. West-Western blot analyses

Previously, we had demonstrated the specific binding of rEMA-
2t, but not of rEMA-1t, to a Triton X-100-insoluble erythrocyte
stroma (Kumar et al., 2004). In its continuation, we conducted this
study to identify the host erythrocytic proteins that may have a
binding affinity with the r EMA-2t. Initially, the rEMA-1t and
rEMA-2t of 47 and 51 kDa, respectively, were successfully ex-
pressed and purified, as demonstrated on SDS–PAGE (Fig. 1A, lanes
2 and 3, respectively). In the West-Western blot analyses, the GST
tagged rEMA-1t and rEMA-2t reacted intensely with b-spectrin &
ankyrin (210–220 kDa) and band 6 (35 kDa) (Fig. 1B, lane 1). Addi-
tionally, rEMA-2t distinctly reacted with protein 4.1 (78–80 kDa)
and actin (43 kDa) (Fig 1B, lane 2). These erythrocytic proteins
were identified on the basis of their known molecular weights as
shown in Fig. 1A, lane 1. Exceptionally, the rEMA-1t showed no
binding efficacy with respect to the protein 4.1 and actin molecules
(Fig. 1B, lane 1). The interactions of rEMA-2t with protein 4.1 and
actin were specific, because control GST protein failed to bind with
any equine erythrocytic proteins (lane 3).
3.2. GST pull-down assay

Solubilisation of insoluble equine erythrocyt stroma was essen-
tial for performing a GST pull-down assay. Octaethyleneglycol
mono-n-Dodecyl ether (C12E8) successfully solubilized all of the
major proteins in the normal equine erythrocytes (Fig. 2A, lanes
4–6). Next, we carried out the GST pull-down assay to demonstrate
the specific protein–protein interaction by a way of immune-pre-
cipitation using anti-actin monoclonal antibody. GST-fusion pro-
teins were pre-bound to glutathione sepharose beads, and the
binding affinity towards erythrocytic skeleton proteins, especially
actin binding, was assayed. The anti-actin monoclonal antibody
clearly reacted with the suspension, in which the actin was al-
lowed to bind the rEMA-2t from solubilized normal equine eryth-
rocytic proteins (Fig. 2B, lane 2), while no binding efficacy of rEMA-
1t or GST protein was observed towards the actin molecules (lanes
1 and 3, respectively).
4. Discussion

There is a gap in the knowledge on molecular interaction of T.
equi EMAs with respect to equine erythrocytic meshwork. This
information may aid us in understanding the role of parasite’s mer-
ozoite surface proteins during its asexual development in the host
erythrocytes. In West-Western blot analyses, we demonstrated the
interactions of rEMA-2t with several Triton X-100-insoluble eryth-
rocyte membrane proteins. Explicitly, the rEMA-2t was observed to
have binding affinities with erythrocytic actin (42 kDa) and protein
4.1 (78–80 kDa), whereas rEMA-1t failed to bind with these mole-
cules. Since the protein–protein interactions of rEMA-2t with the
actin and protein 4.1 observed in the analyses, were estimated
based on only the pre-determined molecular weights of these
erythrocytic cytoskeleton proteins, hence we applied a GST pull-
down assay for confirmation of the molecular affinity between
these proteins, only focusing on the actin interaction.

In our earlier study (Kumar et al., 2004) EMA-1(t) antigen did
not show binding affinity when incubated with Triton X-100-insol-
uble horse erythrocyte lysate, while in this study it reacted with b-
spectrin/ankyrin and band 6 in West-Western blot analysis. In the
present study, the individual protein in Triton X-100-insoluble
erythrocyte lysate were linearized and fractionated by way of elec-
trophoresis (Laemmli, 1970) and then allowed to react with EMA-
1(t) antigen. This procedure may render more frank interaction of
EMAs than with unfractionated native form of Triton X-100-insol-
uble horse erythrocyte lysate as done previously.

Anti-actin monoclonal antibody used in this study immune-re-
acted with the actin protein in horse erythrocytic skeleton, and the
actin was clearly co-precipitated with GST-fusion rEMA-2t in the
GST pull-down assay. Actin is an abundant cytoskeletal protein
found in all cells (True, 1990). Nakashima and Beutler (1979) had
compared the structure and function of human actin molecule
found in erythrocyte and muscle. They concluded that the erythro-
cyte actin resembles the muscle one in its polymerization, depoly-
merization, and the amino acid composition, but different isoforms
exist in erythrocytes (b/c form) and muscles (a form). The anti-ac-
tin monoclonal antibody used in this study was known to react all
the isoforms of vertabrate actin (Lessard, 1988). In contrast, further
studies are highly required to identify the molecular interaction of
equine erythrocytic protein 4.1 with EMA-2, as there is no useful
antibody (from commercial source) available for equine erythro-
cytic protein 4.1 at present.

The EMA-1 and EMA-2 genes are encoded as the respective sin-
gle copy gene in the genome of T. equi, share 52% amino acid iden-
tity each other, and have glycosyl-phosphatidylinositol (GPI)
anchor-specific motifs (Knowlws et al., 1997). The mono-specifc
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Fig. 1. Protein–protein interaction of rEMA-1t or rEMA-2t with equine erythrocyte stroma in West-Western blot analyses. (A) Protein profile of normal equine erythrocyte
stroma (lane 1), along with purified GST-tagged rEMA-1t (lane 2) and rEMA-2t (lane 3). Molecular size markers in kDa are indicated in lane M. (B) The Triton X-100-insoluble
equine erythrocyte stroma were electrophoresed on 12% SDS–PAGE, and then transferred to PVDF membrane. The membrane was incubated with 100 lg of rEMA-1t (lane 1),
rEMA-2t (lane 2), or GST protein (lane 3). The reactive proteins were visualized by anti-GST antibody conjugated with HRP and chemiluminesce technique. Note: In
comparison to corresponding proteins, rEMA-2t reacted strongly with erythrocytic protein 4.1 (78–80 kDa) and actin (43 kDa).
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Fig. 2. Actin molecule in equine erythrocyte stroma reacting with rEMA-2t in GST pull-down assay. (A) Triton X-100-insoluble erythrocyte stroma solubilized in 1% C12E8

solution: Triton X-100-insoluble erythrocytic fraction (lane 3) and C12E8-soluble erythrocytic fraction (10, 20, and 40 lg of the total protein in the lanes 4, 5, and 6,
respectively). Molecular size markers in kDa are indicated in lane 1, while lane 2 is blank. (B) Twenty micrograms of rEMA-1t, rEMA-2t, or control GST protein were pre-
allowed to bind with glutathione-Sepharose 4B beads, and thereafter, the beads were incubated separately and individually with equine erythrocyte soluble stroma (ESS). The
suspension was centrifuged, and beads were pelleted, and suspended in equal volume of 2� SDS sample buffer. ESS with rEMA-1t (lane 1), ESS with rEMA-2t (lane 2), ESS with
GST (lane 3), ESS only (lane 4), rEMA-1t only (lane 5), rEMA-2t only (lane 6), and GST only (lane 7) were loaded into the wells of 12% SDS–PAGE gel and then electrophoresed.
Transferred PVDF membrane was immunoreacted with anti-actin monoclonal antibody. The reactive protein was visualized by anti-mouse second antibody conjugated with
HRP and chemiluminesce technique. Note: The anti-actin antibody reacted distinctly with the corresponded protein co-precipitated with rEMA-2 from equine erythrocyte
soluble stroma.
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antibodies against these merozoite surface antigens were non-
cross-reactive each other (Kumar et al., 2004), suggesting that
these antigens have different conformational epitopes. The selec-
tive interaction of T. equi EMA-2 with actin protein of equine eryth-
rocytic skeleton may be attributed to the dissimilarity in
conformational surface epitopes between these two EMAs.

Plasmodium parasite’s knob-associated histidine-rich protein
(KAHRP) anchors the carboxy-terminal domain of PfEMP1 (P. falci-
parum erythrocyte membrane protein 1) to interact with erythro-
cytic sub-membrane skeleton protein, which locates at actin–
protein 4.1-spectrin junction (Waller et al., 1999, 2002). The inter-
action of knob component with the erythrocytic skeletal protein al-
ters the erythrocytic membrane characteristics by increasing its
rigidity and adhesiveness (Mohandas and An, 2006). Association
of T. equi EMA-2 with erythrocytic actin may also disturb this
mechanism and render T. equi-infected erythrocytes easy break-
down, which is indicated by alteration in erythrocyte membrane
proteins during clinically T. equi infection in equids (Ambawat
et al., 1999). Hutchings et al. (2007) also recorded similar observa-
tions in Babesia bovis-parasitized erythrocytes.

The knowledge on molecular interaction between merozoite
surface antigens of T. equi and host erythrocyte’s skeleton is still
limited. The other Apicomplexean parasites have single merozoite
surface antigen – B. bovis [MSA-1 (Suarez et al., 2000), Babesia
bigemina [gp45] (Fisher et al., 2001; Madruga et al., 1996), Theileria
annulata [Tams-1 (Shiels et al., 1995) and Theileria sergenti [p32]
(Matsuba et al., 1993), while T. equi possess two merozoites surface
antigens [EMA-1 and EMA-2]. These paralogouse merozoite surface
genes in T. equi, one of which is orthologous to the merozoite sur-
face antigen genes conserved among Theileria spp and Babesia spp,
duplicated and acquired/lost new function(s). These present find-
ings may be helpful in elucidating the interaction of T. equi mero-
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zoite surface antigens with the host erythrocytes, substantiating
our understanding on modification of infected host erythrocyte
properties.
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