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Abstract

There is a family of proteins from parasitic worms which combine N-terminal EF-hand domains with
C-terminal dynein light chain-like domains. Data are accumulating on the biochemistry and cell biology
of these proteins. However, little is known about their functions in vivo. Schistosoma mansoni expresses 13
family members (SmTAL1-SmTAL13). Three of these (SmTAL1, SmTAL2 and SmTAL3) have been subjected
to biochemical analysis which demonstrated that they have different molecular properties. Although their
overall folds are predicted to be similar, small changes in the EF-hand domains result in differences in
their ion binding properties. Whereas SmTAL1 and SmTAL2 are able to bind calcium (and some other) ions,
SmTAL3 appears to be unable to bind any divalent cations. Similar biochemical diversity has been seen in
the CaBP proteins from Fasciola hepatica. Four family members are known (FhCaBP1-4). All of these bind to
calcium ions. However, FhCaBP4 dimerizes in the presence of calcium ions, FhCaBP3 dimerizes in the absence
of calcium ions and FhCaBP2 dimerizes regardless of the prevailing calcium ion concentration. In both the
SmTAL and FhCaBP families, the proteins also differ in their ability to bind calmodulin antagonists and related
drugs. Interestingly, SmTAL1 interacts with praziquantel (the drug of choice for treating schistosomiasis).

The pharmacological significance (if any) of this finding is unknown.

Introduction: calcium signalling in cells
Changes in the cellular calcium ion concentration acts as
a signal in a wide range of organisms from throughout
the tree of life [1]. Calcium ions are well-suited to this
task since, of the commonly occurring inorganic ions in
living systems, solvating water molecules have the highest
association and dissociation rates [2,3]. This means that these
water molecules are rapidly exchanged between the ion and
the water. Since interaction with other proteins generally
requires the removal of some, or all, of these water molecules
binding to proteins can also be rapid. By the same argument,
removal of calcium ions from proteins and their return to
aqueous solution can also be rapid. Thus, calcium binding
and unbinding enables the rapid detection and termination of
signals.

Signalling by calcium ions necessarily requires that the ions
are recognized by proteins which then respond, normally
through conformational changes which alter interactions
with other proteins [4,5]. Many cells express a variety of these
calcium sensors, and the best characterized is calmodulin.
This protein has two globular domains linked by an extended
alpha-helical segment [6,7]. Each of the two globular domains
contains two EF-hand motifs which are capable of binding
calcium and other divalent ions [5,8]. The EF-hand motif
folds into a tight turn which, through a combination of
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side chain and backbone functional groups, is able to
coordinate a calcium ion. Considerable work has been done
to define the consensus residues required for calcium ion
binding [4]. These residues include ones with carboxylate
or hydroxyl side chains involved in the coordination of the
ion and also glycines to enable the tight turns required to
fold around the ion [4]. In response to calcium binding,
calmodulin undergoes a conformational change in which the
protein’s surface becomes more hydrophobic [9,10]. This
change in surface properties alters how the protein interacts
with other molecules. In many cases, this change enables
the binding to partner proteins, but there are also cases
where it reduces the affinity. Calmodulin is implicated in
regulating a wide variety of cellular processes including
muscle contraction, calcium homoeostasis and cytokinesis
[11-13].

Calcium sensors such as calmodulin have attracted interest
as drug targets. A number of neuro-active compounds have
been shown to act, at least in part, through the antagonism
of calmodulin’s signalling to other proteins. These drugs
include trifluoperazine (TFP) and chlorpromazine (CPZ);
these are both used in the treatment of schizophrenia and
other psychiatric diseases [14-17]. There has also been some
interest in exploiting the antagonism of calmodulin in the
development of novel anti-cancer treatments [18]. These
compounds act by binding to hydrophobic patches and
crevices on the surface of the calcium-calmodulin complex,
blocking the protein’s interactions with other biomolecules
[10,19].
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Figure 1| Predicted structure of a typical member of this protein
family

A schematic diagram of the three regions of the protein (top) with the
residues in each region shown for representative family members. (Note
that FhCaBP3 has an extended, unstructured region at the N-terminus.)
Domain boundaries were estimated by eye using previously published
molecular models. The modelled structure of FhCaBP4 [30] is shown
(bottom) in the same colour scheme. This protein is shown bound to
one calcium ion in the second EF-hand.

EF-hand domain Linker  DLC-like domain

v [ -

FhCaBP1 1-94 95-100 101-190
FhCaBP2 1-87 88-100 101-189
FhCaBP3 26-89 90-128 129-210
FhCaBP4 1-87 88-102 103-190
SmTAL1 1-76 77-100 101-190
SmTAL2 1-79 80-85 96-184

SmTAL3 1-75 76-91 92-181

An unusual family of calcium-binding
proteins in parasitic worms

Parasitic worms cause a significant disease burden on
humanity [20]. This is most keenly felt in the developing
world. There is also a substantial effect on global agriculture
and food security with losses of livestock production due to
worm infections estimated at billions of dollars per annum.
Although there are anumber of safe and effective drugs for the
treatment of parasitic worm infections, resistance to these is
emerging and likely to become more prevalent as selective
pressures drive evolution [21]. There is limited research
into alternative treatments for parasitic worm infections and
there is also a lack of knowledge about the fundamental
biochemistry of these organisms. Consequently, there is a
need to understand systems such as calcium signalling in these
organisms in order to build up the knowledge base that may,
one day, be used in novel drug discovery.

Many species of parasitic worms, especially those in the
class Trematoda (flukes) express members of a family of
unusual calcium-binding proteins. These proteins combine
an N-terminal domain with two EF-hand motifs and a C-
terminal domain which has high similarity to dynein light
chains (DLC-like domain). Dynein light chains are accessory

subunits of the microtubule motor dynein [22,23]. They
are typically small proteins (~8-10 kDa) which have the
capacity to homodimerize [24]. Structurally, they consist
of a largely B-sheet structure [24-26]. Dynein light chains
interact with a wide range of diverse proteins which may
include some ‘cargo’ molecules to be carried by the dynein
motor [26,27]. The two domains are joined by a flexible linker
sequence (Figure 1). No similar proteins have been identified
in any other group of organisms. This combination of their
uniqueness to parasitic worms and their likely involvement
in calcium signalling make them attractive targets for further
investigation as potential drug targets.

Interestingly, trematodes appear to express a relatively
large number of these proteins (Table 1). The common
liver fluke (Fasciola hepatica) is known to express at least
four isoforms [28-31], and preliminary analysis of the
draft genome suggests that the total is more than ten [32]
(CMT, unpublished data). The blood fluke Schistosoma
mansoni expresses 13 isoforms [33] and it seems likely
that other species from the same genus express similar
numbers [34]. Examples from other trematode species have
also been identified (Table 1). However, there have not
been systematic surveys of isoform diversity in these species
to date.

Biochemical analysis of these proteins has revealed
differences in their properties. Four isoforms from F hepatica
have been characterized to date. FH22 (FhCaBP1), FhCaBP2,
FhCaBP3 and FhCaBP4 all bind to calcium ions [28-31]. In
the case of FhCaBP4, this interaction promotes dimerization
of the protein [30]. In contrast, dimerization is favoured
in the calcium-free state of FhCaBP3 [29] and FhCaBP2
dimerization appears to be unaffected by the presence or
absence of calcium ions [28]. All four proteins are predicted
to have similar structures by molecular modelling [28-30]
(DJT, unpublished data) (Figure 1). To date, no experimental
structure of a full-length CaBP has been released, although
the structure of the DLC-like domain from FhCaBP2 has
recently been reported [35]. The ion binding properties of
FhCaBP1 have not been investigated in detail. FhCaBP2,
FhCaBP3 and FhCaBP4 show different properties. Although
all three bind calcium and manganese ions, they differ in
the other divalent ions which can be recognized (Table 1)
[28-30]. They also can be distinguished pharmacologically
with FhCaBP2 and FhCaBP3 binding to a range of calm-
odulin antagonists including trifluopreazine, chlorpromazine
and N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide
(W7) [28,29]. In contrast FhCaBP4 binds to W7 but not
TFP [30].

A more detailed study of FhCaBP2 confirmed that calcium
ion binding occurs through the N-terminal domain (which
contains the two EF-hands) [28]. Of these two EF-hands the
second is more important in binding to the ion: mutation of a
key aspartate residue (Asp-58) in this motif abolished calcium
ion binding. Both the isolated N- and C-terminal domains
are capable of dimerizing, strongly suggesting that dimers
of the intact proteins dimerize along their long axis involving
contacts from both domains [28]. In some isoforms it has been
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3Not all ions and drugs have been tested with all proteins. Listed here are those for which experimental evidence in favour of binding has been
obtained. Therefore, absence from the list does not, necessarily, mean that the protein does not bind a particular ion or drug. bTha, thiamylal; PZQ,
praziquantel. <?? indicates something which is not currently known. dinferred from sequence alignment. €The protein is approximately 10 kDa larger
than other family members and must, therefore, have additional domains/regions compared with the structure illustrated in Figure 1.

Alternative Drug
Species Protein name lon binding® binding®®  Dimerization Localization Reference(s)
Fasciola hepatica FhCaBP1 FH22 Caz+ e 7 Excretory- [31]
secretory
extract
FhCaBP2 Ca?t, Mn2+ TFP, CPZ, Yes +/—Ca?t ® [28]
W7, ThA
FhCaBP3 Cazt, Mn2+ TFP, CPZ, Yes — (a2t ” [29]
PZQ
FhCaBP4 CaZt, Mn2t, w7 Yes 4 (a?t ” [30]
BaZ+ Sn2+
Fasciola gigantica FgCaBP1 (= ” 7 Tegument [45,46]
FgCaBP2 a2 +d 7 7 7 [45]
FgCaBP3 Cazt ” ” Tegument [45]
FqCaBP4 Caz+ ” ” Tegument; lining  [45]
of the seminal
vesicle
Schistosoma mansoni  SMTAL1 Sm22.6 Ca?*, Mnt, PZQ, CPZ, Yes +/—Ca’*t  Tegument [38,55]
Ni¢+, sp2+ W7, TFP
SMTAL2 Sm21.7 Ca?t, Mn2t, w7 Yes +/—Ca?t » [38,56]
cd?+ , /\/\92 +
SmTAL3 Sm20.8 None TFP, ThA Yes +/—Ca’*t  Tegument [38,40]
SmTAL4 ” ” ” Tegument of the [33]
cercarial tail
Schistosoma japonicum — SjTP22.4 Cazt ” ” Tegument [57]
5j22.6 ” ”? ”? Apical cytoplasm [58-60]
of the
tequment
5j20.8 a2+t 7 7 Tegument [61]
Clonorchis sinensis (sTequ21.6 ” 7 ” Tegument [62]
(sTP31.8¢ 7 7 7 Tegument [63]
Opisthorchis viverrini Ov(aBP %+ ” ” Gut epithelium, [47]
miracidia in
eqgs

demonstrated that calcium-ion binding increases the surface
hydrophobicity of the molecule (analogously to calmodulin)
[28,30]. However, it is currently unclear if (and how) calcium
ion binding by the EF-hand can affect the DLC-like domain.

Biochemical analysis of members of the protein family
from S. mansoni (known in this species as tegumental
allergen-like proteins, TALs due to their ability to induce
IgE-mediated immune responses [36]) has also revealed
differences. Once again, the predicted structures are similar
[37] (DJT, unpublished data). The crystallization of one
isoform (Sm21.7 or SmTAL2) has been reported, but the
structure is not yet available. Interestingly this protein spon-
taneously degraded under the conditions of crystallization
such that only the DLC-like domain remained [38]. Ion
binding properties of these TAL proteins varies widely.

SmTALT interacts with calcium, manganese strontium and
nickel (II) ions, whereas SmTAL2 interacts with calcium
and manganese only [37]. However, there is no evidence
that SmTAL3 binds to calcium or any other divalent
cation [37,39]. These experimental findings are consistent
with the predicted structure of the second EF-hand
in SmTAL3 which deviates from the consensus sequence in
several places [4,37]. All three of these proteins are capable
of dimerizing and calcium ions have no effect of the
detected extent of dimerization [37]. To date, no detailed
biochemical studies on the remaining family members have
been reported. SmMTAL1, SmTAL2 and SmTAL3 can be
distinguished pharmacologically: each has distinct drug
binding properties [37]. Interestingly, SmTALI interacts
with praziquantel, the current drug of choice for the
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treatment and prevention of infection with schistosomes
[37,40]. It is not clear if this interaction is pharmacologically
important. However, it is well-established that praziquantel
acts through the dysregulation of calcium homoeostasis,
resulting in rapid influx of calcium ions. This uncontrolled
rise in the intracellular calcium ion concentrations causes
the disruption of a variety of processes most importantly
resulting in the muscle contraction and paralysis of the
worm [41]. The precise, molecular mechanism of action of
praziquantel remains unknown. It is tantalizing to suggest
that its interaction with SmTAL1 may be important in
this mechanism. However, there is currently no evidence to
support this postulate.

Mysteries associated with this protein
family

There remain many mysteries about this protein family. Not
all biochemical questions have been resolved. Although many
differences in ion binding and oligomerization properties
have been discovered, the underlying structural causes
of these are not yet defined. The EF-hand dimerization
interfaces have not been mapped and further studies on the
flexibility of the linker which joins the two domains would
also be desirable.

The subtle differences in biochemical properties suggest
that they perform discrete cellular roles. However, it is not
clear why so many isoforms are required by parasitic worms.
It is possible that there is some overlap or redundancy in
function or that some proteins are only used in specific
life-cycle stages. (It should be noted that the conditions
of the life cycle stages vary considerably. For example,
mature flukes exist largely inside mammals at the controlled
temperatures prevailing there. In contrast, free living stages
are subject to greater temperature fluctuations and typically
lower temperatures than those found inside mammalian
bodies.) The role of manganese binding is also unclear. To
date, no isoform has been identified which binds calcium ions,
but not manganese ions. This may be an experimental artefact
or may have potential physiological significance. There are
few examples of manganese ion based signalling but the
possibility remains that it may be occurring in these systems.

The biggest mystery surrounding this protein family
is their roles and functions. The different biochemical
properties suggest that they play a variety of roles in
the parasite [42]. However, there are currently no clear
indications what these roles may be. An early study on
SmTAL3 (Sm20.8) demonstrated that the protein can be
isolated in a large, multi-protein complex which contained
dynein [43]. The presence of DLC-like domains may mean
that members of this protein family can interact directly
with dynein. However, it should be noted that breakage of
cells and extraction of proteins would necessarily result in
the mixing of proteins and so there remains the possibility
that SmTAL3’s presence in this complex resulted from a
non-physiological association of the DLC-like domain with
dynein. Localization studies on family members from a

variety of species have demonstrated that the proteins are
often found in the tegument [44-46]. This syncytium is
located on the surface of the worm and is intimately involved
in host-parasite recognition. It is a highly dynamic and
metabolically active structure and it seems likely that it
has a strong requirement for a variety of tightly regulated
processes, including those mediated by dynein, for example
vesicular transport [47]. Therefore, there may be a role
for family members in either directly regulating these
cytoskeletal processes or in the maintenance of calcium
homoeostasis in the tegument. Mapping the signalling
pathways that this group of proteins participates in would
also be likely to provide important functional data.

There is a clear need to learn more about the roles of these
proteins. Greater understanding of these would result from
the identification of protein (or other biomacromolecule)
binding partners. The current lack of good cell culture
models for many parasitic worms combined with difficulties
in maintaining many life cycle stages in the laboratory
hinder 7 vivo studies. In this context it may be useful to
establish simple ‘model systems’ in which key components
are expressed in simple, more genetically tractable organisms
such as the budding yeast Saccharomyces cerevisiae. It may
also be possible to study the effects of ‘knocking down’
the expression of selected family members using RNAI.
This technique is now well-established in many parasitic
worms (see, for example [48-52]). In the case of these protein
families, issues may arise due to the highly similar nature of
their sequences and the possibility that some of the proteins
may have long cellular half-lives (and, thus, knockdown of
mRNA levels may take some time to feed through to protein
levels). Nevertheless, the recent successful use of RNAI to
knockdown selectively (at the mRNA and protein levels),
calmodulin isoforms in F. hepatica suggests that this approach
may be possible [53]. If so, careful identification of likely
phenotypic read-outs will be important to maximize the
utility of the experiments.

This protein family is interesting at the biochemical
level. Despite their overall sequence and predicted structural
similarity, they demonstrate biochemical differences which
are likely to be reflected in functional differences. They can be
differentiated pharmacologically suggesting that it would be
possible to design compounds which recognize one isoform
or a closely related group of isoforms. Thus, if it is sub-
sequently shown that this mysterious group of proteins is in-
volved in vital processes in parasitic worms, they may become
a very attractive target for the design of drug-like molecules
which target the pathogen but have no likely binding partner
in the host. In order to get to this point, many more biochem-
ical, genetic and physiological studies will be required.

Acknowledgements

DJT wishes to thank Drs Liz Hoey and Alan Trudgett (both recently
retired from Queen’s University, Belfast) for introducing him to
helminth biology and biochemistry.

©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.



Funding

Irish Area Section (Protein Interactions in Biology)

CMT thanks the Department of Employment and Learning, Northern
Ireland (DELNI, UK) for a PhD studentship.

Ea

References
1 Clapham, D.E. (1995) Calcium signaling. Cell 80, 259-268

CrossRef PubMed

Megyes, T., Grész, T., Radnai, T., Bako, . and P3linkds, G. (2004)

Solvation of calcium ion in polar solvents: an X-ray diffraction and ab

initio study. J. Phys. Chem. A 108, 7261-7271 CrossRef

Williams, R.J. (2006) The evolution of calcium biochemistry. Biochim.

Biophys. Acta 1763, 1139-1146 CrossRef PubMed

Gifford, J.L., Walsh, M.P. and Vogel, H.J. (2007) Structures and

metal-ion-binding properties of the Ca2 + -binding helix-loop-helix

EF-hand motifs. Biochem. J. 405, 199-221 CrossRef PubMed

Lewit-Bentley, A. and Rety, S. (2000) EF-hand calcium-binding proteins.

Curr. Opin. Struct. Biol. 10, 637-643 CrossRef PubMed

6 Babu, Y.S., Bugg, C.E. and Cook, W J. (1988) Structure of calmodulin
refined at 2.2 A resolution. J. Mol. Biol. 204, 191-204 CrossRef PubMed

N

w

£

wl

w

(o]

O

23 Harrison, A. and King, S.M. (2000) The molecular anatomy of dynein.

Essays Biochem. 35, 75-87 CrossRef PubMed

Barbar, E., Kleinman, B., Imhoff, D., Li, M., Hays, T.S. and Hare, M. (2001)
Dimerization and folding of LC8, a highly conserved light chain of
cytoplasmic dynein. Biochemistry 40, 1596-1605

CrossRef PubMed

Fan, J., Zhang, Q., Tochio, H., Li, M. and Zhang, M. (20071) Structural basis
of diverse sequence-dependent target recognition by the 8 kDa dynein
light chain. J. Mol. Biol. 306, 97-108 CrossRef PubMed

Wu, H., Maciejewski, M.W., Takebe, S. and King, S.M. (2005) Solution
structure of the Tctex1 dimer reveals a mechanism for dynein-cargo
interactions. Structure 13, 213-223 CrossRef PubMed

Tai, A.W., Chuang, ).Z., Bode, C.,, Wolfrum, U. and Sung, C.H. (1999)
Rhodopsin’s carboxy-terminal cytoplasmic tail acts as a membrane
receptor for cytoplasmic dynein by binding to the dynein light chain
Tctex-1. Cell 97, 877-887 CrossRef PubMed

Thomas, C.M. and Timson, D.J. (2015) FhCaBP2: a Fasciola hepatica
calcium-binding protein with EF-hand and dynein light chain domains.
Parasitology 142, 1375-1386 CrossRef PubMed

Banford, S., Drysdale, 0., Hoey, E.M., Trudgett, A. and Timson, D.J. (2013)
FhCaBP3: a Fasciola hepatica calcium binding protein with EF-hand and
dynein light chain domains. Biochimie 95, 751-758

CrossRef PubMed

~

Babu, Y.S., Sack, J.S., Greenhough, T.J., Bugg, C.E.,, Means, A.R. and Cook,

W.J. (1985) Three-dimensional structure of calmodulin. Nature 315,

37-40 CrossRef PubMed

8 Kretsinger, R.H. and Nockolds, C.E. (1973) Carp muscle calcium-binding
protein. II. Structure determination and general description. J. Biol.
Chem. 248, 3313-3326 PubMed
9 Gopalakrishna, R. and Anderson, W.B. (1985) The effects of chemical

modification of calmodulin on Ca* -induced exposure of a hydrophobic
region. Separation of active and inactive forms of calmodulin. Biochim.
Biophys. Acta 844, 265-269 CrossRef PubMed

10 LaPorte, D.C., Wierman, B.M. and Storm, D.R. (1980) Calcium-induced
exposure of a hydrophobic surface on calmodulin. Biochemistry 19,
3814-3819 (rossRef PubMed

11 Vetter, S.W. and Leclerc, E. (2003) Novel aspects of calmodulin target
recognition and activation. Eur. J. Biochem. 270, 404-414
CrossRef PubMed

12 Hoeflich, K.P. and lkura, M. (2002) Calmodulin in action: diversity in
target recognition and activation mechanisms. Cell 108, 739-742
CrossRef PubMed

13 Yap, K.L,, Kim, J., Truong, K., Sherman, M., Yuan, T. and lkura, M. (2000)
Calmodulin target database. J. Struct. Funct. Genomics 1, 8-14
CrossRef PubMed

14 Cook, W.J., Walter, LJ. and Walter, M.R. (1994) Drug binding by
calmodulin: crystal structure of a calmodulin-trifluoperazine complex.
Biochemistry 33, 15259-15265 CrossRef PubMed

15 Levin, R.M. and Weiss, B. (1976) Mechanism by which psychotropic
drugs inhibit adenosine cyclic 3',5'-monophosphate phosphodiesterase
of brain. Mol. Pharmacol. 12, 581-589 PubMed

16 Jamieson, Jr, G.A. and Vanaman, T.C. (1979) Calcium-dependent affinity
chromatography of calmodulin on an immobilized phenothiazine.
Biochem. Biophys. Res. Commun. 90, 1048-1056 CrossRef PubMed

17 Massom, L., Lee, H. and Jarrett, H.W. (1990) Trifluoperazine binding to
porcine brain calmodulin and skeletal muscle troponin C. Biochemistry
29, 671-681 CrossRef PubMed

18 Hait, W.N. (1987) Targeting calmodulin for the development of novel
cancer chemotherapeutic agents. Anti-Cancer Drug. Design 2, 139-149
PubMed

19 Roufogalis, B.D., Minocherhomjee, A.M. and Al-Jobore, A. (1983)
Pharmacological antagonism of calmodulin. Can. J. Biochem. Cell Biol.
61, 927-933 CrossRef PubMed

20 Lustigman, S., Prichard, R.K., Gazzinelli, A., Grant, W.N., Boatin, B.A.,

McCarthy, J.S. and Basanez, M.G. (2012) A research agenda for helminth

diseases of humans: the problem of helminthiases. PLoS Negl. Trop. Dis.

6, ©1582 CrossRef PubMed

Geary, T.G. (2012) Are new anthelmintics needed to eliminate human

helminthiases? Curr. Opin. Infect Dis. 25, 709-717 CrossRef PubMed

22 Rapali, P., Szenes, A., Radnai, L., Bakos, A., Pal, G. and Nyitray, L. (2011)

DYNLL/LCS: a light chain subunit of the dynein motor complex and

beyond. FEBS ). 278, 2980-2996 CrossRef PubMed

2

e

o

ire

N

w

o~

vl

(o)}

e

orr, R, Kinkead, R., Newman, R., Anderson, L., Hoey, E.M., Trudgett, A.
and Timson, D.J. (2012) FhCaBP4: a Fasciola hepatica calcium-binding
protein with EF-hand and dynein light chain domains. Parasitol. Res.
111, 1707-1713 CrossRef PubMed

Ruiz de Equino, A.D., Machin, A., Casais, R., Castro, A.M., Boga, J.A.,
Martin-Alonso, J.M. and Parra, F. (1999) Cloning and expression in
Escherichia coli of a Fasciola hepatica gene encoding a calcium-binding
protein. Mol. Biochem. Parasitol. 101, 13-21 CrossRef PubMed
Cwiklinski, K., Dalton, J.P., Dufresne, PJ., La Course, J., Williams, D.J.,
Hodgkinson, J. and Paterson, S. (2015) The Fasciola hepatica genome:
gene duplication and polymorphism reveals adaptation to the host
environment and the capacity for rapid evolution. Genome Biol. 16, 71
CrossRef PubMed

Fitzsimmons, C.M., Jones, F.M., Stearn, A., Chalmers, I.W., Hoffmann, K.F.,
Wawrzyniak, J., Wilson, S., Kabatereine, N.B. and Dunne, D.W. (2012) The
Schistosoma mansoni tequmental-allergen-like (TAL) protein family:
influence of developmental expression on human IgE responses. PLoS
Negl. Trop. Dis. 6, 1593 CrossRef PubMed
The-Schistosoma-japonicum-Genome-Sequencing-and-Functional-
Analysis-Consortium (2009) The Schistosoma japonicum genome reveals
features of host-parasite interplay. Nature 460, 345-351

CrossRef PubMed

Nguyen, T., Thomas, C.M., Timson, D.J. and van Raaij, M.J. (2016) Fasciola
hepatica calcium binding protein FhCaBP2: Structure of the dynein light
chain-like domain. Parasitol. Res. 115, 2879-2886 CrossRef PubMed
Fitzsimmons, C.M., McBeath, R., Joseph, S., Jones, F.M., Walter, K.,
Hoffmann, K.F., Kariuki, H.C., Mwatha, J.K., Kimani, G., Kabatereine, N.B.
et al. (2007) Factors affecting human IgE and IgG responses to
allergen-like Schistosoma mansoni antigens: molecular structure and
patterns of in vivo exposure. Int. Arch. Allergy Immunol. 142, 40-50
CrossRef PubMed

Thomas, C.M., Fitzsimmons, C.M., Dunne, D.W. and Timson, D.J. (2015)
Comparative biochemical analysis of three members of the Schistosoma
mansoni TAL family: differences in ion and drug binding properties.
Biochimie 108, 40-47 CrossRef PubMed

Costa, M.A., Rodrigues, F.T., Chagas, B.C., Rezende, C.M., Goes, A.M. and
Nagem, R.A. (2014) Preliminary crystallographic studies of a
Schistosoma mansoni antigen (Sm21.7) dynein light-chain (DLC)
domain. Acta Crystallogr. F Struct. Biol. Commun. 70, 803-807

CrossRef PubMed

Mohamed, M.M., Shalaby, KA., LoVerde, P.T. and Karim, A.M. (1998)
Characterization of Sm20.8, 3 member of a family of schistosome
tegumental antigens. Mol. Biochem. Parasitol. 96, 15-25

CrossRef PubMed

Cioli, D., Pica-Mattoccia, L., Basso, A. and Guidi, A. (2014) Schistosomiasis
control: praziquantel forever? Mol. Biochem. Parasitol. 195, 23

-29 CrossRef

Coles, G.C. (1979) The effect of praziquantel on Schistosoma mansoni. ).
Helminthol. 53, 31-33 CrossRef PubMed

©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1016/0092-8674(95)90408-5
http://www.ncbi.nlm.nih.gov/pubmed/7834745
http://dx.doi.org/10.1021/jp048838m
http://dx.doi.org/10.1016/j.bbamcr.2006.08.042
http://www.ncbi.nlm.nih.gov/pubmed/17023069
http://dx.doi.org/10.1042/BJ20070255
http://www.ncbi.nlm.nih.gov/pubmed/17590154
http://dx.doi.org/10.1016/S0959-440X(00)00142-1
http://www.ncbi.nlm.nih.gov/pubmed/11114499
http://dx.doi.org/10.1016/0022-2836(88)90608-0
http://www.ncbi.nlm.nih.gov/pubmed/3145979
http://dx.doi.org/10.1038/315037a0
http://www.ncbi.nlm.nih.gov/pubmed/3990807
http://www.ncbi.nlm.nih.gov/pubmed/4700463
http://dx.doi.org/10.1016/0167-4889(85)90099-0
http://www.ncbi.nlm.nih.gov/pubmed/3918583
http://dx.doi.org/10.1021/bi00557a025
http://www.ncbi.nlm.nih.gov/pubmed/6250577
http://dx.doi.org/10.1046/j.1432-1033.2003.03414.x
http://www.ncbi.nlm.nih.gov/pubmed/12542690
http://dx.doi.org/10.1016/S0092-8674(02)00682-7
http://www.ncbi.nlm.nih.gov/pubmed/11955428
http://dx.doi.org/10.1023/A:1011320027914
http://www.ncbi.nlm.nih.gov/pubmed/12836676
http://dx.doi.org/10.1021/bi00255a006
http://www.ncbi.nlm.nih.gov/pubmed/7803388
http://www.ncbi.nlm.nih.gov/pubmed/183095
http://dx.doi.org/10.1016/0006-291X(79)91932-6
http://www.ncbi.nlm.nih.gov/pubmed/228665
http://dx.doi.org/10.1021/bi00455a012
http://www.ncbi.nlm.nih.gov/pubmed/2110826
http://www.ncbi.nlm.nih.gov/pubmed/3329523
http://dx.doi.org/10.1139/o83-118
http://www.ncbi.nlm.nih.gov/pubmed/6138140
http://dx.doi.org/10.1371/journal.pntd.0001582
http://www.ncbi.nlm.nih.gov/pubmed/22545164
http://dx.doi.org/10.1097/QCO.0b013e328359f04a
http://www.ncbi.nlm.nih.gov/pubmed/23041774
http://dx.doi.org/10.1111/j.1742-4658.2011.08254.x
http://www.ncbi.nlm.nih.gov/pubmed/21777386
http://dx.doi.org/10.1042/bse0350075
http://www.ncbi.nlm.nih.gov/pubmed/12471891
http://dx.doi.org/10.1021/bi002278+
http://www.ncbi.nlm.nih.gov/pubmed/11327818
http://dx.doi.org/10.1006/jmbi.2000.4374
http://www.ncbi.nlm.nih.gov/pubmed/11178896
http://dx.doi.org/10.1016/j.str.2004.11.013
http://www.ncbi.nlm.nih.gov/pubmed/15698565
http://dx.doi.org/10.1016/S0092-8674(00)80800-4
http://www.ncbi.nlm.nih.gov/pubmed/10399916
http://dx.doi.org/10.1017/S0031182015000736
http://www.ncbi.nlm.nih.gov/pubmed/26152524
http://dx.doi.org/10.1016/j.biochi.2012.10.027
http://www.ncbi.nlm.nih.gov/pubmed/23142130
http://dx.doi.org/10.1007/s00436-012-3010-y
http://www.ncbi.nlm.nih.gov/pubmed/22773043
http://dx.doi.org/10.1016/S0166-6851(99)00012-2
http://www.ncbi.nlm.nih.gov/pubmed/10413039
http://dx.doi.org/10.1186/s13059-015-0632-2
http://www.ncbi.nlm.nih.gov/pubmed/25887684
http://dx.doi.org/10.1371/journal.pntd.0001593
http://www.ncbi.nlm.nih.gov/pubmed/22509417
http://dx.doi.org/10.1038/nature08140
http://www.ncbi.nlm.nih.gov/pubmed/19606140
http://dx.doi.org/10.1007/s00436-016-5046-x
http://www.ncbi.nlm.nih.gov/pubmed/27083189
http://dx.doi.org/10.1159/000095997
http://www.ncbi.nlm.nih.gov/pubmed/17019080
http://dx.doi.org/10.1016/j.biochi.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25447146
http://dx.doi.org/10.1107/S2053230X14009273
http://www.ncbi.nlm.nih.gov/pubmed/24915098
http://dx.doi.org/10.1016/S0166-6851(98)00088-7
http://www.ncbi.nlm.nih.gov/pubmed/9851603
http://dx.doi.org/10.1016/j.molbiopara.2014.06.002
http://dx.doi.org/10.1017/S0022149X00005691
http://www.ncbi.nlm.nih.gov/pubmed/458128

1010

Biochemical Society Transactions (2016) Volume 44, part 4

42

4

w

4

I~

4

ol

46

4

Ayl

48

49

50

5

iy

52

Russell, S.L. and Timson, D.J. (2014) Calcium binding proteins in the liver
fluke, Fasciola hepatica. In New Developments in Calcium Signaling
Research, pp. 89104, Nova Science Publishers, Inc

Hoffmann, K.F. and Strand, M. (1997) Molecular characterization of a
20.8-kDa Schistosoma mansoni antigen. Sequence similarity to
tegumental associated antigens and dynein light chains. J. Biol. Chem.
272, 14509-14515 CrossRef PubMed

Subpipattana, P., Grams, R. and Vichasri-Grams, S. (2012) Analysis of a
calcium-binding EF-hand protein family in Fasciola gigantica. Exp.
Parasitol. 130, 364-373 CrossRef PubMed

Vichasri-Grams, S., Subpipattana, P., Sobhon, P., Viyanant, V. and Grams,
R. (2006) An analysis of the calcium-binding protein 1 of Fasciola
gigantica with a comparison to its homologs in the phylum
Platyhelminthes. Mol. Biochem. Parasitol. 146, 10-23

CrossRef PubMed

Senawong, G., Laha, T., Loukas, A., Brindley, P.J. and Sripa, B. (2012)
Cloning, expression, and characterization of a novel Opisthorchis viverrini
calcium-binding EF-hand protein. Parasitol. Int. 61, 94-100

CrossRef PubMed

Githui, EX., Damian, R.T., Aman, R.A., Ali, M.A. and Kamau, J.M. (2009)
Schistosoma spp.: isolation of microtubule associated proteins in the
tegument and the definition of dynein light chains components. Exp.
Parasitol. 121, 96-104 CrossRef PubMed

McVeigh, P., McCammick, E.M., McCusker, P., Morphew, R.M., Mousley,
A., Abidi, A, Saifullah, K.M., Muthusamy, R., Gopalakrishnan, R., Spithill,
T.W. et al. (2014) RNAi dynamics in Juvenile Fasciola spp. Liver flukes
reveals the persistence of gene silencing in vitro. PLoS Negl. Trop. Dis. 8,
3185 CrossRef

Dell'Oca, N., Basika, T., Corvo, 1., Castillo, E., Brindley, PJ., Rinaldi, G. and
Tort, J.F. (2014) RNA interference in Fasciola hepatica newly excysted
juveniles: long dsRNA induces more persistent silencing than siRNA. Mol.
Biochem. Parasitol. 197, 28-35 CrossRef PubMed

Boyle, J.P., Wu, X,J., Shoemaker, C.B. and Yoshino, T.P. (2003) Using RNA
interference to manipulate endogenous gene expression in Schistosoma
mansoni sporocysts. Mol. Biochem. Parasitol. 128, 205-215

CrossRef PubMed

Sripa, J., Pinlaor, P., Brindley, PJ., Sripa, B., Kaewkes, S., Robinson, M.W.,
Young, N.D., Gasser, R.B., Loukas, A. and Laha, T. (2011) RNA
interference targeting cathepsin B of the carcinogenic liver fluke,
Opisthorchis viverrini. Parasitol. Int. 60, 283-288

CrossRef PubMed

Wang, X., Chen, W., Tian, Y., Huang, Y., Li, X. and Yu, X. (2014)
RNAi-mediated silencing of enolase confirms its biological importance in
Clonorchis sinensis. Parasitol. Res. 113, 1451-1458

CrossRef PubMed

53

5

~

55

56

5

~

58

59

60

61

62

McCammick, E.M., McVeigh, P., McCusker, P., Timson, D.J., Morphew,
R.M., Brophy, P.M., Marks, N.J., Mousley, A. and Maule, A.G. (2016)
Calmodulin disruption impacts growth and muotility in juvenile liver
fluke.. Parasites Vectors. 9, 46 CrossRef PubMed

Jeffs, S.A., Hagan, P., Allen, R., Correa-Oliveira, R., Smithers, S.R. and
Simpson, AJ. (1991) Molecular cloning and characterisation of the
22-kilodalton adult Schistosoma mansoni antigen recognised by
antibodies from mice protectively vaccinated with isolated tequmental
surface membranes. Mol. Biochem. Parasitol. 46, 159-167

CrossRef PubMed

Francis, P. and Bickle, Q. (1992) Cloning of a 21.7-kDa vaccine-dominant
antigen gene of Schistosoma mansoni reveals an EF hand-like motif.
Mol. Biochem. Parasitol. 50, 215-224 CrossRef PubMed

Zhang, 7., Xu, H., Gan, W., Zeng, S. and Hu, X. (2012) Schistosoma
Japonicum calcium-binding tequmental protein SjTP22.4 immunization
confers praziquantel schistosomulumicide and antifecundity effect in
mice. Vaccine 30, 5141-5150 CrossRef PubMed

Li, Y., Auliff, A., Jones, MK, Yi, X. and McManus, D.P. (2000)
Immunogenicity and immunolocalization of the 22.6 kDa antigen of
Schistosoma japonicum. Parasite Immunol. 22, 415-424

CrossRef PubMed

Chen, L., Gao, P., Yamashita, T., Nara, T., Kojima, S., Sendo, F. and Araki,
Y. (1998) Molecular cloning and expression of a Schistosoma japonicum
tegumental membrane-associated antigen from Japanese strain1.
Parasitol. Int. 47, 289-300 CrossRef

Waine, GJ., Becker, M.M., Scott, J.C,, Kalinna, B.H., Yang, W. and
McManus, D.P. (1994) Purification of a recombinant Schistosoma
Japonicum antigen homologous to the 22-kDa membrane-associated
antigen of S. mansoni, a putative vaccine candidate against
schistosomiasis. Gene 142, 259-263 CrossRef PubMed

Xu, J., Ren, Y., Xu, X., Chen, J., Li, Y., Gan, W., Zhang, Z., Zhan, H. and Hu,
X. (2014) Schistosoma japonicum tequmental protein 20.8, role in
reproduction through its calcium binding ability. Parasitol. Res. 113,
491-497 CrossRef PubMed

Kim, Y.J., Yoo, W.G., Lee, M.R., Kim, D.W., Lee, W J., Kang, J.M., Na, B.K.
and Ju, J.W. (2012) Identification and characterization of a novel
21.6-kDa tegumental protein from Clonorchis sinensis. Parasitol. Res.
110, 2061-2066 CrossRef PubMed

Huang, Y., Zhou, Z., Hu, X., Wei, Q., Xy, J., Wu, Z. and Yu, X. (2007) A
novel tequmental protein 31.8 kDa of Clonorchis sinensis: sequence
analysis, expression, and immunolocalization. Parasitol. Res. 102, 77-81
CrossRef PubMed

Received 11 February 2016
doi:10.1042 /85120150270

©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1074/jbc.272.23.14509
http://www.ncbi.nlm.nih.gov/pubmed/9169407
http://dx.doi.org/10.1016/j.exppara.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22366577
http://dx.doi.org/10.1016/j.molbiopara.2005.10.012
http://www.ncbi.nlm.nih.gov/pubmed/16297461
http://dx.doi.org/10.1016/j.parint.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21782972
http://dx.doi.org/10.1016/j.exppara.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18996374
http://dx.doi.org/10.1371/journal.pntd.0003185
http://dx.doi.org/10.1016/j.molbiopara.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25307443
http://dx.doi.org/10.1016/S0166-6851(03)00078-1
http://www.ncbi.nlm.nih.gov/pubmed/12742587
http://dx.doi.org/10.1016/j.parint.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21565281
http://dx.doi.org/10.1007/s00436-014-3785-0
http://www.ncbi.nlm.nih.gov/pubmed/24458653
http://dx.doi.org/10.1186/s13071-016-1324-9
http://www.ncbi.nlm.nih.gov/pubmed/26817678
http://dx.doi.org/10.1016/0166-6851(91)90209-O
http://www.ncbi.nlm.nih.gov/pubmed/1852171
http://dx.doi.org/10.1016/0166-6851(92)90218-9
http://www.ncbi.nlm.nih.gov/pubmed/1371327
http://dx.doi.org/10.1016/j.vaccine.2012.05.056
http://www.ncbi.nlm.nih.gov/pubmed/22683520
http://dx.doi.org/10.1046/j.1365-3024.2000.00319.x
http://www.ncbi.nlm.nih.gov/pubmed/10972848
http://dx.doi.org/10.1016/S1383-5769(98)00033-6
http://dx.doi.org/10.1016/0378-1119(94)90271-2
http://www.ncbi.nlm.nih.gov/pubmed/8194761
http://dx.doi.org/10.1007/s00436-013-3678-7
http://www.ncbi.nlm.nih.gov/pubmed/24276643
http://dx.doi.org/10.1007/s00436-011-2681-0
http://www.ncbi.nlm.nih.gov/pubmed/22015384
http://dx.doi.org/10.1007/s00436-007-0728-z
http://www.ncbi.nlm.nih.gov/pubmed/17768637

