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The immune system of H. sapiens has innate signaling pathways that arose in ancestral species.

This is exemplified by the discovery of the Toll-like receptor (TLR) pathway using free-living model
organisms such as Drosophila melanogaster. The TLR pathway is ubiquitous and controls sensitivity to
pathogen-associated molecular patterns (PAMPs) in eukaryotes. There is, however, a marked absence
of this pathway from the plathyhelminthes, with the exception of the Pellino protein family, which

is present in a number of species from this phylum. Helminth Pellino proteins are conserved having
high similarity, both at the sequence and predicted structural protein level, with that of human
Pellino proteins. Pellino from a model helminth, Schistosoma mansoni Pellino (SmPellino), was shown
to bind and poly-ubiquitinate human IRAK-1, displaying E3 ligase activity consistent with its human
counterparts. When transfected into human cells SmPellino is functional, interacting with signaling
proteins and modulating mammalian signaling pathways. Strict conservation of a protein family in
species lacking its niche signalling pathway is rare and provides a platform to examine the ancestral
functions of Pellino proteins that may translate into novel mechanisms of immune regulation in
humans.

The phylum Platyhelminthes (flatworms) consists of approximately 50,000 different species that popu-
late a remarkable variety of niches. In addition to free-living forms, including Dugesia japonicum and

. Schmidtea mediterranea, it encompasses parasitic organisms, such as Clonorchis sinensis, Echinococcus
. granulosus, Hymenolepis microstoma, Schistosoma japonicum and Schistosoma mansoni, responsible for
. inflicting debilitating diseases upon hundreds of millions of people throughout the world. Platyhelminthes
are considered by many to occupy an important position in the evolution of the Metazoa'? and as such
are interesting model organisms to dissect ancestral signalling mechanisms of conserved proteins. Yet, as
important, abundant and diverse as platyhelminthes are, little is known about the molecular events that
guide their sophisticated and often plastic biological properties. The recent advent of genomic sequencing
and the compilation of searchable databases of numerous plathyhelminth species has provided a platform
to examine the evolution of plathyhelminthes relative to mammals and indeed, molecular conservation.
Toll-like receptors (TLRs) were originally described in research on Drosophila®, with the TLR signal-

ing pathway being highly conserved in flies, nematodes, plants and man*®. The use of free-living model
organisms, such as D. melanogaster or Caenorhabditis elegans, has facilitated analysis of homologous

* innate immune signaling pathways in Homo sapiens. Upon ligand binding, all TLRs except TLR3 recruit
. the adaptor protein Myeloid differentiation primary response 88 (MyD88) and the kinases Interleukin-1
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RING-like domain

Figure 1. Schematic of Pellino proteins. Pellino proteins contain an N-terminal FHA domain and a
C-terminal RING-like domain. The FHA domain contains residues for activation and IRAK binding, while
the C-terminal RING-like domain confers E3-ligase activity of the protein. TRAF proteins potentially bind
the RING-like domain, as RING domains are known to bind each other in vivo.

receptor-associated kinase (IRAK)-1 and IRAK-4%. TLR2 and -4 signalling require the adaptor Myelin
and lymphocyte protein (MAL) to bridge the receptor and MyD88’. IRAK-4 phosphorylates IRAK-1,
leading to IRAK-1 autophosphorylatio n®. The kinases then leave the receptor to interact with TNF
receptor-associated factor (TRAF)-6, which promotes the generation of unanchored lysine 63 polyubiq-
uitin chains’, leading to activation of the downstream kinase Mitogen-activated protein kinase (MAPK)
kinase 7 (TAK-1)!. This in turn can lead to activation of MAPK signalling as well as stimulation of
Inhibitor of kappaB (IkB) kinase (IKK) activity. IKK3 phosphorylates IkB proteins, leading to their
ultimate degradation and the ensuing liberation of Nuclear factor (NF)-xk B!

An emerging aspect of regulation of TLR signalling is the role of the Pellino family of proteins'>!3.
Pellino was first identified in Drosophila as a binding partner of Pelle, a Drosophila homolog of IRAK'.
Three members of the mammalian Pellino family have been shown to function as E3 ubiquitin ligases,
catalysing K63-linked polyubiquitination of IRAK-1'*>16, Indeed there exists a bidirectional commu-
nication in the IRAK-Pellino associations, in that IRAK-1 and IRAK-4 can phosphorylate Pellino pro-
teins on various serine and threonine residues, thus enhancing the E3 ubiquitin ligase activity of the
Pellinos. The latter can then catalyse polyubiquitination of IRAK-1'>"”. The C-terminal regions of the
Pellino proteins contain a conserved RING-like domain that confers E3 ubiquitin ligase activity (Fig. 1).
Furthermore, a cryptic forkhead-associated (FHA) phosphothreonine-binding module has been identi-
fied in the N-terminal region of the protein's, which facilitates Pellino interaction with phosphorylated
IRAK-1 (Fig. 1). The FHA domain in the Pellino family contains an additional appendage or “wing” that
contains multiple IRAK phosphorylation sites'”.

Here, we examine the molecular conservation of the Pellino protein family in platyhelminthes by a
comparative analysis with known human Pellino proteins, and by using Pellino from the parasitic model
organisms S. mansoni, we identify a functional homologue of a TLR signalling protein conserved in a
TLR deficient organism.

Results

Characterizing TLR signaling in helminths. The TLR pathway regulates the first line of defense
against invading pathogens and plays a significant role in inflammation, immune cell regulation, survival,
and proliferation. It is considered ubiquitous having been identified in most organisms from mammals to
plants'. Their ubiquitous nature makes it possible to identify and functionally characterize mechanisms
of signaling in mammals using model organisms. TLRs and the downstream transcription factor NFxB
have been previously described as absent from the genomes of platyhelminths, including S. mansoni®’. To
determine the conservation of intracellular TLR signaling molecules in platyhelminths, we have formally
addressed the ubiquitous nature of the classical pathway proteins (TLR, MyD88, IRAK, TRAE, Pellino,
IKK, IkB and NFxB). BLASTp analysis using Homo sapiens and Drosophila melanogaster query sequences
was performed to identify homologues in free-living helminths (Dugesia japonicum and Schmidtea medi-
terranea) and parasitic helminthes (Clonorchis sinensis, Echinococcus granulosus, Hymenolepis microstoma,
Schistosoma japonicum and S. mansoni), using a free-living nematode (Caenorhadbitis elegans) and par-
asitic nematode (Brugia malayi) as controls (Table 1). TLR homologues were identified only for human,
D. melanogaster and C. elegans, while all other nematode and platyhelminth species were TLR deficient. In
fact, all worm species had lost the TLR pathway with the exception of two molecules, TRAF and Pellino
(Table 1). While TRAF homologues were identified in all helminths tested, they are more similar to TRAF2,
a member of the TNF not TLR signalling pathway. The Pellino protein family is conserved in the helminth
and nematode species, however (Table 1). Interestingly, the non-parasitic helminth species did not have a
Pellino protein annotated in their databases. There have been Pellino-like EST sequences identified in the
genome of S. mediterranea, but not D. japonicum, however a Pellino protein has yet to be confirmed.

Homologous Pellino protein sequences from helminths. To formally address the putative
helminth Pellino proteins identified from the databases, the sequences were examined in silico for
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TLR MyD88 IRAK TRAF6 Pellino IKK IkB NFxB
Drosophila melanogaster | (AGB96375.1) | (AAF58953.1) | (AAF56686.1) | (AAF46338.1) | (ABWO08739.1) | (AAF53911.2) | (AAA85908.1) | (AAA28465.1)
Homo sapiens 8e-31 8e-20 3e-41 2e-42 le-177 7e-156 2e-34 le-57
Caenorhabditis elegans 6e-26 N.D N.D N.D 6e-127 N.D N.D N.D
Brugia malayi N.D N.D N.D N.D 2e-132 N.D N.D N.D
Dugesia japonicum N.D N.D N.D 4e-13* N.D N.D N.D N.D
Schmidtea mediterranea N.D N.D N.D 5e-06* N.D N.D N.D N.D
Clonorchis sinensis N.D N.D N.D Ze-11* 2e-103 N.D N.D N.D
Echinococcus granulosus N.D N.D N.D 8e-06* 2e-83 N.D N.D N.D
Hy lepis microsta N.D N.D N.D 1e-08* 1e-89 N.D N.D N.D
Schistosoma japonicum N.D N.D N.D 6e-07* 5e-50 N.D N.D N.D
Schistosoma mansoni N.D N.D N.D 5e-06* 9e-70 N.D N.D N.D

Table 1. Comparative analysis of the canonical TLR signalling pathway from humans and selected
insects, nematodes and helminth species. BLAST expectation scores are reported to quantify predicted
homology with known signaling proteins. ‘Positive results are an artefact of the high sequence similarity
with TRAF2, an orthologue previously identified in helminths.

characteristic of the Pellino protein family. A functional Pellino motif (InterProScan: IPR006800) was
found for each protein tested, having the gene ontology classification GO: 0008063 assigned to the
Pellino protein motif. Multiple sequence alignment quantified sequence identity to human Pellino pro-
teins as ~40% =+ 5% (see Supplementary Table S1). Interestingly, the truncated N-terminal S. japonicum
Pellino protein had the same level of sequence similarity with all three human Pellino proteins (see
Supplementary Table S1) suggesting strong conservation of the N-terminal region of Pellino proteins
with non-conserved regions concentrated in the C-terminal region.

Helminth Pellino proteins conform to natural speciation patterns. Having identified Pellino
proteins in helminths as potentially novel signalling homologues of human Pellino proteins, we per-
formed a comprehensive analysis of their phylogenetic relationship. A phylogenetic tree was con-
structed from the complete sequence alignment of confirmed Pellino proteins from all available species
(including paralogues). To the alignment we added putative protein sequences recently identified in
helminth genomes including Clonorchis sinensis, Hymenolepis microstoma, Echinococcus granulosus and
Schistosoma japonicum and Schistosoma mansoni. An analysis of the full-length helminth Pellino proteins
with its orthologues revealed that the flatworm Pellino proteins are placed as ancestral to the mammal
clade and the nematode clade (Fig. 2). The phylogeny of helminth Pellino proteins therefore conforms
to natural speciation patterns.

Homology modelling of helminth Pellino FHA domains. To support the presence of functional
helminth FHA domains, comparative models of helminth Pellino proteins were calculated using the
amino acid sequences of the two available crystal structures of the HsPellino2 protein from man (PDB:
3EGA at 1.8 A and PDb: 3egb at 3.3 A) as templates'®. Multiple models were generated from both availa-
ble structures to determine the stability of the helminth Pellino FHA domain (Fig. 3 and supplementary
tables 2-4). Following this process, a stable 11-stranded (3-sandwich and peripheral (3-strand structures
remained for helminth Pellinos, for a total 17-stranded structure (see Supplementary Fig. S1, S2 and
Supplementary Table S5). A topology-based comparison of our model, SmPellino, with HsPellino2
demonstrates that the 3-sandwich has the same strand orientation as that observed for the core FHA
domain of HsPellino2 and the peripheral structures constitute the ‘wing’ appendages (Fig. 3). SmPellino
and HsPellino2 display almost identical domains, in both strand length and orientation, with the only
deviation found in inter-strand length and extended loop regions (Fig. 3). SmPellino, therefore, encodes
a core FHA domain, which includes the ‘wing’ appendage that decorates the FHA domain of Pellino
proteins.

Conservation of functional residues of the FHA domain. Given the structural homology of the
protein, we next addressed the conservation of known functional residues in SmPellino. The YGEL
sequence in human Pellino proteins is important for activation of p38 MAPK!* and is conserved in
both schistosomes, with C. sinensis poorly conserved, and E. granulosus and H. microstoma containing
a Glutamic acid (E) to Arginine (R) substitution (See Supplemental Fig. 3). Different helminths may
have p38-independent signalling mechanism or a different interface for protein interaction. Mammalian
Pellino proteins can be activated by phosphorylation in vitro, catalysed by IRAK1 or IRAK4. The func-
tionality of Pellino proteins has been enhanced by alternative phosphorylation of seven critical amino
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Figure 2. Phylogenetic analysis of the full-length sequences of known mammalian, nematode and
arthropod Pellinos with helminth Pellino orthologues. A maximum likelihood tree was formulated using
the LG model and gamma correction. 100 bootstraps were calculated. The scale bar represents mutations per
site.

acid residues. Specifically, it was shown that full activation of Pellinol can be achieved by phospho-
rylating any one of several different sites (Ser-76, Thr-86, Thr-288, or Ser-293) or a combination of
other sites (Ser-78, Thr-80, and Ser-82)'. Residues corresponding to Ser-78, Thr-80 and Thr-288 are
conserved in all helminth species, while conservation of other phosphorylation sites is heterogeneous
(See Supplemental Fig. 3). There are, however, sufficient sites present on each protein to confer efficient
protein activation. Furthermore, helminth Pellino proteins have maintained five highly conserved signa-
ture residues characteristic of HsPellino proteins, that are essential for FHA binding to phosphothreonine
sites on target proteins R106, S137, R138, T187 and N188 (See Supplemental Fig. 3). Helminth Pellino
proteins, therefore, have the capacity to bind phosphothreonine residues on target protein and peptides.
This, in conjunction with the homology modeling described above, provides strong predictive indication
that SmPellino contains a FHA domain.

Conservation of the RING-like domain. Mammalian Pellino proteins are efficient E3 ubiquitin
ligases, a property of their C-terminal RING-like domain, in which cysteine and histidine residues are
arranged in an atypical CHC2CHC2 formation'?. The RING-like domain of Pellino proteins (Fig. 1) is
a feature of all helminth Pellino proteins?'. Multiple sequence alignment of the C-terminal regions of
Pellino sequences with that of helminth Pellinos shows that the helminth protein contains an identical
RING-like conformation (Fig. 4).

Functional conservation of S. mansoni Pellino. Having characterized helminth Pellino proteins as
having moderate levels of similarity with human Pellinos, while maintaining sequential and structural
conformation of functional domains, we characterize the S. mansoni Pellino protein, as a model helminth
protein, in a mammalian system to examine functional conservation. This approach provides a means to
assess the degree to which structural and sequential similarities and differences translate into functional
properties in the same system.
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Figure 3. Homology modeling of helminth Pellino proteins. (A) Topology diagrams of Pellino2 and S.
mansoni Pellino with beta-strands of core FHA domain in blue and of non-canonical wing in green. (B)
FHA domain of the Pellino 2 (PDB:3EGB) crystal structure (left image), comparative model of SmPellino
modeled as an FHA domain (middle image). (C) Pellino 2 (PDB:3EGB) crystal structure in red overlaid with
the comparative model of SmPellino modeled as an FHA domain (in blue). Visualisation was performed
with PyMOL (De Lano Scientific, USA).

In H. sapiens, Pellino proteins bind IRAK-1 proteins (Fig. 1), via the five conserved phospho-
threonine binding residues in the FHA domain'’, which are present in the parasite homolog (See
Supplemental Fig. 3). Human embryonic kidney (HEK)-293 cells were co-transfected with affinity-tagged
SmPellino and HsIRAK-1. SmPellino was shown to co-precipitate with HsSIRAK-1 (Fig. 5A), as reported
with HsPellinos and HsIRAK-1?2. Furthermore, SmPellino also bound HsTRAF-6 (Fig. 5A), another
target protein of HsPellino proteins®. The capacity of SmPellino to interact in vivo with human target
proteins confirms the homology modelling data and supports the prediction that SmPellino contains a
fully functional FHA domain (Figs 3 and 5).

The RING-like domain of human Pellinos is essential to manifest E3-ligase activity (Fig. 4)'°. As shown
above (Fig. 4), the SmPellino sequence has an identical RING-domain, with a CHC2CHC2 cysteine
and histidine formation, as found in other Pellino sequences, demonstrating that the Pellino family
RING-like domain sequence is conserved in SmPellino. As SmPellino can bind HsIRAK-1 (Fig. 5A) we
addressed if SmPellino could induce poly-ubiquitination of HsSIRAK-1. When co-expressed in HEK 293
cells SmPellino caused marked poly-ubiquitination of HSIRAK-1 (Fig. 5B). These data demonstrate that
SmPellino functions as an E3 ubiquitin ligase (Fig. 2).

As there is functional conservation of the protein domains of SmPellino, we next investigated whether
SmPellino could modulate mammalian signaling in human cells. This assesses the predicted capacity of
the protein to modulate NF-k B signalling in line with its structurally conserved functional domains, to
functionally support the observed binding and polyubiquitination of target molecules. Human Pellinos
have non-redundant roles in NF-xB activation in response to pro-inflammatory stimuli such as IL-13
or the TLR4-ligand LPS (Fig. 5C). As reported previously HsPellinol has a positive regulatory role?,
HsPellino3 acting in an inhibitory capacity** and HsPellino2 having no marked effect on NF-kB activa-
tion®. In human cells, SmPellino significantly (P < 0.001) inhibited IL-1B- and LPS-induced activation of
NF-kB to a level comparable to the inhibitory effects of HsPellino3S (Fig. 5C) and in a dose-dependent
manner (Fig. 5D). Pellino proteins modulate TLR signalling via interaction with IRAK-1, TRAF-6 and
TAK-1/TAB-1. To examine this functional niche for helminth proteins, we studied the effect of SmPellino
overexpression on signalling induced by overexpressing various pathway members. SmPellino inhibited
signalling induced by the upstream proteins MyD88, IRAK-1, TRAF-6 and TAK-1/TAB-1, but not IKKG,
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Figure 4. Analysis of the helmith Pellino RING-like domain by multiple sequence alignment with
human, nematode and arthropod Pellino proteins. (A) Schematic representation of the RING-like domain
of the helminth protein. The RING-like domain has an atypical CHC2CHC2 conformation. (B) Multiple
sequence alignment of the RING-like domain containing region of human Pellino 1, 2, 3, D. melanogaster
Pellino, Brugia malayi Pellino, C. elegans Pellino and various helminth Pellino proteins. The highlighted
residues form the RING-like domain. The RING-like domain is conserved in all species analyzed.

which is downstream of Pellino proteins. These studies demonstrate the regulatory effects of SmPellino
on ligand-induced activation of NF-kB in a human cellular system and confirm the capacity of the S.
mansoni homolog to modulate a TLR signalling pathway.

Discussion

The role of TLRs in pathogen recognition in innate immunity was initially elucidated using Drosophila
as a model®. Many features of innate immunity are similar among vertebrates and non-vertebrates, sug-
gesting that they have a common origin and have been conserved across millions of years*. Our under-
standing of innate immunity in higher vertebrates, including humans, has been advanced by allowing
inference of the evolutionary history of immune components in non-vertebrate model organisms, facil-
itating the identification of functionally conserved proteins and signalling pathways. TLRs are absent
from non-animal phyla but are present in most eumetazoans, with the exception of platyhelminths.
Interestingly, helminth species lack the majority of genes of the canonical TLR signalling pathway and
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Figure 5. Functional characterization of SmPellino in human cells. (A) Transient over-expression

of SmPellino-Myc with HsSIRAK-1 or HsSTRAF-6-Flag. SmPellino was immunoprecipitated (IP) with
immunoblotting (IB) for HSIRAK-1 and HsTRAF-6 to detect protein-protein interactions. (B) In vivo
ubiquitination assay was performed by co-transfecting HSIRAK-1 with or without SmPellino, HsPellino3
(HsPel3) or HsPellino3-RING-mutant (HsPel3-RM), and HA-tagged ubiquitin. IRAK-1 was IP and
ubiquitin-HA detected by IB with anti-HA antibody. Expression of IRAK-1 was controlled by IB for
IRAK-1 post-IP. (C) HEK 293-TLR4 cells were co-transfected with empty expression vector (EV) or
constructs encoding HsPellinol, 2, 3S or SmPellino and NF-kB-luciferase (80ng) and pGL3-Renilla
luciferase (20ng). Cells were stimulated with either IL-13 or LPS. (D) HEK-293 cells were transfected with
increasing concentrations of EV or SmPellino in the presence/absence of LPS. (E) HEK-293 cells were co-
transfected with either EV or SmPellino and vector for the overexpression of MyD88, IRAK-1, TRAF-6,
TAK-1/TAB-1 or IKKB to induce downstream signaling. (C-E) In total, 24 h post-transfection, lysates were
assayed for firefly and pGL3-Renilla luciferase activity. Data are presented relative to cells transfected with
empty vector alone and were subjected to a paired t-test. The asterisk (*) indicates that SmPellino reduces
the corresponding TLR-signalling component-induced NF-kB activation with p < 0.05. Results represent
mean—+S.E.M. of three independent experiments, each performed in triplicate.

thus lack competent innate immune signal transduction. Loss of the pathway may be a result of physio-
logical simplifications arising from the specific ancestry of the helminth lineage. Comprehensive in silico
analysis was performed on the genome databases of all helminth species for which sequence data was
available. Our results revealed that all such genes, with the exception of Pellino, have been fully lost from
helminth genomes. Strict conservation of an effector protein in the absence of its niche signalling path-
way is rare, therefore in this study we report on the helminth homologues of the human Pellino proteins
and determine structural and functional conservation using Schistosoma mansoni Pellino as a molecular
model. We predict that helminth Pellino proteins will provide insight into ancestral functions which may
lead to the identification of novel signalling mechanisms of this important innate immune protein family.

To date, a single Pellino protein has been identified in arthropods, viruses and nematodes?. Helminth
Pellino proteins were initially identified based on sequence identity with mammalian Pellino paralogues.
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Our approach to studying helminth homologues was to characterise conservation and function in rela-
tion to the well-studied human Pellino proteins. The sequence identity of helminth Pellino proteins
with the human orthologues was moderate however regions of higher identity mapped to functional
domains, in particular the N-terminal FHA domain. Homology modelling of helminth Pellino protein
FHA domains using the human Pellino2 crystal structure as a template revealed that all helminth Pellino
proteins studied had the potential to form an FHA (Fig. 3) supported further by the conservation of
five signature amino acid residues in FHA domain-containing proteins that mediate direct binding to
phosphorylated threonine residues on partner proteins (See Supplemental Fig. 3). Interestingly, the ‘wing’
appendages conserved in helminth pellino proteins contain sufficient serine/threonine sites for IRAK-
1-mediated phosphorylation which predicts the potential of these proteins to functionally interact with
target molecules. Helminth proteins also have a fully conserved RING-like domain for E3 ligase activity.

Human Pellino proteins have two functional domains, an N-terminal FHA domain that medi-
ates binding to phosphorylated IRAK-1 and a C-terminal RING-like domain that catalyses IRAK-1
poly-ubiquitination (Fig. 1A). It should be noted, however, that helminths do not contain the IRAK family
of proteins, nor do they contain TRAF-6, both well-characterized target proteins of human Pellinos'6?2.
We examined predicted functions of the helminth Pellino proteins using the S. mansoni ortholog as a
molecular model. The FHA domain of S. mansoni is, as predicted in silico, functional when overexpressed
in human HEK-293 cells, efficiently binding both HSIRAK-1 and HsTRAF-6. The SmPellino RING-like
domain is functional and has the capacity to poly-ubiquitinate HsSIRAK-1 in human cells. Such molec-
ular conservation is supported by the capacity of SmPellino to usurp, in a dose dependent manner,
human TLR/IL-1R mediated signaling via suppression of NF-xB. Our results indicate that signal damp-
ening by SmPellino in human cells is similar to that of the known suppressive molecule HsPellino3!2.
Furthermore, driving the signalling pathway by overexpressing effector proteins traces the inhibitory
function of SmPellino to the interaction with IRAK-1 and TRAF-6. SmPellino is, therefore, a conserved
signaling molecule in both structure and function, with the ability to bind, post-translationally modify
and mediate human TLR signalling when over-expressed in human cells. Using S. mansoni as a model to
study helminth Pellino protein function suggests that other helminth Pellino proteins, which have similar
levels of homology in their sequence and structure, are also functional. In the absence of IRAK-1 and
TRAF-6 effector proteins, we suggest that helminth Pellinos modulate alternate target proteins that may
be present in the helminth via these conserved intrinsic mechanisms.

In helminths, phosphorylation and ubiquitination play important roles in maintaining homeostasis
and regulating complex cellular adaptations?*. Helminths process extracellular signals from the envi-
ronment via specialized sensory receptors, inducing biological change through non-linear intracellular
signal transduction pathways®. Phosphorylation, and indeed de-phosphorylation, of serine and thre-
onine residues specifically regulates the activity status of effector and adaptor proteins to facilitate the
integration of signalling networks. Furthermore, there are a number of ubiquitination-related proteins
expressed in helminths, including ubiquitin-conjugating enzymes (Ub-E2), small-ubiquitin related modi-
fier (SUMO), the SUMO-pathway homologues SmT3B and SmT3C, and a ring-box protein (SmRbx)?¢-%%,
These proteins are functionally homologous to mammalian proteins with differential expression profiles
throughout the life cycle of helminths. The processes by which mammalian Pellino proteins are regulated
and their regulatory targets are, therefore, potentially functional in helminths.

Using string-db, the first-in-class software for recording evidence of protein interaction networks?,
we have analysed alternative pathways in which mammalian Pellino proteins have been implicated.
Interestingly, but unsurprisingly, Pellino interacts with ubiquitin-C (UBC) proteins in mammals®*. UBC
is also encoded in helminth genomes, known from experimental evidence at the transcriptome level in
S. japonicum?®!. This supports the hypothesis for E3 ligase activity of helminth Pellino proteins in vivo.
Pellino proteins have also been shown to regulate responses to viruses via TLR signalling pathways®,
however, homologues of this pathway are also absent from platyhelminths. Furthermore, human Pellino3
(the protein to which helminth Pellino has most functional compatibility) regulates JNK, ERK and p38
MAPK activity in response to TLR signalling®. Indeed, the stress-activated JNK protein is present in S.
mansoni, S. japonicum, H. microstoma and E. granulosus®*. An ERK and p38 MAPK homologue is also
present in S. mansoni and S. japonicum™®, with no evidence for expression in other platyhelminths to
date. This suggests a potential mechanism for modulation of helminth signalling via alternate MAPK
pathways to NF-kB. The role of helminth Pellino proteins in the parasite is of considerable interest for
understanding ancestral signalling mechanisms and also for helminth biology, including the develop-
ment of new drugs. The use of RNA interference (RNAi) on schistosome worms*® would be informative
to determine the effects of knockdown of the SmPellino gene on worm biology as well as functions of
the protein in worm immunity.

In the helminth parasite, the retention of the innate signaling intermediary protein, Pellino, while
both the upstream Toll receptors that initiate the signaling cascade and downstream activating gene
NF-xB have been lost, highlights the biological function of helminth Pellino proteins within the parasite
as an important question to be addressed as it may reveal novel functions for human Pellino proteins.
In conclusion, this study provides for the first time a detailed characterization of a helminth homolog of
the Pellino family of signaling proteins and identifies a potential evolutionary signal between intracellular
proteins of host and parasite.
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Materials and Methods

Schistosoma mansoni life cycle maintenance and infection of mice. Adult S. mansoni worms
were recovered by portal perfusion of infected mice 49 days post-infection. Worms were immediately
transferred to MEM containing Earle’s salts and Sodium bicarbonate. All animal experiments were per-
formed in compliance with Irish Department of Health and Children regulations and approved by the
Trinity College Dublin’s BioResources ethical review board.

Amplification and cloning of SmPellino. Total RNA was extracted from adult worms using Trizol
reagent (Sigma) and treated with DNAse I (Sigma). Total RNA was used for reverse transcription with
SuperScript III First Strand Synthesis SuperMix (Invitrogen), using 50 ng of Oligo(dT) according to man-
ufacturer’s instructions. The 5’end and 3’end sequences were obtained by rapid amplification of cDNA
ends (RACE, Invitrogen). PCR products were cloned into pCR®4-TOPO (Invitrogen), transformed into
TOP10 competent E. coli cells and propagated for gene sequencing. S. mansoni Pellino codon sequence
was optimized for expression in mammalian cells and chemically synthesised (GeneArt) before subclon-
ing into the pcDNA3.14+ mammalian expression vector, via pDONR221 vector (Invitrogen). Human
IRAK-1 and TRAF-6 in pcDNA3.1+ were used created using the same protocol.

HEK 293 cell culture and transfection. The parental human embryonic kidney (HEK) 293 cells
and TLR4-expressing HEK 293 cells were maintained in DMEM supplemented with 10% FBS 100U/
mL penicillin + streptomycin, and 2mM L-glutamine. G418 (Geneticin, Sigma, 500 pg/mL) was used to
select for the stably transfected TLR cell lines. Seeded cells at ~80% confluency were transfected using
Lipofectamine 2000 (Invitrogen) using a DNA to transfection agent ratio of 1:3.

Protein Immunoprecipitation and Western blot analysis. Twenty-four hours post-transfection,
cells were lysed in 50mM Tris-HCl (pH 7.5) containing 150mM NaCl, 0.5% v/v Igepal, 50mM NaFE
1mM Na3VO4, 1mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor mixture
(25 mg/mL leupeptin, 25mg/mL aprotinin, 1 mM benzamidine and 10mg/mL trypsin inhibitor). An
aliquot of supernatant was retained for Western blot analysis and the remainder was subjected to immu-
noprecipitation (IP) using monoclonal antibodies for specific affinity epitopes — anti-myc antibody (Cell
signaling, 9B11) and anti-flag antibody (cell signaling, 2368). Lysates were pre-cleared by addition of IgG
antibody and re-suspended Protein A/G-agarose. IP with the appropriate antibody was performed over-
night at 4°C. Antibody-protein complexes were pelleted after addition of Protein A/G-agarose. Samples
were boiled in reducing sample buffer and immunoprecipitates subjected to SDS-PAGE and Western
blot analysis

NF-kB Luciferase reporter assay. The PathDetect NF-kB cis-reporting system (Stratgene) was
used, according to the manufacturer’s recommendations, to measure activation of the NF-kB path-
way. Briefly, HEK 293 and HEK 293-TLR4 cells were then transfected with the NF-kB-regulated firefly
luciferase reporter plasmid pNF-xkB-Luc, constitutively expressed Renilla-luciferase reporter construct
(pGL3-Renilla) and with or without human Pellinol, 2, 3S and SmPellino expression constructs.
Twenty-four hours post-transfection, the medium was removed from the cells and lysed with reporter
lysis buffer (Promega). Firefly luciferase activity was assayed using firefly luciferase substrate (Promega),
while Renilla-luciferase activity was assayed using coelenterazine (Insight Biotech.) in PBS. Luminescence
was assayed using a Glomax microplate luminometer (Promega).

Protein Structure Predictions. The crystal structure of the human Pellino2 proteins (PDBs: 3EGA
and 3EGB'®) has previously been used as a template for building Pellino homology models*. The sequence
identity to the Pellino2 crystal structures was quantified using the pairwise alignment Pro-align in MOE
(MOE 2008 http://www.chemcomp.com). Accelrys Discovery Studio 3.5 was used to prepare the protein
structures. The protein sequences were aligned to the template of the known human Pellino2 structure
(PDB: 3EGA, 3EGB) using Discovery Studio 3.5 and 1,000 protein structures were built for each align-
ment. The Modeller software implemented comparative protein structure modeling, by satisfying spatial
restraints®”*8. The alignment is used to construct a set of geometrical criteria that are converted into
probability density functions (PDFs) for each restraint. A global optimization procedure refines the posi-
tions of all heavy atoms in the protein. The best model was selected using a combination of the Modeller
discrete optimized protein energy (DOPE) score and a selection of protein assessment tools.

Profiles 3D (Accelrys Discovery Studio 3.5)*, PROCHECK* and ERRAT*! were used to check the
generated models and count the number of non-bonded interactions between atoms (CC, CN, CO, NN,
NO, and OO) within a cutoff distance of 3.5 A to yields an overall quality factor for each structure, which
is expressed as the % of protein for which the calculated error value falls below a 95% rejection limit. The
final model selected yielded the overall best performance across the validation tools.

Molecular dynamics simulations. The protein structure predictions were embedded in a solvated
box. MD simulations were performed using the NAMD 2.10 simulation package*’. The CHARMM?22
force field** was used for proteins and water molecules were described using TIP3P*. All systems
were simulated at 310K. Temperature and pressure were held constant with Langevin dynamics and the
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Nose-Hoover Langevin piston. Particle-mesh Ewald was used to calculate electrostatic interactions and
a 12 A cut-off for van der Waals interactions was used. Briefly, positional harmonic restraints were used
on the protein and then protein backbone. The restraints were reduced at each subsequent equilibrium
simulation. The first two simulations used the NVT (constant volume and temperature) ensemble. A
timestep of 1fs was used for the restrained equilibrium simulations, which were 0.1 ns each. Equilibration
without restraints was performed for 1ns. Production runs began after the systems were equilibrated and
used an NPT (constant pressure and temperature) ensemble and a 2fs timestep. Harmonic restraints
were not used in the production runs. Production runs were for 50 ns.

Data analysis. Visual Molecular Dynamics 1.9.1 (VMD)* was used to visualize the trajectories and
to perform the all-to-all RMSD calculations and the salt bridge analysis. The timeline plugin was used
for viewing temporally changing per-residue attributes of the molecular structures.

Bioinformatic analysis of protein primary structures. Human and Drosophila Pellino protein
sequences were used as queries to perform a BLAST analyses (http://blast.ncbi.nlm.nih.gov/Blast.cgi/)
of known translated nucleotide sequences in helminth genomic DNA (v5.2, released 2/5/2014) sequence
downloaded from Welcome Trust Sanger Institute ftp website (http://www.sanger.ac.uk/resources/down-
loads/helminths/). Protein signatures were identified using Interproscan sequence search for assignments
of protein signatures (http://www.ebi.ac.uk/Tools/pfa/iprscan/). Alignment of multiple sequences was
performed using MUSCLE software (http://www.ebi.ac.uk/Tools/msa/).

Phylogenetic analysis. Phylogenetic analyses were performed upon a subset of all organisms con-
taining Pellino homologues. The subset was chosen using the OMA browser database and supplemented
with putative Pellino protein sequences manually identified by BLAST analysis. Model fitting analysis
was performed using Prottest?’. Phylogenetic construction was using RaxML 7% under the LG model
with a gamma correction. 100 bootstraps were performed with the RaxML fast-bootstrapping method.

References

1. Henry, J. Q., Martindale, M. Q. & Boyer, B. C. The unique developmental program of the acoel flatworm, Neochildia fusca. Dev
Biol 220, 285-295 (2000).

2. Adoutte, A., Balavoine, G., Lartillot, N. & de Rosa, R. Animal evolution. The end of the intermediate taxa? Trends Genet 15,
104-108 (1999).

3. Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M. & Hoffmann, J. A. The dorsoventral regulatory gene cassette spatzle/Toll/
cactus controls the potent antifungal response in Drosophila adults. Cell 86, 973-983 (1996).

4. O'Neill, L. A. Plant science. Innate immunity in plants goes to the PUB. Science 332, 1386-1387 (2011).

5. Fallon, P. G., Allen, R. L. & Rich, T. Primitive Toll signalling: bugs, flies, worms and man. Trends Immunol 22, 63-66 (2001).

6. Medzhitov, R. et al. MyD88 is an adaptor protein in the hToll/IL-1 receptor family signaling pathways. Mol Cell 2, 253-258
(1998).

7. Horng, T., Barton, G. M., Flavell, R. A. & Medzhitov, R. The adaptor molecule TIRAP provides signalling specificity for Toll-like
receptors. Nature 420, 329-333 (2002).

8. Li, S., Strelow, A., Fontana, E. ]. & Wesche, H. IRAK-4: a novel member of the IRAK family with the properties of an IRAK-
kinase. Proc Natl Acad Sci USA 99, 5567-5572 (2002).

9. Xia, Z. P. et al. Direct activation of protein kinases by unanchored polyubiquitin chains. Nature 461, 114-119 (2009).

10. Wang, C. et al. TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature 412, 346-351 (2001).

11. Karin, M. & Ben-Neriah, Y. Phosphorylation meets ubiquitination: the control of NF-[kappa]B activity. Annu Rev Immunol 18,
621-663 (2000).

12. Moynagh, P. N. The Pellino family: IRAK E3 ligases with emerging roles in innate immune signalling. Trends Immunol 30, 33-42
(2009).

13. Schauvliege, R., Janssens, S. & Beyaert, R. Pellino proteins are more than scaffold proteins in TLR/IL-1R signalling: a role as
novel RING E3-ubiquitin-ligases. FEBS Lett 580, 4697-4702 (2006).

14. Grosshans, J. Schnorrer, F. & Nusslein-Volhard, C. Oligomerisation of Tube and Pelle leads to nuclear localisation of dorsal. Mech
Dev 81, 127-138 (1999).

15. Ordureau, A. et al. The IRAK-catalysed activation of the E3 ligase function of Pellino isoforms induces the Lys63-linked
polyubiquitination of IRAK1. Biochem ] 409, 43-52 (2008).

16. Butler, M. P,, Hanly, J. A. & Moynagh, P. N. Kinase-active interleukin-1 receptor-associated kinases promote polyubiquitination
and degradation of the Pellino family: direct evidence for PELLINO proteins being ubiquitin-protein isopeptide ligases. J Biol
Chem 282, 29729-29737 (2007).

17. Smith, H. et al. Identification of the phosphorylation sites on the E3 ubiquitin ligase Pellino that are critical for activation by
IRAK1 and IRAK4. Proc Natl Acad Sci U S A 106, 4584-4590 (2009).

18. Lin, C. C,, Huoh, Y. S., Schmitz, K. R,, Jensen, L. E. & Ferguson, K. M. Pellino proteins contain a cryptic FHA domain that
mediates interaction with phosphorylated IRAK1. Structure 16, 1806-1816 (2008).

19. O'Neill, L. A., Golenbock, D. & Bowie, A. G. The history of Toll-like receptors - redefining innate immunity. Nat Rev Immunol
13, 453-460 (2013).

20. Leulier, F. & Lemaitre, B. Toll-like receptors—taking an evolutionary approach. Nat Rev Genet 9, 165-178 (2008).

21. Griffin, B. D. et al. A poxviral homolog of the Pellino protein inhibits Toll and Toll-like receptor signalling. Eur | Immunol 41,
798-812 (2011).

22. Jensen, L. E. & Whitehead, A. S. Pellino3, a novel member of the Pellino protein family, promotes activation of c-Jun and Elk-1
and may act as a scaffolding protein. J Immunol 171, 1500-1506 (2003).

23. Jiang, Z. et al. Pellino 1 is required for interleukin-1 (IL-1)-mediated signaling through its interaction with the IL-1 receptor-
associated kinase 4 (IRAK4)-IRAK-tumor necrosis factor receptor-associated factor 6 (TRAF6) complex. J Biol Chem 278,
10952-10956 (2003).

24. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate immunity. Cell 124, 783-801 (2006).

SCIENTIFIC REPORTS | 5:11687 | DOI: 10.1038/srep11687 10


http://blast.ncbi.nlm.nih.gov/Blast.cgi/
http://www.sanger.ac.uk/resources/downloads/helminths/
http://www.sanger.ac.uk/resources/downloads/helminths/
http://www.ebi.ac.uk/Tools/pfa/iprscan/
http://www.ebi.ac.uk/Tools/msa/

www.nature.com/scientificreports/

25. Bahia, D., Andrade, L. E, Ludolf, E, Mortara, R. A. & Oliveira, G. Protein tyrosine kinases in Schistosoma mansoni. Mem Inst
Oswaldo Cruz 101 Suppl 1, 137-143 (2006).

26. Costa, M. P. et al. In silico analysis and developmental expression of ubiquitin-conjugating enzymes in Schistosoma mansoni.
Parasitol Res 114, 1769-77 (2015).

27. Pereira, R. V. et al. Molecular characterization of SUMO E2 conjugation enzyme: differential expression profile in Schistosoma
mansoni. Parasitol Res 109, 1537-1546 (2011).

28. Santos, D. N. et al. Schistosoma mansoni: Heterologous complementation of a yeast null mutant by SmRbx, a protein similar to
a RING box protein involved in ubiquitination. Exp Parasitol 116, 440-449 (2007).

29. Franceschini, A. et al. STRING v9.1: protein-protein interaction networks, with increased coverage and integration. Nucleic Acids
Res 41, D808-815 (2013).

30. Xiao, H. et al. Pellino 3b negatively regulates interleukin-1-induced TAK1-dependent NF kappaB activation. ] Biol Chem 283,
14654-14664 (2008).

31. Consortium, S. j. G. S. a. E A. The Schistosoma japonicum genome reveals features of host-parasite interplay. Nature 460,
345-351 (2009).

32. Bennett, J. A. et al. Pellino-1 selectively regulates epithelial cell responses to rhinovirus. J Virol 86, 6595-6604 (2012).

33. Butler, M. P, Hanly, J. A. & Moynagh, P. N. Pellino3 is a novel upstream regulator of p38 MAPK and activates CREB in a p38-
dependent manner. ] Biol Chem 280, 27759-27768 (2005).

34. Andrade, L. E. et al. Regulation of Schistosoma mansoni development and reproduction by the mitogen-activated protein kinase
signaling pathway. PLoS Negl Trop Dis 8, €2949 (2014).

35. Osman, A, Niles, E. G. & LoVerde, P. T. Expression of functional Schistosoma mansoni Smad4: role in Erk-mediated transforming
growth factor beta (TGF-beta) down-regulation. J Biol Chem 279, 6474-6486 (2004).

36. Dadara, A. A. & Skelly, P. J. Gene suppression in schistosomes using RNAi. Methods in molecular biology 1201, 143-164 (2015).

37. Sali, A. & Blundell, T. Comparative protein modelling by satisfaction of spatial restraints. ] Mol Biol 234, 779-815 (1993).

38. Sali, A. & Overington, J. Derivation of rules for comparative protein modeling from a database of protein structure alignments.
Protein Sci 3, 1582-1596 (1994).

39. Bowie, J. U, Liithy, R. & Eisenberg, D. A method to identify protein sequences that fold into a known three-dimensional
structure. Science 253, 164-170 (1991).

40. Laskowski, R., Rullmannn, J., MacArthur, M., Kaptein, R. & Thornton, ]. AQUA and PROCHECK-NMR: programs for checking
the quality of protein structures solved by NMR. J Biomol NMR 8, 477-486 (1996).

41. Colovos, C. & Yeates, T. Verification of protein structures: patterns of nonbonded atomic interactions. Protein Sci 2, 1511-1519
(1993).

42. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J Comput Chem 26, 1781-1802 (2005).

43. MacKerell, A. D. et al. All-atom empirical potential for molecular modeling and dynamics studies of proteins. ] Phys Chem B
102, 3586-3616 (1998).

44. Mackerell, A. D. Empirical force fields for biological macromolecules: overview and issues. ] Comput Chem 25, 1584-1604
(2004).

45. Jorgensen, W. L., Chandrasekhar, J., Buckner, J. K. & Madura, J. D. Computer simulations of organic reactions in solution. Ann
N 'Y Acad Sci 482, 198-209 (1986).

46. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. ] Mol Graph 14, 33-38, 27-38 (1996).

47. Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. ProtTest 3: fast selection of best-fit models of protein evolution. Bioinformatics
27, 1164-1165 (2011).

48. Stamatakis, A., Ludwig, T. & Meier, H. RAXML-III: a fast program for maximum likelihood-based inference of large phylogenetic
trees. Bioinformatics 21, 456-463 (2005).

Acknowledgements

We are grateful to Matt Berriman for input and comments on the manuscript. This work was supported
by the Health Research Board PhD in Molecular Medicine research programme, Science Foundation
Ireland, and the National Children’s Research Centre. We thank N. Delagic for assistance with in vitro
signaling assays. The authors wish to acknowledge the DJEI/DES/SFI/HEA Irish Centre for High-End
Computing (ICHEC) for the provision of computational facilities and support. NAMD was developed
by the Theoretical and Computational Biophysics Group in the Beckman Institute for Advanced Science
and Technology at the University of Illinois at Urbana-Champaign.

Author Contributions

C.D.C. wrote the manuscript, performed proteomic and protein signalling analysis and compiled initial
datasets for evolutionary and homology analyses. B.C. and M.A.E performed evolutionary analyses.
G.K. contributed the homology modelling analyses. PM. contributed to molecular biology and protein
signalling experimental design. PE. conceived the study and directed its design and co-ordination. All
authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Cluxton, C. D. et al. Functional conservation of an ancestral Pellino protein in
helminth species. Sci. Rep. 5, 11687; doi: 10.1038/srep11687 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

CEE i mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11687 | DOI: 10.1038/srep11687 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Functional conservation of an ancestral Pellino protein in helminth species

	Results

	Characterizing TLR signaling in helminths. 
	Homologous Pellino protein sequences from helminths. 
	Helminth Pellino proteins conform to natural speciation patterns. 
	Homology modelling of helminth Pellino FHA domains. 
	Conservation of functional residues of the FHA domain. 
	Conservation of the RING-like domain. 
	Functional conservation of S. mansoni Pellino. 

	Discussion

	Materials and Methods

	Schistosoma mansoni life cycle maintenance and infection of mice. 
	Amplification and cloning of SmPellino. 
	HEK 293 cell culture and transfection. 
	Protein Immunoprecipitation and Western blot analysis. 
	NF-κB Luciferase reporter assay. 
	Protein Structure Predictions. 
	Molecular dynamics simulations. 
	Data analysis. 
	Bioinformatic analysis of protein primary structures. 
	Phylogenetic analysis. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic of Pellino proteins.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Phylogenetic analysis of the full-length sequences of known mammalian, nematode and arthropod Pellinos with helminth Pellino orthologues.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Homology modeling of helminth Pellino proteins.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Analysis of the helmith Pellino RING-like domain by multiple sequence alignment with human, nematode and arthropod Pellino proteins.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Functional characterization of SmPellino in human cells.
	﻿Table 1﻿﻿. ﻿  Comparative analysis of the canonical TLR signalling pathway from humans and selected insects, nematodes and helminth species.



 
    
       
          application/pdf
          
             
                Functional conservation of an ancestral Pellino protein in helminth species
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11687
            
         
          
             
                Christopher D. Cluxton
                Brian E. Caffrey
                Gemma K. Kinsella
                Paul N. Moynagh
                Mario A. Fares
                Padraic G. Fallon
            
         
          doi:10.1038/srep11687
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11687
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11687
            
         
      
       
          
          
          
             
                doi:10.1038/srep11687
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11687
            
         
          
          
      
       
       
          True
      
   




