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Toll-like receptor (TLR) signalling pathways constitute an evolutionarily conserved

component of the host immune response to pathogenic infection. Here, we describe the

ability of a virally encoded form of the Pellino protein to inhibit Toll- and TLR-mediated

activation of downstream Rel family transcription factors. In addition to inhibiting droso-

mycin promoter activation by Spätzle in Drosophila melanogaster cells, viral Pellino

attenuates the activation of NF-jB by TLR signalling components and by the TLR4 ligand,

LPS, in human cells. We propose that viral Pellino, like mammalian Pellinos, contains a

forkhead-associated domain but differs from the mammalian forms in that it lacks a

complete and functional RING-like domain. We produce a homology model and present

experimental data to support this model by demonstrating that, like mammalian Pellinos,

viral Pellino can interact with IRAK-1 via its forkhead-associated domain, whereas unlike

its mammalian counterparts, it fails to post-translationally modify IRAK-1. Furthermore,

we demonstrate that viral Pellino can functionally antagonise the activity of human

Pellino3S. Thus, our findings identify potential immunoevasive capabilities possessed by a

poxviral homolog of the Pellino protein and add growing evidence for a likely role for

Pellino proteins in Toll and TLR signalling.

Keywords: Innate immunity . Pellino . Signal transduction . Toll-like receptors

Introduction

Chief among innate immune signalling pathways is Toll-like

receptor (TLR) signalling to NF-kB, which controls expression of

regulatory molecules that co-ordinate humoral and cell-mediated

immunity [1]. Many details of this axis were unravelled based on

the evolutionary conservation with the parallel immune defence

response in Drosophila, where the Spätzle/Toll/Pelle/Cactus axis

regulates induction of antimicrobial peptides [2]. Upon ligand

binding, all TLRs except TLR3 recruit the adaptor protein MyD88

and the kinases IRAK-1 and IRAK-4 [3]. TLR2 and -4 signalling

require the adaptor Mal to bridge the receptor and MyD88 [4].

IRAK-4 phosphorylates IRAK-1, leading to IRAK-1 autophos-

phorylation [5]. The kinases then leave the receptor to interact

with TRAF6. Next, TRAF6 promotes the generation of unan-

chored lysine 63 polyubiquitin chains [6], leading to activation of

the downstream kinase TAK-1 [7, 8]. This in turn can lead to

activation of MAPK signalling, as well as stimulation of IKK

activity. IKKb phosphorylates IkB proteins, leading to their

ultimate degradation and the ensuing liberation of NF-kB [9].

An emerging aspect of control in TLR signalling is the role of

Pellino proteins [10, 11]. Pellino was first identified in Drosophila

as a binding partner of Pelle, a Drosophila homolog of IRAK [12].

Pellino acts as a positive regulator of innate immunity in

Drosophila by promoting the induction of the antimicrobial

peptide drosomycin [13]. Three members of the mammalian
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Pellino family were initially characterised as scaffold proteins

that regulate TLR-mediated activation of NF-kB and MAPKs

[10, 11]. More recently, Pellinos have been shown to function as

E3 ubiquitin ligases, catalysing K63-linked polyubiquitination of

IRAK-1 [14–16]. Indeed there exists a bidirectional communica-

tion in the IRAK–Pellino associations, in that IRAK-1 and IRAK-4
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Figure 1. Homology modeling of viral Pellino. (A) Alignment between the viral Pellino amino acid sequence and the FHA domain sequence of the
available Pellino2 crystal structure (PDB:3EGB). The black triangles indicate highly conserved residues in core FHA domains e.g. R106, S137, R138,
T187 and N188 in Pellino2. The residues highlighted in red border the regions 51–98 and 159–184 of Pellino2 which have been omitted for space
considerations. (B) Topology diagrams of Pellino2 and viral Pellino with b strands of core FHA domain in blue and of non-canonical wing in green.
(C) FHA domain of the Pellino 2 (PDB:3EGB) crystal structure (left image); comparative model of viral Pellino modeled as an FHA domain (middle
image), where the a helices are represented in red, b strands in blue and loop regions in green. Pellino 2 (PDB:3EGB) crystal structure in blue
overlaid with the comparative model of viral Pellino modeled as an FHA domain (in red) (right image). Visualisation was performed with PyMOL
(De Lano Scientific, USA). (D) ClustalW alignment of amino acid sequences from the C-terminal region of human Pellinos 1, 2, 3L and 3S,
Caenorhabditis elegans Pellino, Drosophila Pellino and viral Pellino. The boxed residues form the RING domain. (E) Recombinant forms of myc-tagged
viral Pellino and Pellino3S (1 mg) were incubated with ubiquitin (1 mg), in the presence and absence of E1 (50ng) and heterodimeric E2 UbcH13/Uev1a
(400ng) for 2h at 371C. Reactions were terminated by addition of SDS-PAGE sample buffer. Samples were subjected to PAGE and subsequently to
Western immunoblotting using anti-ubiquitin and anti-myc antibodies. The arrow indicates myc-tagged viral Pellino.
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can phosphorylate Pellino proteins on various serine and threo-

nine residues, thus enhancing the E3 ubiquitin ligase activity of

the Pellinos. The latter can then catalyse polyubiquitination of

IRAK-1 [16, 17]. The C-terminal regions of the Pellino proteins

contain a conserved RING-like domain that confers E3 ubiquitin

ligase activity. Furthermore, the recent resolution of the x-ray

structure of a N-terminal fragment (amino acids 15–275) of

Pellino2 that lacks the RING-like domain, revealed a cryptic

forkhead-associated (FHA) domain that was not apparent from

the primary structure [18]. The FHA domain is a phospho-

threonine-binding module and underlies the ability of Pellino

proteins to interact with phosphorylated IRAK-1. The FHA

domain in the Pellino family differs from the classical FHA

domain present in other proteins by containing an additional

appendage or ‘‘wing’’ that is formed by two inserts in the FHA

region [18]. Although the importance of this appendage region

for IRAK binding remains to be experimentally addressed, it is

worth noting that multiple IRAK phosphorylation sites reside in

the ‘‘wing’’ region [17].

Intriguingly, a viral form of Pellino has been previously

identified as an open reading frame (ORF) from the genome of

Melanoplus sanguinipes entomopoxvirus (MsEPV) [19, 20]. The

genomic location of this ORF near the right-hand side inverted

terminal repeat indicates that viral Pellino could possess an

immunomodulatory function [19]. The conceptual translation of

the viral Pellino ORF has been shown to display sequence simi-

larity to human, insect and nematode Pellino proteins [19, 20],

suggesting that viral Pellino is a homolog of genes encoding

receptor proximal intracellular signalling proteins in the Toll and

TLR pathways. This prompted us to perform a functional char-

acterisation of the regulatory effects of viral Pellino in these

pathways. We demonstrate that viral Pellino can down-regulate

Toll-mediated activation of the Drosophila antimicrobial response

and inhibit human TLR signalling to NF-kB, underscoring the

importance of Pellinos within this signalling axis in the innate

immune system.

Results

Homology modelling of viral Pellino

The amino acid sequence and the two available structures of

Pellino2 (PDB: 3EGA at 1.8 Å and 3EGB at 3.3 Å) [18] were used

as templates for comparative modelling of viral Pellino. An initial

alignment between the full amino acid sequence of Pellino2 and

the viral Pellino resulted in a poor overall sequence identity of

15.6% (http://www.ebi.ac.uk/). This sequence identity rises to

16.5% (26.4% similarity) if the two insert regions (residues

51–98 and 159–184) that form the non-canonical wing decora-

tion of the FHA domain in Pellino2 are excluded from the

alignment. Indeed, when just considering an alignment of the

FHA domain region of the Pellino2 crystal structures, a sequence

identity of 27.6% to the 3EGA crystal structure sequence and

25.5% to the 3EGB crystal structure sequence was observed

(Fig. 1A). Modeller 9v5 [21] was used to generate multiple

models from both available templates of Pellino2 to examine the

structure and stability of viral Pellino modeled as an FHA domain.

The best model was selected using a combination of the Modeller

objective function score and a stereochemical analysis using

ProCheck [22, 23] with only one outlier being identified.

Subsequently, the model was minimised using MOE 2008

(http://www.chemcomp.com) in a 5 Å water sphere using the

Amber99 force field to further examine its stability. Following

this process, a stable 11-stranded b-sandwich remained

for viral Pellino (Fig. 1B). A topology-based comparison with

Pellino2 demonstrates that the b-sandwich has the same

strand orientation as that observed for the core FHA domain of

Pellino2. To further assess the stability of our developed

model, it was subjected to a 5 ns molecular dynamics simulation

with a maximum root mean square deviation (RMSD) of 3.5 Å

being experienced. An average structure was taken over

the last 2 ns of simulation and upon examination of the

secondary structure elements the 11-stranded b-sandwich had

remained intact. This comparative model of viral Pellino super-

imposes well on the crystal structure of the Pellino2 FHA core

region (Fig. 1C).

This suggests that viral Pellino has the potential to form a core

FHA domain without the wing appendage that is present in

Pellino2. The lack of a wing appendage means that viral Pellino

lacks the multiple IRAK phosphorylation sites present in Pellino2.

However, viral Pellino contains most of the highly conserved

signature amino acid residues that are found in canonical FHA

domains and that are required for binding to phosphorylated

peptides and proteins. These five crucial residues in Pellino2 are

R106, S137, R138, T187 and N188 [18] and correspond to R33,

S47, N48, Q85 and N86 in viral Pellino. Thus, viral Pellino

contains four of the five highly conserved residues in classical

FHA domains that are required for binding to phosphorylated

protein-binding partners. This, in conjunction with the homology

modeling described above, provides strong predictive indication

that viral Pellino contains a core FHA domain.

The ability of mammalian Pellinos to function as E3 ubiquitin

ligases is bestowed by the presence of a C-terminal RING domain,

where the eight cysteine and histidine residues are arranged in

the atypical CHC2CHC2 formation. This RING domain is

conserved between mammalian, nematode and Drosophila Pelli-

nos. However, alignment of the C-terminal regions of these

Pellino sequences with that of poxviral Pellino shows that the

viral protein possesses a partial RING domain containing only the

second CGH triplet and CPXC motif (Fig. 1D). This partial RING

domain is insufficient to confer E3 ubiquitin ligase activity on

viral Pellino since a recombinant form of the latter failed to

catalyse the in vitro generation of polyubiquitin chains in the

presence of E1 and E2 enzymes, whereas the mammalian

member Pellino3S shows strong catalytic activity (Fig. 1E).

Western immunoblotting using an anti-myc antibody shows that

the lack of activity of viral Pellino relative to Pellino3 cannot be

attributed to differences in protein quantity since both proteins

show comparable levels of immunoreactivity. Interestingly, viral
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Pellino has a mobility corresponding to its predicted size of

25.4 kDa but it also shows a fainter immunoreactive band of

slower electrophoretic mobility. The identity of this protein is

unknown but its lack of reactivity with the anti-ubiquitin anti-

body excludes the possibility of the protein being modified by

ubiquitination. The above analysis suggests that viral Pellino

resembles its mammalian counterparts in containing a core FHA

domain but differs in lacking both a wing appendage to the FHA

domain and a functional RING-like motif.

Viral Pellino inhibits Toll- and TLR-triggered signalling
responses

The emerging roles of Pellino proteins in TLR signalling coupled

to the discovery of a viral homolog prompted studies on the

ability of viral Pellino to regulate TLR signal transduction. Viral

Pellino is encoded by the genome of MsEPV and given that the

natural host of MsEPV is insect cells, the highly AT-rich sequence

of the viral Pellino gene reflects an adaptation to this environ-

ment. In order to ensure expression of viral Pellino in both insect

and human cells, a form of the gene was chemically synthesised

with codon sequences optimised for recognition by human

translation machinery. This involved replacing As or Ts in the

third position of each codon with a G or C, without altering the

amino acid sequence of the translated protein. Such an approach

was previously shown to enhance expression of poxviral genes in

human cells [24].

We initially assessed the effects of viral Pellino on Toll

signalling in macrophage-like Drosophila S2 cells. A myc-tagged

version of the viral protein showed uniform cytoplasmic distri-

bution after transfection in these cells (Fig. 2A). The effects of

increasing levels of viral Pellino expression on signalling by the

Toll ligand C-106 was then assessed (Fig. 2B). C-106 is the active

C-terminal fragment of the Spätzle protein and induced activa-

tion of a firefly luciferase reporter under the control of the

drosomycin promoter. Toll signalling can induce expression of

this antimicrobial peptide through the Rel family transactivators

Dorsal and Dif. Thus, the activation of the drosomycin promoter

was an especially relevant readout for Toll signalling in the

present studies in light of the demonstration that Drosophila

Pellino plays a key role in driving expression of drosomycin [13].

Expression of increasing levels of viral Pellino caused a dose-

dependent inhibition of C-106-induced activation of the

drosomycin promoter. This inhibitory effect was confirmed in S2

cells stably expressing viral Pellino following lentiviral trans-

duction. Viral Pellino also displayed cytoplasmic localisation

upon stable expression (Fig. 2C) and inhibited C106-induced

activation of the drosomycin promoter (Fig. 2D). This confirms

that the entomopoxviral protein can obstruct a key insect

immune–response pathway.

The high degree of sequence and mechanistic conservation

between insect Toll and mammalian TLR signalling pathways led

us to further explore the potential immunomodulatory

capabilities of viral Pellino in human cells. Expression of

increasing amounts of viral Pellino in HEK293-TLR4 cells

(Fig. 3A) showed dose-dependent inhibition of LPS-induction of

an NF-kB-responsive promoter–reporter construct (Fig. 3B).

We next confirmed that viral Pellino could block the endogenous

NF-kB pathway in a cell that was naturally responsive

to LPS by demonstrating that lentivirally delivered viral Pellino

blocked the LPS-induced phosphorylation of the NF-kB subunit

p65 upon stable expression in U373 cells (Fig. 3C). The regula-

tory effects of viral Pellino on the NF-kB pathway have functional

consequences for pro-inflammatory gene expression since the

transduction of THP-1 monocytic cells with varying titres of

lentivirus, conferring stable viral Pellino expression, caused an

inhibition of LPS induced expression of the NF-kB-responsive
gene IL-8 (Fig. 3D). The highest titre also inhibited LPS induction

of TNF in THP-1 cells (Fig. 3E). These studies confirm the regu-

latory effects of viral Pellino on TLR4 signalling in a number of

cell types.

Viral Pellino interacts with IRAK-1 in a kinase-
independent but FHA-dependent manner

We next investigated the mechanistic basis to the regulatory

effects of viral Pellino on TLR signalling. IRAK-1 was an obvious

target for viral Pellino, given that the mammalian Pellinos have

been shown to associate with IRAK-1 [10, 25], probably via their

FHA domain, and that the homology modelling studies detailed

above suggest the presence of a core FHA domain in viral Pellino.

Co-immunprecipitation studies demonstrated that vPellino and

IRAK-1 associated upon co-expression. This was observed upon

immunoprecipitation of viral Pellino and immunoblotting for

IRAK-1 (Fig. 4A). Furthermore, viral Pellino was found to interact

with endogenous IRAK-1 upon immunoprecipitation of the latter

(Fig. 4B). The IRAK-1-viral Pellino interaction is also apparent

under conditions where viral Pellino is expressed at more

physiologically relevant levels as facilitated by lentiviral-

mediated delivery of viral Pellino into U373 cells (Fig. 4C).

Further evidence in support of the IRAK-1-Pellino interaction is

provided by co-localisation of IRAK-RFP and viral Pellino-GFP in

HEK293 cells (Fig. 4D).

Conflicting reports exist on the importance of IRAK-1 kinase

activity in the interaction between mammalian Pellinos and

IRAK-1 [14, 15]. Kinase activity does not appear to be required

for interaction with viral Pellino, as a kinase-dead form of IRAK-1

(IRAK-1-KD, K239A) also co-immunoprecipitated with myc-

tagged viral Pellino (Fig. 4E, upper panel). Kinase-active

members of the IRAK family, IRAK-1 and IRAK-4, have been

shown to induce the degradation of mammalian Pellinos in a

kinase-dependent fashion [15]. This type of regulation is retained

in the interaction between IRAK-1 and viral Pellino, as reduced

levels of the latter are apparent when co-expressed with IRAK-1,

but not IRAK-1-KD (Fig 4A, B versus E).

The ability of viral Pellino to interact with IRAK-1 supports our

homology modelling studies that predicted viral Pellino capable of

forming a FHA domain. In order to directly address the potential
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importance of the putative FHA domain of viral Pellino in facil-

itating its interaction with IRAK-1, truncation mutants of viral

Pellino were generated that lack the first 90 (DF1-myc) or 50 (DF2-
myc) amino acid residues. These mutants were designed based on

the former lacking all five of the conserved residues that signature a

classical FHA domain and the latter lacking the first three of these

conserved residues. Unlike full-length viral Pellino, the truncation

mutants, lacking the first 50 or 90 residues, failed to interact with

IRAK-1 (Fig. 5A, upper panel). These studies are again consistent

with viral Pellino containing a FHA domain that makes a critical

contribution to enabling viral Pellino to interact with IRAK-1. The

interaction of IRAK-1 with the shorter spliced form of human

Pellino 3 (P3S) served as a positive control for this analysis.

The above truncation mutants were also exploited to

evaluate the importance of IRAK-1 binding for manifesting the

inhibitory effects of viral Pellino on TLR signalling. As described

above, full-length viral Pellino was again shown to cause a dose-

dependent inhibition of LPS-induced activation of NF-kB (Fig. 5B).

The removal of the first 50 or 90 residues from viral Pellino failed to

fully abolish its ability to inhibit LPS signalling. As the removal of

the first 50 residues from viral Pellino abolished its ability to bind

IRAK-1 but had no effect on its negative regulatory potential, a

more refined approach was performed to further define the func-

tional importance of the putative FHA domain of viral Pellino.

Interestingly, the truncation of the first 50 amino acids includes

removal of the highly conserved FHA-signature residues R33 and
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Figure 2. Viral Pellino inhibits drosomycin promoter activation by C-106. (A, B) Drosophila S2 cells were co-transfected with drosomycin promoter-
luciferase (20ng), Ach110-b-galactosidase (80ng) and with/without varying amounts of myc-tagged viral Pellino. (C, D) Drosophila S2 cells were
stably transduced with control or myc-tagged viral Pellino lentivirus. 72h later cells were co-transfected with drosomycin promoter-luciferase
(20ng) and Ach110-b-galactosidase (80ng). (A, C) Sub-cellular localisation of viral Pellino was visualised by immunohistochemical analysis using a
combination of anti-myc antibody and an Alexa fluor 594 anti-mouse secondary antibody (Invitrogen). DAPI was used to stain nuclei. Images are
representative of two independent experiments. (B, D) After transfection, cells were stimulated overnight in the presence/absence of C-106 (15nM).
(B, D) Lysates were subjected to anti-myc and anti-a-tubulin immunoblotting. (B, D) Lysates were assayed for firefly luciferase and b-galactosidase
activity. Data are presented as fold induction of normalised luciferase activity relative to unstimulated cells. (B) Representative of three
independent experiments performed in triplicate. (D) Data were subjected to one-way ANOVA statistical analysis. ��po0.01; C106-treated cells
transduced with control lentivirus versus C106-treated cells transduced with equivalent titre of vPellino. Results represent mean1S.E.M. of three
independent experiments, each performed in triplicate.
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S47. Each of these two residues was independently mutated to

alanine and the functional properties of the resulting point mutants

examined. The substitution of either residue by alanine removed

the ability of viral Pellino to interact with IRAK-1 (Fig. 5C), but yet

did not eliminate its ability to inhibit LPS-induced activation of

NF-kB (Fig. 5D). These findings suggest that the putative FHA

domain of viral Pellino is important for IRAK-1 binding but is

dispensable for manifesting the inhibitory effects on LPS signalling.

This suggests that viral Pellino may target signalling molecules

other than IRAK-1 in its regulation of TLR signalling.
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Figure 3. Viral Pellino inhibits TLR signal transduction. HEK293-TLR4 cells were co-transfected with NF-kB-luciferase (80ng) and pGL3-Renilla
luciferase (20ng) and with/without (A) 0–1 mg or (B) 0–100ng myc-tagged viral Pellino. (A) Lysates were subjected to PAGE and anti-myc and anti
b-actin immunoblotting. (B) Cells were stimulated with/without LPS (100ng/mL) 8h before harvesting. Lysates were assayed for firefly and pGL3-
Renilla luciferase activity. Data are representative of three independent experiments and are presented relative to cells transfected with empty
vector alone. (C) U373 cells stably transduced with control or viral Pellino lentivirus were treated with LPS (100ng/mL) for indicated timepoints.
Lysates were subjected to immunoblotting using anti-phospho-p65, anti-total-p65, anti-myc and anti-b-actin antibodies. Resulting images of
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and (E) TNF by ELISA. Data were subjected to one-way ANOVA statistical analysis. ���po0.001, ��po0.01, �po0.05; LPS-treated cells transduced with
EV versus LPS-treated cells transduced with equivalent titre of viral Pellino lentivirus. Results represent mean1S.E.M. of three independent
experiments, each performed in triplicate.
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Pellino3S is functionally antagonised by viral Pellino

The co-immunoprecipitation of viral Pellino with IRAK-1 raised

the possibility that the viral protein could compete with signalling

intermediates for association with IRAK-1. Given the homologous

nature of viral Pellino to the mammalian Pellino family, coupled

to the IRAK-binding capacity of members of the latter, it was

intriguing to explore the impact of viral Pellino expression on the

interaction between mammalian Pellino proteins and IRAK-1.

Pellino3S was used as a representative of the mammalian Pellino

family. Co-immunoprecipitation analysis confirmed a strong

association between Pellino3S and IRAK-1, but this interaction

was eliminated upon co-expression of viral Pellino (Fig. 6A,

upper panel). In addition, the interaction of Pellino3 with kinase-

dead IRAK-1 was also reduced in the presence of viral Pellino

(Fig. 6B, upper panel). Furthermore, immunoblotting whole-cell

lysates for IRAK-1 demonstrated that the post-translational

modification of IRAK-1 seen in response to Pellino3S expression

was partially reduced with addition of viral Pellino (Fig. 6A,

second panel, compare lanes 7 and 8). This disruption of
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Pellino3S-IRAK-1 complexes and inhibition of Pellino3S-

mediated IRAK-1 modification was likely due to the enhancement

of Pellino3S degradation apparent with viral Pellino co-expres-

sion (Fig. 6A, third panel). This accelerated degradation of

Pellino3S was dependent on IRAK-1 kinase activity, as it was not

observed upon substitution of IRAK-1-KD for WT IRAK-1

(Fig. 6B). The depletion of Pellino3S in the presence of viral

Pellino displays some degree of specificity since the latter fails to

deplete the expression of control GFP protein (data not shown).

An ability to promote degradation of Pellino3S would imply that

viral Pellino can functionally inhibit the mammalian protein. Pelli-

no3S is known to regulate activation of MAPKs [26]. We therefore

monitored the effect of the viral protein on Pellino3S-mediated

activation of p38 MAPK. HEK293 cells were co-transfected with or

without viral Pellino and Pellino3S and with components of the

PathDetectTM CHOP trans-Reporting System that measures activa-

tion of p38 MAPK. Reporter activity was induced upon expression of

Pellino3S (Fig. 7A). However, co-expressing viral Pellino inhibited

Pellino3S-mediated up-regulation of CHOP transactivation, an index

of p38 MAPK activity. To further validate these findings, another

assay of p38 MAPK kinase activity was employed. The latter is

known to phosphorylate the downstream kinase MAPKAP kinase 2
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point mutations of residue 33 from R to A (R33A) or residue 47 from S to A (S47A), human Pellino3S (P3S) construct or pcDNA empty vector (3 mg)
and with/without an IRAK-1 expression construct (1 mg). Lysates were generated after 24h, immunoprecipitated with an anti-myc antibody and
subsequently immunoblotted using anti-IRAK antibodies. Lysates were analysed by immunoblotting using anti-IRAK-1, anti-myc and anti-b-actin
antibodies. Data are representative of three independent experiments. (B, D) HEK293-TLR4 cells were co-transfected with NF-kB–luciferase (80ng)
and pGL3-Renilla luciferase (20ng) and with or without indicated amounts of vP, DF1, DF2, R33A or S47A. Cells were stimulated with or without LPS
(100ng/mL) 8h before harvesting. Lysates were assayed for firefly and pGL3-Renilla luciferase activity. Data are presented relative to stimulated
cells transfected with empty vector alone. (B) Data were subjected to one-way ANOVA statistical analysis, ��po0.01, ���po0.001 comparing the level
of LPS-induced reporter gene activity observed in the presence of viral Pellino WT and mutant proteins to that observed with LPS in control cells.
Results represent mean7S.E.M. of three independent experiments. (D) Data were subjected to a two-tailed paired t-test. Results represent
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and promote its re-distribution from the nucleus to the cytoplasm.

Pellino3S was shown to affect nuclear-cytoplasmic shuttling of a RFP

tagged form of MAPKAP kinase 2 with all of the latter exiting the

nucleus in the presence of Pellino3S (Fig. 7B). However, the co-

expression of a GFP tagged form of viral Pellino inhibited Pellino3S-

mediated cytoplasmic shuttling of MAPKAP kinase 2 resulting in

considerable residual levels of the latter remaining in the nucleus.

These findings demonstrate that the poxviral protein can negatively

affect signalling from a mammalian counterpart.

Association of viral Pellino with TIR-containing
adaptor proteins

Given that viral Pellino can functionally antagonise its mamma-

lian counterparts and the latter has been demonstrated to

participate in multiprotein signalling complexes [14, 27], we

next examined the functional regulation of other TLR signalling

molecules by viral Pellino. Components of the TLR/NF-kB
pathway were expressed at levels sufficient to induce NF-kB
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activation. Co-expression of viral Pellino led to a substantial

inhibition of reporter gene activity mediated by the TIR-contain-

ing adaptor proteins MyD88 and Mal (Fig. 8A), whereas TRIF-

and TRAM-mediated activation of NF-kB was less sensitive to viral

Pellino (data not shown). The poxviral protein also displayed

inhibitory activity towards NF-kB activation by downstream TLR

signalling pathway components IRAK-1, TRAF6 and IKKb but not

p65 (Fig. 8A). The lack of effect of viral Pellino on p65 suggests

specificity of action for viral Pellino, albeit with multiple targets.

The regulation of a number of these signalling molecules by viral

Pellino is consistent with its functional antagonism of mammalian

Pellinos. Since Pellinos interact with IRAK-1 and TRAF-6 and

promote polyubiquitination of IRAK-1 that subsequently recruits

IKK-containing complexes, it is not surprising that viral Pellino-

induced degradation of mammalian Pellinos negatively regulates

IRAK-1, TRAF6 and IKKb. However, viral Pellino also showed

inhibitory potential upstream of IRAK-1 in functional assays,

suggesting that viral Pellino targets signalling molecules beyond

IRAK-1. Indeed, this is further corroborated by our earlier findings

demonstrating that truncation mutants of viral Pellino, lacking a

FHA domain, fail to interact with IRAK-1 and yet partially retain

inhibitory effects on TLR signalling. We thus next investigated

other potential targets for viral Pellino and more specifically

probed whether it could also interact with the TIR adaptor

proteins, MyD88 and Mal, given their sensitivity to viral Pellino.

Co-immunoprecipitation studies demonstrated that viral Pellino

can associate with MyD88 (Fig. 8B, upper panel) and Mal

(Fig. 8C, upper panel). Interestingly, in the case of both adaptors,

interaction with viral Pellino led to reduced levels of adaptor

protein (Fig. 8B and C, second panels). Such effects on the

expression levels of the adaptor proteins were observed repro-

ducibly and appear to represent some degree of specificity, given

that viral Pellino fails to affect the expression levels of co-

expressed IRAK-1 (Fig. 4A and B). The lack of an intact RING

domain eliminates the possibility that viral Pellino itself can

directly induce polyubiquitination and subsequent degradation of

TLR signalling components, suggesting that it may recruit an

intermediary protein capable of such regulation. Indeed, the

C-terminal region containing the partially conserved RING

domain is not required for the inhibitory function of viral Pellino

since a deletion mutant lacking the C-terminal CHC2 and CGH

residues retained a comparable ability to the WT protein towards
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reducing levels of Mal protein and towards inhibition of Mal-

mediated activation of NF-kB (data not shown). Irrespective of

the exact mechanism, the targeting of TIR adaptor proteins may

represent a further mechanism underlying the inhibitory effects of

viral Pellino on TLR signalling.

Discussion

Viruses have evolved a wide range of immunoevasive strategies,

including the targeting of key innate immune signalling pathways.

Vaccinia virus A52R has been shown to inhibit TLR-mediated

activation of NF-kB by disrupting signalling complexes containing

TRAF6 and IRAK2 [28]. Furthermore, in a manner similar to the

actions of viral Pellino on IRAK-1, MCMV M45 was found to bind

RIP1, blocking its ubiquitination and thereby activation of NF-kB
by TNF-a and TLR3 signalling [29]. Here, we reveal the

immunoevasive properties of a poxviral Pellino homolog. This

identifies the ability of an entomopoxvirus protein to combat insect

immunity. The ability of viral Pellino to also interfere with TLR

signalling highlights the amazing conservation across the evolu-

tionary divide of Toll and TLR signalling. An increased under-

standing of the mechanistic basis to the regulatory effects of viral

Pellino may also provide a greater appreciation of the precise role

of mammalian Pellinos in IL-1/TLR signalling.

Viral Pellino was initially discovered based on the sequence

identity with members of the mammalian Pellino family.

However, the sequence identity was quite low and given that the

X-ray structure of part of the Pellino2 protein had been recently

resolved, we employed homology modelling to evaluate if the

limited sequence identity has the potential to translate into

shared structural properties. An intriguing picture emerges in

which viral Pellino shares some of the structural characteristics of

mammalian proteins but differs in other respects. Like some of its

mammalian counterparts, it has a cytoplasmic localisation. This is

hardly surprising since bioinformatic analysis failed to predict

any transmembrane domain or nuclear localisation sequences.

Mammalian Pellinos possess two distinct domains; a N-terminal

FHA domain that facilitates binding to phosphorylated IRAK-1

[18] and a C-terminal RING-like domain that catalyses poly-

ubiquitination of IRAK-1. Viral Pellino lacks the latter but appears

to have the potential to form a FHA domain based on two sets of

findings. First, homology modelling in conjunction with mole-

cular dynamics indicates the potential for viral Pellino to form a

stable 11-stranded b-sandwich that is characteristic of a canonical

FHA domain. Second, viral Pellino shows conservation of the four

signature amino acid residues in FHA domain-containing proteins

that mediate direct binding to phosphorylated threonine residues

on partner proteins. Interestingly, the putative FHA domain in

viral Pellino appears to be a core FHA domain that lacks the two

insert regions in mammalian Pellinos that decorate their FHA

domains with a wing appendage. Thus, viral Pellino is a valuable

experimental tool that enables one to evaluate the importance of

the wing region in the Pellino FHA domain for IRAK binding.

Since viral Pellino retains the ability to interact with IRAK-1 this

argues that the wing region is dispensable for Pellino–IRAK

binding. However, it does not exclude the possibility that the

wing region may affect the affinity of the IRAK–Pellino interac-

tion or mediate the interaction of Pellino proteins with other

signalling molecules. It is interesting to note that viral Pellino can

also bind to a kinase inactive form of IRAK-1. The latter would

not be subjected to autophosphorylation and thus viral Pellino,

via its FHA domain, likely recognises amino acid residues in

IRAK-1 that are phosphorylated by upstream kinases such as

IRAK-4.

Given that viral Pellino lacks a functional RING domain, these

studies are consistent with the earlier findings that the RING

domain of Pellino proteins is not required for IRAK-1 binding [18].

However, the RING domain of mammalian Pellinos is essential to

promote polyubiquitination of IRAK-1 [15] and given its lack of a

complete and functional RING domain, viral Pellino, proved, as

expected, incapable of effecting any post-translational modifica-

tion of IRAK-1. This is evidenced in the present study by virtue of

the intense electrophoretic streaking of IRAK-1 when co-expressed

with Pellino3S (Fig. 5A, last lane). On the contrary, the viral

Pellino–IRAK-1 association leads to no such post-translational

modification of IRAK-1 (see discrete IRAK bands in second panel of

Fig 4A). As the precise functional consequences of Pellino-medi-

ated IRAK-1 ubiquitination have not been elucidated and indeed

may vary across the TLR family [30], it is not possible to say

whether this divergence in activity between mammalian and viral

Pellinos accounts for the inhibitory activity of the latter. It has,

however, been suggested that Pellino-mediated IRAK-1 poly-

ubiquitination may have a positive effect on signal transduction by

inducing dissociation of IRAK/TRAF6/TAK-1/TAB-1 complexes or

through promoting IRAK-NEMO interactions [14, 16]. In this light,

viral Pellino may negatively influence flux through the pathway by

competing for binding to IRAK-1 and antagonising the actions of

mammalian Pellinos. Indeed, the present studies are consistent

with a model where viral Pellino competes with mammalian

Pellinos for binding to IRAK and in doing so inhibits poly-

ubiquitination of IRAK-1 and subsequent downstream signalling.

However, the expression of viral Pellino also leads to dramatic

IRAK-1-induced depletion of Pellino3 and this provides a very

novel mechanism by which a viral homolog can target its

mammalian counterpart by promoting its degradation.

The targeting of IRAK-1 is unlikely to be the sole contributing

mechanism to the inhibitory effects of viral Pellino on TLR

signalling. Such a proposal is based on our demonstration that

viral Pellino mutants, that fail to interact with IRAK-1, retain

some inhibitory activity. Furthermore, our studies suggest that

viral Pellino may potentially target TIR adaptor proteins such as

Mal and MyD88, leading to their depletion. Such a targeted

degradation of TIR adaptors, as an immunoevasive strategy,

would not be without precedent given the recent report that

Gram-negative bacteria belonging to the Brucella species encode

a protein called TcpB that subverts innate immune signalling by

targeting Mal for degradation [31]. The lack of a RING domain in

viral Pellino argues against a direct mechanism by which it

promotes polyubiquitination and degradation of Mal. In light of
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the recent report that Pellino1 facilitates TRIF-dependent

signalling [32], it is surprising to note that the Mal/MyD88

pathway is more sensitive than TRIF and TRAM to viral Pellino.

However, the physiological roles of Pellino2 and Pellino3 remain

to be fully elucidated and it will be interesting to explore the

relative sensitivities of each of the mammalian Pellinos to viral

Pellino.

Irrespective of the exact mechanism, the targeting of receptor

proximal adaptor proteins by viral Pellino will lead to regulatory

effects on a number of downstream signalling pathways. Indeed,

the present studies show that viral Pellino can inhibit the p38

MAPK pathway as well as NF-kB. p38 MAPK co-ordinates

inflammatory gene expression at numerous levels – regulating

the activity of immunologically relevant transcription factors such

as ATF-2 and CREB, activating pathways that extend the mRNA

half-life of inflammatory mediators such as TNF [33] and

dictating accessibility of a range of inflammatory response gene

promoters to activated transcription factors by controlling histone

phosphorylation status [34].

In conclusion, this study provides for the first time a detailed

characterisation of a viral homolog of the Pellino family. In a

potential immunoevasive strategy, viral Pellino targets its

mammalian counterparts and receptor proximal signalling events

in TLR pathways and further highlights the important emerging

roles of Pellinos in innate immunity.

Materials and methods

Biological reagents and expression constructs

C-106 ligand was a gift from Nick Gay (Cambridge University,

UK). The myc-tagged codon-optimised form of the viral Pellino

gene was synthesised by Genscript Corporation (Piscataway, New

Jersey, USA) and subcloned into the pCDNA3.1/Zeo mammalian

expression vector (Invitrogen). Myc-tagged viral Pellino trunca-

tion mutants, lacking the most N-terminal 90 and 50 amino acids

(DF1-myc and DF2-myc, respectively), and the point mutants of

viral Pellino, (R33A and S47A, generated using the Quik Change

Site-Directed Mutagenesis kit, Stratagene) were also cloned into

pCDNA3.1. The myc-tagged form of the viral Pellino gene was

sub-cloned into pAc5.1/V5 for expression in insect cells. Anti-

IRAK-1 and anti-ubiquitin antibodies were from Santa Cruz

Biotechnology. Monoclonal anti-myc antibody was from Cell

Signalling Technology. Anti-Flag and anti-b-actin were from

Sigma-Aldrich. Recombinant forms of ubiquitin, E1 and E2

(UbcH13/Uev1a) were from Boston Biochem. The His-tagged

vector pRSET A was from Invitrogen. LPS was from Alexis

Biochemicals. The generation of the construct encoding Pellino3S

has been described previously [26]. Constructs encoding wild-

type IRAK-1, IRAK-1 kinase-dead and TRAF6 were from Tularik

(San Francisco, CA, USA). Constructs encoding MyD88, Mal and

IKKb were gifts from Luke O’Neill (Trinity College Dublin). pGL3-

Renilla was a gift from Andrew Bowie (Trinity College Dublin).

The drosomycin promoter–reporter construct, the pACH110

vector containing the b-galactosidase gene under the control of

the Drosophila actin promoter, and the pAc5.1/V5 Drosophila

expression vector were all kind gifts from Jean-Luc Imler (Institut

de Biologie Moleculaire et Cellulaire, Strasbourg, France).

Homology modeling

Two crystal structures of Pellino2, available in the Protein Data

Bank (http://www.rcsb.org/pdb), PDB: 3EGA at 1.8 Å and 3EGB

at 3.3 Å [18], were used as templates for comparative modelling.

The former codes for residues 15–258 and the later codes for

15–276 of the Pellino2 sequence with a number of small gaps

where residues could not be refined. Modeller 9v5 [21] was used

to generate multiple models of viral Pellino modeled as an FHA

domain using both Pellino2 templates and manually optimizing

the alignment. The C-terminal region of the model was removed

from Thr155 of viral Pellino as there was no template structure

available for this region. A subsequent Modeller9v5 sequence

identity score of 27.6% was achieved and models were shortlisted

for subsequent analysis based on the Modeller objective function.

The best model was minimised using MOE 2008 (http://

www.chemcomp.com) in a 5 Å water sphere using the Amber99

force field.

Molecular dynamics

All molecular dynamics simulations were performed with Amber

10.0 [35] using a time step of 1 fs and the Amber force field.

Periodic boundary conditions were applied in all three dimen-

sions with the Particle Mesh Ewald (PME) method being used to

treat the long-range electrostatic interactions. Non-bonded

interactions were calculated for one to four interactions and

higher using a cutoff radius of 9 Å. The protein was placed in a

TIP3P water box with 12 Å to the box edge. Counter ions (Cl�)

were added to ensure a charge neutral cell, by replacing

solvent molecules at sites of high electrostatic potential. Each

simulation cell, prior to MD, was optimised to remove bad

contacts by performing 250 steps of steepest descent followed by

750 steps of conjugate gradient energy minimisation. The

simulation cell was heated gradually to 300K over 10 ps with

equilibration performed using backbone restraints for 10 ps at

each of 15, 10 and 5 kcal/mol followed by 960 ps without

restraints. Root mean square deviations were calculated for the

backbone heavy atoms after fitting the Ca carbons to the initial

structure as a reference.

Generation of recombinant viral Pellino and in vitro
ubiquitination assay

Myc-tagged viral Pellino and Pellino3S were cloned into the

vector pRSET A-His, expressed in Escherichia coli (BL21 cells) and
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purified using the His-bind purification kit (Qiagen). For the

in vitro ubiquitination assay, recombinant Pellino protein (1mg)
was incubated with ubiquitin (1 mg), E1 (50 ng), UbcH13/Uev1a

(400 ng) and protease inhibitor mix (EDTA free) in 5mM Tris-

HCl, pH 7.5, containing MgCl2 (2mM), ATP (2mM) and NaCl

(100mM). Reactions were incubated at 371C for 2 h and

terminated by addition of SDS-PAGE sample buffer. Samples

were then resolved by SDS-PAGE and analysed by immunoblot-

ting using an anti-ubiquitin antibody (Santa Cruz).

Cell culture

Drosophila Schneider 2 (S2) cells were cultured in Schneider’s

Insect Medium supplemented with 10%v/v fetal bovine serum,

penicillin G (100 mg/mL) and streptomycin (100mg/mL). Cells

were maintained at 251C without CO2 buffering. C-106 stimula-

tion was performed on cells in serum-containing medium at 251C.
HEK293T cells and HEK 293-TLR4 cells (gift from Douglas

Golenbock) and U373 cells were cultured in DMEM supplemen-

ted with 10%v/v fetal bovine serum, penicillin G (100 mg/mL)

and streptomycin (100 mg/mL). G418 (0.5mg/mL) was used as a

selective agent for the stably transfected 293-TLR4 cells. LPS

stimulation was performed on cells in serum-containing medium

at 371C.

Transfection of HEK 293 cells

Cells were seeded at 1.8� 105 and 2�105/mL, respectively, in

96-well plates (200 mL/well) and 6-well plates (3mL/well) and

grown for 24 h to approximately 80% confluency. Cells were

transfected using Lipofectamine (Invitrogen), with each well in a

6-well and 96-well plate being transfected with 4 mg and 230 ng

total DNA, respectively. For 96-well plate transfections, lysates

were generated using Reporter Lysis Buffer (Sigma). Firefly

activity and Renilla luciferase activities were assayed using

luciferase substrate (Promega) and coelenterazine (0.1 mg/mL

in PBS), respectively.

Transfection of Drosophila S2 cells

Cells were seeded at 2� 106/mL in 12-well plates and grown for

24 h. Transfection was then performed using the Calcium

Phosphate Transfection kit (Invitrogen) according to the manu-

facturer’s instructions. For each well, a total of 1 mg DNA was

used. In total, 24 h post-transfection cells were washed twice in

serum-free Schneider’s Medium, re-seeded in fresh medium

and stimulated overnight with or without C-106 ligand. Lysates

were generated with Reporter Lysis Buffer (Promega) and

assayed for firefly luciferase activity. b-Galactosidase activity

was assayed by incubating cell lysate with o-nitrophenyl-

b-galactoside (1mg/mL) at 371C for 15min before reading

absorbance at 420 nm.

Immunoprecipitation and Western blot analysis

Briefly, 24 h post-transfection, cells were lysed in 50mM Tris-HCl

(pH 7.5) containing 150mM NaCl, 0.5%v/v Igepal, 50mM NaF,

1mM Na3VO4, 1mM dithiothreitol, 1mM phenylmethylsulfonyl

fluoride, protease inhibitor mixture (25 mg/mL leupeptin,

25 mg/mL aprotinin, 1mM benzamidine and 10 mg/mL trypsin

inhibitor). An aliquot (50 mL) of supernatant was retained for

Western blot analysis and the remainder was subjected to

immunoprecipitation.

Lysates were precleared by addition of IgG antibody (1mg)
and re-suspended Protein A/G-agarose (10 mL). IP with the

appropriate antibody (2 mg per sample) was overnight at 41C.
Antibody–protein complexes were pelleted after addition of

Protein A/G-agarose (35 mL). Samples were boiled in reducing

sample buffer and immunoprecipitates subjected to SDS-PAGE

and Western blot analysis.

CHOP reporter system

The PathDetect CHOP trans-reporting system (Stratgene, La Jolla,

CA, USA) was used, according to the manufacturer’s recommenda-

tions, to measure activation of the p38 MAPK pathway. Briefly, HEK

293-TLR4 (1.8�105 cells/well) were seeded into 96-well plates and

grown for 24h. Cells were then transfected, using Lipofectamine

2000, with the GAL4-CHOP-regulated firefly luciferase reporter

plasmid pFR-Luc (60ng), the trans-activator plasmid pFA-CHOP

(activation domain of CHOP fused with the yeast Gal4 DNA binding

domain) (1ng), constitutively expressed Renilla-luciferase reporter

construct (pGL3-Renilla, 20ng) and with or without Pellino3S or

viral Pellino expression constructs. Luciferase activities were

analysed as described above.

Microscopic analysis of subcellular localisation of
MAPKAP kinase 2-Ds Red [26]

HEK 293T cells (1.6� 105/well) were seeded into 4-well Lab-Tek

chamber slides (Nunc A/S, DK-4000, Denmark) and grown for 24h.

Cells were then transfected, using Lipofectamine, with MAPKAP

kinase 2-Ds Red (400ng) in the presence or absence of Pellino3- or

viral Pellino-GFP (400ng). Cells were fixed in 4% paraformalde-

hyde for 15min, washed three times with PBS and mounted with

Slowfade antifade reagent [DAPI containing medium (1.5mg/mL)]

(Molecular Probes, USA). Confocal images were captured using the

�63 objective (oil immersion) on the UV Zeiss 510 Meta System

laser-scanning microscope equipped with the appropriate filter sets

and analysed using the LSM 5 browser imaging software.

Lentiviral transduction of THP-1 cells

The myc-tagged form of the viral Pellino gene was sub-cloned

into the lentiviral vector pLV-CMV-GFP. Lentiviral particles
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encoding vPellino were generated by transfecting HEK293T cells

with a viral packaging plasmid pPTK (900ng), a viral envelope

plasmid pMDG (100 ng) and pLV-CMV-GFP encoding vPellino

(1 mg) or an empty pLV-CMV-GFP vector using Lipofectamine

2000. In total, 24 h post-transfection, the medium was replaced

with DMEM supplemented with 30%v/v fetal bovine serum. A

total of 24, 48 and 72 h later, medium containing virus was

harvested and stored at �201C with DMEM, supplemented with

30% FBS, added to cells after each harvesting. The pooled virus

stocks were titred.

THP-1 cells were plated at 2� 105 cells/mL in 96-well

suspension plates (100 mL/well), supplemented with hexadi-

methrine bromide (8 mg/mL). On the day of seeding, cells were

transduced with lentivirus. The media was removed 24 post-

infection and replaced with fresh RPMI medium. The medium

was replaced for further 2 days before cells were used in

experiments. Mammalian U373 and insect S2 cell lines were

transduced with viral particles in the same way.

Cytokine immunoassays

Conditioned media from cells were assayed for the levels of IL-8

and TNF by sandwich ELISA [DuoSet kit (R&D Systems)]

according to the manufacturer’s instructions.
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