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a b s t r a c t

Hemocytes of Heliothis virescens (F.) (Lepidoptera, Noctuidae) larvae produce a protein, P102, with a puta-
tive endoribonuclease-U domain. In previous works we have shown that P102 is involved in Lepidopteran
immune response by forming amyloid fibrils, which catalyze and localize melanin deposition around
non-self intruders during encapsulation, preventing harmful systemic spreading. Here we demonstrate
that P102 belongs to a new class of proteins that, at least in Lepidoptera, has a diminished endoribonuc-
lease-U activity probably due to the lack of two out of five catalytically essential residues. We show that
the P102 homolog from Trichoplusia ni (Lepidoptera, Noctuidae) displays catalytic site residues identical
to P102, a residual endoribonuclease-U activity and the ability to form functional amyloids. On the basis
of these results as well as sequence and structural analyses, we hypothesize that all the Lepidoptera
endoribonuclease-U orthologs with catalytic site residues identical to P102 form a subfamily with similar
function.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

P102, the amyloidogenic protein produced by hemocytes of
Heliothis virescens (F.) (Lepidoptera, Noctuidae) larvae (Falabella
et al., 2012) is a member of the novel XendoU protein family
(Renzi et al., 2006) that includes several proteins annotated in dis-
tantly related organisms ranging from viruses to humans (Renzi
et al., 2006; Snijder et al., 2003; Caffarelli et al., 1994). Members
of the XendoU family are characterized by RNA binding and pro-
cessing (hydrolytic) activity. They are Mn2+-dependent nucleases
that cleave U-stretches of RNA and produce 20, 30-cyclic-phosphate
termini products, which is a unique characteristic for this class of
RNases (Laneve et al., 2008). The amphibian XendoU, the human
PP11 and the genetic marker of Nidovirales NendoU (Nsp 15) are
three well-characterized proteins belonging to this family. They
all share conserved regions containing a proposed active site with
five amino acid residues that are crucial for the catalytic activity
(Renzi et al., 2006; Gioia et al., 2005). Despite their similarities
these proteins are involved in distinct RNA processing pathways
in different organisms (Bohn and Winckler, 1980; Bohn et al.,
1981; Inaba et al., 1980a,b, 1981, 1982; Laneve et al., 2003, 2008;
Ivanov et al., 2004; Ulferts and Ziebuhr, 2011). Other XendoU fam-
ily members were frequently, but erroneously annotated as serine
protease-like enzymes on the basis of their homology with the
human placental protein 11 (PP11), that previously was thought
to be a protease (Grundmann et al., 1990; Laneve et al., 2008).
However, the highly conserved active site found in a wide range
of orthologs (Gioia et al., 2005; Renzi et al., 2006; Laneve et al.,
2008) may suggest that they all have endoribonucleolytic activity,
although they are involved in different RNA-processing pathways.

In previous work, (Falabella et al., 2012) we identified and char-
acterized the 102 gene (EBL-Bank ID: FR751090) in larval hemo-
cytes of the Lepidopteran H. virescens (F.) (Lepidoptera,
Noctuidae), encoding a predicted protein (P102), that showed
86% sequence identity with a venom protein from Lonomia obliqua
(Lepidoptera, Saturnidae) larvae (Veiga et al., 2005), and possesses
a putative endoribonuclease-U (XendoU) domain. We demon-
strated that P102 is involved in insect cellular defenses in hemo-
cytes of H. virescens larvae by forming amyloid fibrils in the
reticulum endoplasmic cisternae. Upon immune challenge, these
amyloid fibrils are released and form a fibrillar scaffold around
the non-self intruder, promoting melanin synthesis directly on this
scaffold (Falabella et al., 2012; Grimaldi et al., 2012). To our
knowledge this was the first model that describes the mechanism
of melanin deposition during encapsulation in a Lepidopteran,
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shedding new light on an aspect of insect cellular immune
response previously unknown.

Here, we investigate the putative enzymatic activity of P102,
belonging to the novel poly(U) specific endoribonuclease protein
family (Laneve et al., 2003; Renzi et al., 2006), trying to understand
if it could have a catalytic function in RNA cleavage and fragmen-
tation apart from its roles in amyloidogenesis (Falabella et al.,
2012) and hemocytes capsule melanin deposition. The endoribo-
nuclease assay shows only a slight residual activity for P102, which
could be explained by the fact that two of the conserved residues
crucial for catalysis (Gioia et al., 2005) are missing in P102. These
results most likely rule out any direct involvement of P102 in
RNA fragmentation. Sequence analysis of homologous proteins of
P102 from other insects leads us to hypothesize that P102 belongs
to a XendoU subfamily, characterized by a conserved set of alterna-
tive residues in the catalytic site, that is restricted to Lepidoptera.
This protein subfamily is distinct from other insect XendoU
sequences that generally belong to groups roughly according to
species phylogeny. In addition, the in vitro functional characteriza-
tion of the P102 homolog from Trichoplusia ni (Hübner) (Lepidop-
tera, Noctuidae) corroborates our hypothesis by demonstrating
that the P102 characteristics extend to other members of this
subfamily. Thus our results suggest that the amyloid-mediated
melanin synthesis in the defense against intruders is a conserved
mechanism within the order Lepidoptera, and that there could be
an association between the loss of ancestral enzymatic RNA
cleavage activity and the ability of the Lepidopteran alternative
XendoU-like proteins to form amyloids.

2. Material and methods

2.1. Sequence analysis and molecular modeling

Database searches were performed using the nucleotide and the
amino acid sequences of P102 (GenBank IDs: FR751090.1 and
CBY85302.1, respectively) and the BLAST algorithm available at
the National Center for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov/). In particular, the complete P102
sequence was compared to the NCBI non-redundant protein data-
base, the NCBI non-redundant nucleotide and EST databases and
our extensive in-house transcriptome databases (H. Vogel, MPI
Jena). The conserved domain architecture in protein sequences
was identified searching the Conserved Domain Database (CDD)
at NCBI. The translation into amino acid residue sequences and
analysis of the physico-chemical parameters of proteins were car-
ried out using on-line tools available at the Expasy SIB Bioinfor-
matics Resource Portal (http://expasy.org/). Occurrence and
position of signal peptides, glycosylation and phosphorylation sites
in protein sequences were predicted using the CBS prediction ser-
ver (http://www.cbs.dtu.dk/services/).

Multiple amino acid sequence alignments were performed
using the default options of the Uniprot program (http://www.uni-
prot.org). Conserved residues in the alignments were highlighted
with Multiple Align show (http://www.bioinformatics.org/sms/
multi_align.html).

Phylogenetic analyses based on MAFFT (E-INS-I parameter set;
Katoh et al., 2005) alignments were made using deduced amino acid
sequences from insect endoribonuclease-U (XendoU) transcripts
retrieved from NCBI and the other sources described above. The phy-
logenetic tree was inferred by the maximum likelihood (ML) method
using PhyML (Dereeper et al., 2008) available at LIRMM (http://
www.phylogeny.fr/) and displayed and edited with FigTree (http://
tree.bio.ed.ac.uk/software/figtree). Additionally, a Bayesian analysis
implemented in Mr. Bayes 3.2.2 (Ronquist and Huelsenbeck, 2003)
was performed, using the Xenopus laevis XendoU sequence as out-
group. The Markov Chain Monte Carlo runs were carried out for
1,000,000 generations after which log likelihood values showed that
equilibrium had been reached after the first 400 generations in all
cases, and those data were discarded from each run and considered
as ‘burnin’. Two runs were conducted per dataset showing agree-
ment in topology and likelihood scores. The maximum likelihood
and the Bayesian tree topologies including their general subfamily
relationships were generally in good agreement.

Three-dimensional models of P102 and P102Tni were made
with Modeller (Eswar et al., 2006) and analyzed with PyMol
(http://www.pymol.org).

2.2. Production of recombinant proteins in Escherichia coli

The cDNA coding for the 102 ORF of H. virescens was cloned into
pET32 Ek/LIC vector (Novagen, San Diego, California, USA) for bac-
terial expression, as previously described by Falabella et al., 2012.
The cDNA coding for the mature T. ni P102 homolog lacking the sig-
nal peptide was amplified by PCR using the following primers:

Tn102 pET32 forw 50 GACGACGACAAGATGGACAACCTAGCCAAC
GCA 30

Tn102 pET32 rev 50 GAGGAGAAGCCCGGTTAGGAGAAGGGGGTG
GG 30

The primers were designed by adding appropriate extensions
(underlined) to allow direct cloning of the fragment into the
expression vector pET32 Ek/LIC, in frame with Trx, His and S tags
(a total of 17 kDa) according to the manufacturer’s instructions
(Ek/LIC Cloning Kits Novagen, San Diego, California, USA). The
obtained construct was sequenced and used to transform E. coli
Rosetta-gami 2 (DE3) cells (Novagen, San Diego, California, USA)
according to the manufacturer’s protocol.

The expression in bacterial cells and the purification of P102 and
T. ni P102 (named P102Tni) recombinant proteins were performed
as described by Falabella et al., 2012. Briefly, the recombinant pro-
teins were expressed by growing the transformed Rosetta-gami 2
(DE3) cells at 37 �C and induced (OD600 0.6) with 1 mM isopropyl
b-D-thiogalactoside (IPTG) for 2 h at room temperature. The recom-
binant proteins were subsequently purified by nickel-nitrilotriace-
tic acid-agarose affinity chromatography under native condition
on Protino Ni-TED 1000 packed columns (Macherey–Nagel, Düren,
Germany). The purified proteins were dialyzed to eliminate
imidazole and digested with 1 U of enterokinase (Novagen, San
Diego, California, USA) for 16 h at room temperature in order to
eliminate the fusion tag. Purified proteins were quantified by using
the Bio-Rad protein Assay kit (Bio-Rad, Hercules, California, USA).

2.3. Expression of P102, P102Tni and XendoU in insect cells

The expression of H. virescens cDNA 102 in Drosophila Schneider
2 (S2) cells (Life Technologies, Carlsbad, California, USA) was per-
formed as described by Falabella et al., 2012. The cDNA coding
for P102Tni and the cDNA coding for XendoU (kindly provided by
Dr. P. Laneve) were used to amplify the coding region by PCR using
specific primers containing restriction sites for Xba I and Sac II
(underlined sequences), respectively:

Tn102 pIZT forw 50 CTAGTCTAGAATGAAGATTGCCATTGTG 30

Tn102 pIZT rev 50 TCCCCGCGGGTATAGAGGGTAGG 30

XendoU pIZT forw 50 CTAGTCTAGAATGGCGAGTAACAGGGGGCA 30

XendoU pIZT rev 50 TCCCCGCGGCAATAACCCGGATCTGTAC 30

The PCR products were both cloned into the pCR2.1 TOPO vec-
tor (Life Technologies, Carlsbad, California, USA) following the
manufacturer’s protocol and the sequence identity was verified
by sequencing. The inserts were then digested with Xba I and Sac
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II and cloned into the expression vector pIZT/V5-His (Life Technol-
ogies, Carlsbad, California, USA). The obtained constructs were
sequenced and used to transfect S2 cells. The expression of
P102Tni and XendoU in S2 cells and the selection of stable poly-
clonal cell lines were performed as described previously for P102
(Falabella et al., 2012). The production of the recombinant protein
was verified by western blot analysis using the H. virescens P102
antibody for P102Tni with P102 as a positive control. The recombi-
nant XendoU protein was verified using the anti-V5 antibody (Life
Technologies, Carlsbad, California, USA).

2.4. Endoribonuclease-U specific activity

The enzymatic activity of the recombinant proteins, P102 and
P102Tni, was assayed by electrophoretic analysis using conditions
described by Laneve et al. (2003, 2008). Briefly, the synthetic oligo-
ribonucleotide P1 (50 GGAAACGUAUCCUUUGGGAG 30), containing
a natural cleavage site for XendoU (Laneve et al., 2003), was pur-
chased from Sigma and 50 end-labeled with [c-32P]ATP (Perkin
Elmer Life Sciences, Waltham, Massachusetts, USA) by using T4
polynucleotide kinase (Promega, Fitchburg, Wisconsin, USA)
according to the manufacturer’s instructions. The labeled RNA oli-
gonucleotide was precipitated with ethanol and ammonium ace-
tate following a standard protocol with minor modifications
(Sambrook et al., 1989) and resuspended in sterile water. The
activity, expressed in cpm/ll, was measured by using a scintilla-
tion counter (Beckman Coulter, Brea, California, USA).

The assay was carried out by incubating 3.5 � 104 cpm of 50-32P-
labeled oligoribonucleotide P1 with 250 and 500 ng of each protein
in 5 mM MnCl2, 50 mM NaCl, 25 mM Hepes pH 7.5, 1 mM DTT,
10 lg of baking yeast tRNA (Roche, Penzberg, Germany), 20 units
of RNase inhibitors (RNase OUT 40 U/ll, Life Technologies,
Carlsbad, California, USA). The reactions were carried out at 24 �C
for 30 min. 250 and 500 ng of the recombinant XendoU, kindly
provided by Dr. E. Caffarelli (CNR, Rome, Italy), were used as a
positive control, while 250 and 500 ng of an unrelated recombinant
protein, the AeENO (Falabella et al., 2009) were used as negative
control.

The products of the reactions were analyzed on 20% polyacryl-
amide gels containing 7 M urea by using the Sequi-Gen GT Nucleic
Acid Electrophoresis Cell (Bio-Rad, Hercules, California, USA).
Radioactive signals were revealed by exposing the gel to a Fuji
RX film at room temperature for an appropriate time. The nucleo-
tide RNA ladder was prepared by incubation of 250,000 cpm of
5’-32P-labeled oligoribonucleotide P1 in 500 mM NaHCO3 at 90 �C
for 20 min. The experiment was replicated three times in the same
experimental conditions.

The resulting gels were digitized as 300 dpi, 16 bit TIFF images
using a desktop scanner and imported to GelCompar II (Applied
Maths, Sint-Martens-Latem, Belgium) where background subtrac-
tion and detection for each lane of bands corresponding to
50-32P-labeled oligoribonucleotide P1 and/or its digestion products
were carried out. Band intensity was expressed as relative surface
area considering to the sum of the intensities of all the bands of
each lane corresponding to 100%. The measurement of enzyme
activity was calculated as the percentage uncleaved RNA substrate
(P1) compared to the input RNA (untreated P1). Data (mean ± SE)
were analyzed by general linear model analysis of variance
(ANOVA), with subsequent comparison between means using a
post hoc Tukey test. All the analyses were carried out using R.
3.0.1. for windows (www.r-project.org).

2.5. Transmission electron microscopy and immunogold labeling

For routine TEM, collected S2 cells, stably expressing P102Tni,
and XendoU, respectively, were fixed at 4 �C with 2% glutaralde-
hyde in 0.1 M Na-cacodylate buffer (pH 7.2) for 2 h. Cells were
centrifuged at 400g for 7 min at 4 �C, the pellet washed in 0.1 M
Na-cacodylate buffer (pH 7.2), and post-fixed at 4 �C for 2 h with
1% osmic acid in cacodylate buffer (pH 7.2). After standard dehy-
dration in an ethanol series, samples were embedded in an Epon-
Araldite 812 mixture (Sigma, St. Louis, Missouri, USA) and sec-
tioned with a Reichert Ultracut S ultratome (Leica, Vienna, Austria).
For morphological analysis, thin sections were stained by uranyl
acetate and lead citrate. S2 cells were also processed for immuno-
gold labeling according to published protocols (Donini et al., 1989).
The used primary antibodies were: rabbit anti-P102 and rabbit
anti-V5 (diluted 1:100 in saturation buffer). Primary antibodies
were then visualized by immunochemical staining with secondary
goat anti-rabbit IgG (H+L)-gold conjugate antibodies (GE Health-
care Amersham, Buckingamshire, UK) (particle size, 10 nm) diluted
1:40 (incubation 30 min at room temperature). Control sections
were incubated with the secondary antibody alone. Samples were
counterstained with uranyl acetate in water. Sections were
observed with a Jeol 1010 EX electron microscope (Jeol). Data were
recorded with a MORADA digital camera system (Olympus, Tokyo,
Japan). S2 cells stably expressing the unrelated recombinant pro-
tein AeENO (Falabella et al., 2009), were used as control in both
the TEM and the immunogold labeling experiments.
3. Results

3.1. P102 and P102Tni sequence analysis and molecular modeling

P102 (GenBank ID: CBY85302.1) consists of 349 amino acids
with a molecular mass of 39.3 kDa, a theoretical isoelectric point
of 6.02 and a predicted N-terminal signal peptide of 16 amino
acids. One N-glycosylation site, two O-GlnNAc glycosylation sites
and nineteen phosphorylation sites were predicted in silico as pos-
sible sites for post-translation modifications. A putative endoribo-
nuclease-U (XendoU) domain was identified by Conserved Domain
Database (CDD) analysis. To further support this prediction, a 3D
homology model of P102 was generated in Modeller by using the
closest sequence homologue in the Protein Data Bank (PDB) – the
experimental 3D structure of XendoU (PDB ID: 2c1wB) (Renzi
et al., 2006) – as a template (Fig. 1a). The two sequences share
28% identical (45% similar) residues. The overall structural organi-
zation of the P102 model (Fig. 1b) is similar to that of the XendoU
structure with a superimposed Root-Mean-Square Deviations
(RMSD) of 0.443 Å for 252 paired a-carbon atoms. Also the second-
ary structure elements of the P102 model are similar to those of
XendoU with the exception of a region of residues 99–136 of
P102 due to low sequence similarity and a missing loop (residues
44–54) in the XendoU structure. These observations suggest that
P102 could lack a small b-sheet consisting of two antiparallel b-
strands and that this specific region is likely to be less ordered.

The 1050 nucleotide coding region of the homologous gene of T.
ni encodes a putative protein (P102Tni) of 349 amino acids with a
theoretical molecular weight of 39.3 kDa and an isoelectric point of
5.9, and a predicted N-terminal signal peptide of 16 amino acids.
Two O-GlnNAc glycosylation sites and twenty-one phosphoryla-
tion sites were identified as predicted post-translation modifica-
tions. P102Tni is 89% identical to P102 and therefore CDD and
PDB searches predicted that also P102Tni is a structural homologue
of XendoU with 23% identical (40% similar) residues. The XendoU
structure (Renzi et al., 2006) was used as a template in Modeller
to create a homology model of P102Tni (Fig. 1c) that had an RMSD
of 0.469 Å for 265 paired a-carbon atoms when superimposed with
its template. The P102Tni 3D model has a similar overall structure
to that of XendoU and similar secondary structural elements to
that of the P102 model (Fig. 1a–c).

http://www.r-project.org


Fig.1. Homology models of P102 and P102Tni. The structure of XendoU (a) as well as the homology models of P102 (b) and P102Tni (c) are visualized as ribbons by PyMOL.
The a-helices are depicted in red, b-strands in blue and random coil in grey. The five residues involved in the enzymatic activity are highlighted in orange. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The alignment of P102 and P102Tni with XendoU showed two
out of five catalytically essential residues (Gioia et al., 2005) lacked
in these Lepidopteran homologues; the asparagine N229 and ala-
nine A288, corresponding to H162 and K224, respectively, in Xen-
doU, are different while E228, E234 and H244, corresponding to
E161, E167 and H178 in XendoU, are conserved (Figs. 1 and 2).

Searching the NCBI nr protein database and in-house transcrip-
tome databases (Supplementary Fig. 1) (consisting of species from
the orders Lepidoptera, Coleoptera and Hymenoptera) using the
P102 amino acid sequence as query revealed two distinct groups
of proteins which differed in their level of sequence conservation
to the P102 protein. The proteins forming a group with very high
(>75%) sequence identity are all from species of the order
Lepidoptera. These include a XendoU-like protein from Papilio
xuthus (GenBank ID: BAM17994.1) with 88% sequence identity
and a XendoU-like protein from P. polytes (GenBank ID:
BAM20530.1) with 86% sequence identity to P102. The other group
of proteins displaying 42–43% sequence identity to P102 was found
in Lepidoptera, such as from P. xuthus (GenBank ID: BAM19803.1),
P. polytes (GenBank ID: BAM20523.1) and D. plexippus (GenBank
ID: EHJ66341.1), and with a lower amino acid identity of around
40%, with characterized or predicted proteins from other insect
orders, such as Diptera, Hymenoptera and Coleoptera.

All nucleotide sequences were translated into the respective
predicted amino acid sequences and the molecular parameters
estimated using the on-line tools at Expasy SIB Bioinformatics
Resource Portal. Comparison of the amino acid sequence of P102
with Lepidopteran homologs (identity > 75%), including P102Tni,
revealed a high degree of sequence conservation along the
complete amino acid sequence. Multiple alignments showed the
occurrence of the same set of residues, as in the endoribonuc-
lease-U catalytic site of P102, in all of the Lepidopteran sequences
with very high sequence identity (Supplementary Fig. 2). In con-
trast to this, the other group of Lepidopteran P102-like homologs
(identity around 40%) did not have this set of residues conserved
in the catalytic site but the XendoU residues. The multiple amino
acid alignment of P102 with homologous sequences from other
insect orders displayed high sequence conservation only for the
XendoU domain (Supplementary Fig. 3), but had the catalytic res-
idues of XendoU. Furthermore, XendoU-like proteins generally
have a rather variable N-terminal region, both in terms of length
and amino acid identity, that precedes the XendoU domain. In con-
trast, P102-like proteins from Lepidoptera (Supplementary Fig. 2)
as well as the short XendoU-like proteins from some Diptera (Sup-
plementary Figs. 1 and 4), displayed a higher level of conservation
in sequence and overall protein length. All of the available insect
XendoU-like protein sequences were used to perform a phyloge-
netic analysis (Fig. 3). The Lepidopteran P102-like proteins form
a highly supported clade, and include P102 of H. virescens and
Fig. 2. Partial alignment of P102 and P102Tni sequences (residues 172–348) with XendoU
conserved amino acids are shaded in light gray and very light gray, respectively. Residu
residues of the catalytic site of P102 and P102Tni compared to XendoU while arrowhea
P102Tni, all of which have the same residues in the catalytic site.
The clade of Lepidopteran P102 is clearly separated both from
the other XendoU-like proteins from other insect orders and from
the XendoU-like proteins of Lepidopteran origin with the XendoU
set of residues in the active site (Fig. 3). This observation was fur-
ther supported by the strength of the nodes. Short XendoU-like
sequences that lack the variable N-terminal region were identified
in several Dipteran species. These sequences have the XendoU set
of residues in the active site and do not cluster together with the
more highly conserved Lepidopteran P102-like proteins (Fig. 3).
Importantly, the overall tree topology and the node support values
for the major clades are almost identical for two different phyloge-
netic trees based on either the full-length sequence alignment
(Fig. 3) or on the amino acid sequences trimmed to the shorter
P102-like protein length (Supplementary Fig. 5).

Moreover, we also found homologous sequences in several
Hymenoptera sharing a sequence identity of about 40% with
P102 that did not contain the canonical XendoU residues in the cat-
alytic site (not included in the phylogenetic tree) but instead three
different sets of the five catalytic residues (Supplementary Fig. 6).

3.2. Endoribonuclease-U specific activity of P102 and P102Tni

To investigate the endoribonuclease-U activity of P102 and
P102Tni, we heterologously expressed the recombinant proteins
in E. coli. Western blot analysis of the purified protein demon-
strated that the anti P102 antibody specifically recognized
P102Tni protein (Fig. 4a), showing an analogous antigenicity
already predicted on the basis of the strong sequence identity of
89% with P102. P102 was used as positive control (data not
shown).

As a substrate for testing enzymatic activity, we employed the
synthetic oligoribonucleotide P1 that contains the upstream distal
cleavage site for XendoU, UUU (Laneve et al., 2003, 2008). The anal-
ysis of the reaction products displayed only a slight residual activ-
ity for P102 (Fig. 5a) and P102Tni (Fig. 5b), compared to XendoU
activity (Fig. 5a, b). Processing experiments carried out in the pres-
ence of a greater quantity of enzymes (500 ng) did not show any
significant differences in the catalytic activity of P102 and
P102Tni (Fig. 5a, b), while excess of XendoU caused the cleavage
at minor sites (Laneve et al., 2003). No activity was detected in
absence of manganese, further confirming the specific ion require-
ment of this class of enzymes (data not shown). No activity was
detected for both the used concentrations of the recombinant
unrelated protein AeENO.

The endoribonuclease-U activity of P102, P102Tni, XendoU and
Ae-ENO was quantified and compared by densitometric analysis of
band intensities of each lane. In Fig. 5c and d the relative surface
area corresponding to band intensity of the uncleaved RNA
. The number of the last amino acid of the aligned region is indicated. Identical and
es involved in the enzymatic activity are highlighted: arrows mark the conserved

ds indicate alternative ones.



Fig. 3. Maximum-likelihood tree of the P102 sequence, indicated as H. virescens, and full-length sequence of homologs from Lepidoptera and other insect species. Mutated
and conserved XendoU domain homologs from Lepidoptera are designated as 1 and 2, respectively. Names of insects are indicated for each branch. The accession numbers for
mutated homologs from Lepidoptera and conserved homologs from other insects have been listed in Supplementary Figs. 2 and 3, respectively. The accession numbers for
conserved homologs from Lepidoptera retrieved from NCBI are as follows: Papilio polytes (GenBank ID: BAM20523.1), P. xuthus (GenBank ID: BAM19803.1) and Danaus
plexippus (GenBank ID: EHJ66341.1). Additional conserved sequences from Lepidoptera (Galleria mellonella, Parasemia plantaginis, Vanessa atalanta) were retrieved from in-
house transcriptome databases. Numbers above branches are bootstrap support values shown as percentages of a total of 100 bootstrap replications. Branch lengths are
proportional to evolutionary distance according to the provided scale.
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(oligoribonucleotide P1 substrate) is reported. These data
demonstrate that P102 and P102Tni have a statistically significant
reduced RNase-like activity, leaving 86.3% ± 4 (SE) and 93.2% ± 3.6
oligoribonucleotide P1 substrate uncleaved, respectively, com-
pared to XendoU that leaves 27.6% ± 4.4 uncleaved substrate at
optimal enzyme concentration (250 ng).

3.3. Production of fibrillar material in stable polyclonal insect cell line
of P102Tni

The complete coding region of cDNA 102Tni and XendoU were
cloned into the pIZT/His-V5 vector and the constructs were
transfected into S2 cells in order to produce polyclonal cell lines
expressing these proteins. The recombinant protein, fused with a
C-terminal tag containing the V5-epitope and the hexahistidine
tail, was secreted into the medium in case of P102Tni and recov-
ered from S2 cytoplasm in case of XendoU as demonstrated by
western blot analysis (Fig. 4b, c).

To investigate if P102Tni is involved in formation of amyloid
fibrils similar to P102, we observed stably transformed S2 cells
expressing P102Tni by TEM. Several cells showed dilated reticulum
cisternae filled with fibrillar material (Fig 6a, b) while others were
characterized by completely empty cisternae due to the exocytosis
of fibrillar material (Fig. 6b) that was not visible in untransformed



Fig. 4. Western blot analysis of P102Tni. Positive signals to anti-P102 antibody both
of the purified recombinant P102Tni protein before (1) and after (2) digestion by
enterokinase (a) and of the medium collected from stably transformed Drosophila
S2 cells (b), confirmed the strong identity of P102Tni with P102. Positive signal to
anti-V5 antibody of purified recombinant XendoU protein recovered from S2
cytoplasm (c).
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cells (Fig. 6c). Immunogold labeling experiments with the anti
P102 antibody displayed positive signals in transfected S2 cells,
confirming the role of P102Tni in the formation of fibrillar material
Fig. 5. Analysis of the endoribonuclease-U activity of P102 (a) and P102Tni (b). Assay perf
oligoribonucleotide P1, displayed only a slight residual activity. The greater quantity of e
P102 and P102Tni. Labeled oligoribonucleotide P1 incubated in absence of enzymes wa
unrelated protein, the Ae-ENO from Aphidius ervi (250 ng and 500 ng) were used as po
alkaline digestion of P1 oligoribonucleotide (Laneve et al., 2003). Densitometric analysi
surface area corresponding to band intensity of the uncleaved RNA (oligoribonucleotide
three independent experiments. Significant differences are denoted by different letters
(Fig. 6d, e). The same experiment conducted on S2 cells stably
expressing XendoU (Fig. 7a, b) or Ae-ENO (Fig. 7c, d) confirmed
the expression of both these proteins by using the anti-V5 antibody
but fibrillar material could not be observed by ultrastructural anal-
ysis. Control experiments performed in the absence of primary
antibodies were negative for all the samples (Fig 7e, f).
4. Discussion

Very little is known about the role of the endoribonuclease-U
like proteins in vertebrate and invertebrate organisms, and no bio-
logical function has been assigned to these proteins in insects. At
the moment, our knowledge is restricted to the role of the Lepidop-
teran endoribonuclease P102, which was shown to form amyloid
fibrils supporting melanogenesis and capsule formation, providing
a physiological role of amyloidogenesis in insect immunity, at least
in the order Lepidoptera (Falabella et al., 2012; Grimaldi et al.,
2012).

The XendoU family is a novel protein class and includes
enzymes which differ from all other known endoribonucleases.
Proteins belonging to the XendoU family are highly conserved both
in vertebrates and invertebrates (Laneve et al., 2003; Renzi et al.,
2006). The founding member, XendoU (Swiss-Prot ID: B1H3D5.1),
ormed with 250 ng or 500 ng of each protein (P102 and P102Tni) with 50-32P-labeled
nzymes (500 ng) did not show any significant differences in the catalytic activity of
s loaded in the first lanes (a, b). The XendoU enzyme (250 ng and 500 ng) and an

sitive and negative controls, respectively. Marker: nucleotide ladder, generated by
s of P102 (c), P102Tni (d) and controls: enzymatic activity is expressed as relative
P1 substrate) in each lane. Error bars represent the standard error of the mean for

(Tukey’s test, p < 0.05).



Fig. 6. In vivo detection of P102Tni (TEM). Dilated reticulum cisternae filled with fibrillar material (arrowheads in a, b) and completely empty cisternae (arrows in b) are
recognizable in stably transformed Drosophila S2 cells expressing the cDNA 102Tni. Dilated reticulum cisternae are not present in untransformed Drosophila S2 cells (c).
Immunogold staining using the antibody anti-P102 confirms the role of P102Tni in the production of fibrillar material (arrowhead) (d). Negative control, no signal was
detectable in control experiment performed in the absence of the primary antibodies anti-P102 (e). N: nucleus. Bars in (a–c): 1 mm; bar in (d, e): 500 nm.
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is involved in small RNA biogenesis in Xenopus laevis (Caffarelli
et al., 1997; Gioia et al., 2005; Laneve et al., 2003). Five amino acids
of the XendoU catalytic domain (E161, H162, E167, H178, K224)
were identified as being essential for its Mn2+-dependent enzy-
matic activity by site-directed mutagenesis analysis (Gioia et al.,
2005). Protein sequence homology analysis of P102 from Lepidop-
teran H. virescens revealed that it contains an endoribonuclease-U
domain (Falabella et al., 2012) lacking two out of the five catalyti-
cally essential residues identified in XendoU from X. laevis (Gioia
et al., 2005) and human PP11 (Swiss-Prot ID: P21128) (Laneve
et al., 2008). The two glutamic acids E228 and E234, and the histi-
dine H244 are conserved while the non-conserved N229 and A288
correspond to H162 and K224 in XendoU. Most of the other less-
conserved residues, that have been suggested to form substrate
binding pocket in the XendoU structure, such as R149, G176,
H272, T278 and Y280 (Renzi et al., 2006), are all conserved in
P102. The endoribonuclease assay showed only a residual Xen-
doU-like activity for P102; this result is perfectly consistent with
biochemical features of the phosphate-binding site of well-known
RNases, that requires two histidines (Kawata et al., 1990;
Nishikawa et al., 1987; Saïda et al., 2003; Thompson and Raines,
1994) and one basic amino acid, either an arginine (Zegers et al.,
1994a) or a lysine (Sorrentino, 2010; Zegers et al., 1994b) that con-
stitute the catalytic triad His-His-Lys/Arg for enzymatic activity.
The phosphate-binding site has been reported as crucial for the
catalytic activity of endoribonuclease-U described above (Renzi
et al., 2006). The catalytic triad is also implicated in the enzymatic
activity of NendoU (RefSeq ID: YP_460022.1), a homolog of XendoU
found in coronavirus (Snijder et al., 2003). Although NendoU has
aspartic acid instead of glutamate in its active site the acidic nature
of these residues is conserved. The set of residues in the corre-
sponding active site in the XendoU domain of P102 lacks the cata-
lytic triad His-His-Lys (it has Asn-His-Ala) and the protein displays
a strongly impaired RNase activity. It has been demonstrated that
the K224A mutation in XendoU, i.e. alanine in the same position as
in P102, causes loss of RNA processing activity (Gioia et al., 2005).
Substitution of the corresponding lysine in PP11 (Laneve et al.,
2008) and in NendoU (Ivanov et al., 2004) diminish or completely
abolish enzymatic activity.

XendoU, PP11 and NendoU are all enzymes involved in RNA
processing. XendoU and PP11 cleave single-strand RNA at uridy-
lates, in the presence of Mn2+ ions as cofactor, and release 20–30

cyclic phosphodiester ends (Laneve et al., 2003, 2008). Instead,
NendoU displays a preference for cleavage of double-strand RNA



Fig. 7. In vivo detection of XendoU and Ae-ENO (TEM). Dilated reticulum cisternae are not present in stably transformed Drosophila S2 cells expressing XendoU (a) or Ae-ENO
(c). Immunogold staining, performed by using the anti-V5 antibody, shows the expression of XendoU protein (arrowheads in b) and of Ae-ENO protein (arrowheads in d) in
the cytoplasm of cells. No signal was detectable in control experiments performed in the absence of the primary antibody anti-V5 (e, f). N: nucleus. Bars in (a–c): 1 mm; bars in
(b, d, e, f): 500 nm.
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(Ivanov et al., 2004, but also see Bhardwaj et al., 2004). Although
the general enzymatic activity of these enzymes has been well
defined, their physiological functions are not completely clarified.
It has been shown that XendoU is involved in the nuclear biosyn-
thesis of small non-coding RNAs in X. laevis (Caffarelli et al.,
1997; Gioia et al., 2005; Laneve et al., 2003), whereas PP11 seems
to participate in RNA degradation in the final stage of apoptosis
cascade during syncytialization. In addition, PP11 may also be
involved in the degradation of viral RNAs, as part of defense mech-
anisms that preserve the fetus during pregnancy (Laneve et al.,
2008). Moreover, PP11 is highly expressed in malignant cells and
may be associated with oncogenesis (Laneve et al., 2008). NendoU,
instead, is a component of the replicase-transcriptase complex in
coronavirus (Ivanov et al., 2004). The depleted residual activity of
P102 seems not to agree with an active role in RNA processing.
However, it is reasonable to speculate that during evolution the
loss of RNA processing activity could be associated with capacity
of P102 to form amyloid fibrils, which has allowed P102 subfamily
to acquire a specific biological function in immune response in
insects or at least in Lepidoptera (Falabella et al., 2012). However,
it cannot be excluded that the other differences in the sequence of
P102, such as in the N-terminal region containing the predicted
signal peptide or in other parts of the protein, also have contrib-
uted to the transformation of the original U-specific RNase into a
protein with less structured regions, that could take part in trigger-
ing the aggregation process and formation of amyloid fibers (Chiti
and Dobson, 2006; Otzen et al., 2000; Schwartz et al., 2001). This
essential function in insect immunity may have been the evolu-
tionary selective force driving the separation of the P102-like pro-
teins of Lepidoptera and the conserved endoribonuclease U-like
proteins of Lepidoptera and of other insect orders. The functional
characterization of the homolog from the Lepidopteran T. ni, which
shares both a high sequence identity and the same set of residues
in the active site with P102, as well as low residual enzymatic
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activity and the ability to produce fibrillar material in vitro, provide
evidence for a similar function of P102 and P102Tni. TEM observa-
tions of the stably transformed Drosophila S2 cells, expressing
P102Tni, confirmed that the fibrillar material is accumulated in
large reticulum cisternae, as previously shown for P102
(Falabella et al., 2012), while S2 cells expressing XendoU do not
produce any fibrillar material. Thus, it is reasonable to extend this
finding to all P102-like proteins from Lepidoptera, as long as they
share a high sequence homology and an identical set of residues
in catalytic site. This finding is further supported by the recent
characterization of the 102 gene homologue in the noctuid moth
Spodoptera littoralis, showing its function in capsule formation
and melanization when subjected to immune challenge (Di Lelio
et al., 2014).

Examination of the available sequences of P102 homologs in
insects revealed two main protein clusters. The first one is com-
posed of proteins having a conserved and putatively active XendoU
domain and about 40% of sequence identity with P102; these pro-
teins belong to Hymenoptera, Diptera, Coleoptera and Lepidoptera
orders. The second group of proteins is only found in Lepidoptera
and is characterized by the different set of residues in catalytic site
and a sequence identity of more than 80%. This suggests that
although all of these proteins are likely to have 3D structures sim-
ilar to XendoU they are divided into two functional subfamilies.
Moreover, the hymenopteran XendoU-domain-like proteins could
be grouped in three additional main classes, according to the three
alternative combinations of the five amino acid residues in their
catalytic domain. While Hymenoptera display a long evolutionary
history and recent phylogenomic studies have placed them at the
base of the radiation of holometabolous insects (Ishiwata et al.,
2011; Savard et al., 2006), the functional role of these XendoU-
domain-like proteins is yet unknown. The phylogenetic analysis
of the highly conserved homologs from Lepidoptera and the con-
served endoribonucleases from other insect orders confirmed the
separation of the Lepidopteran P102 subfamily in a separate clus-
ter. Based on both the phylogenetic analysis and the identification
of similar set of residues in the catalytic site of the primary protein
sequences, it seems likely that P102-like proteins are restricted to
Lepidoptera and that the other insect XendoU sequences form
groups roughly according to species phylogeny. As almost all of
the XendoU proteins are much longer than the P102-like
sequences, it might be conceivable to propose a gene duplication
event at the origin/base of the Lepidoptera, which then lead to
the formation of the P102-like gene, after loss of a larger part of
the non-XndoU-like variable N-terminus and loss of the original
U-specific RNase activity, rather than a loss of P102-like genes in
all of the other insect orders.

In conclusion, our data support the idea of a functional role of
Lepidopteran P102 in innate immunity. We show that the P102
subfamily proteins have almost completely lost the enzymatic
RNase activity and gained the ability to form functional amyloid
fibrils, that are involved in localizing melanin deposition for encap-
sulation and preventing its harmful diffusion outside the capsule.
This mechanism sheds light on a crucial step of insect immunity,
of which many other processes of humoral and cellular responses
remain to be further clarified. Future work on enzymatic activities
and biological roles of proteins from the P102 subfamily and the
XendoU main family across different insect orders will ultimately
lead to a better understanding of the evolutionary history of Xen-
doU-like proteins.
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