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Human PP11 (placental protein 11) was previously described
as a serine protease specifically expressed in the syncytiotropho-
blast and in numerous tumor tissues. Several PP11-like proteins
were annotated in distantly related organisms, such as worms
and mammals, suggesting their involvement in evolutionarily
conserved processes. Based on sequence similarity, human
PP11 was included in a protein family whose characterized
members are XendoU, a Xenopus laevis endoribonuclease
involved in small nucleolar RNA processing, and Nsp15, an
endoribonuclease essential for coronavirus replication. Herewe
show that the bacterially expressed human PP11 displays RNA
binding capability and cleaves single stranded RNA in a Mn2�-
dependent manner at uridylates, to produce molecules with
2�,3�-cyclic phosphate ends. These features, togetherwith struc-
tural and mutagenesis analyses, which identified the potential
active site residues, reveal striking parallels to the amphibian
XendoU and assign a ribonuclease function to PP11. This newly
discovered enzymatic activity places PP11-like proteins in a
completely new perspective.

PP11 (placental protein 11) is one of the five glycoproteins
(together with PP8, PP9, PP10, and PP12) that were first iso-
lated from aqueous extracts of human term placentas in the
1980s. Unlike PP8 and PP9, which were found in relatively high
concentrations in all tissues analyzed, PP10, PP11, and PP12
were supposed to be specific to the placentas, since they could
not be detected in extracts of other human tissues (1, 2). Inter-
estingly, it was shown that the placenta-specific proteins were
also expressed in several tumor tissues; PP11 was detected in
66.7% of the analyzed mucinous cystadenocarcinomas and in
57.1%of serous cystadenocarcinomas tested, whereas it was not
found in normal ovaries (3). Moreover, PP11 was also found in
47% of all breast cancers examined (4) and in 38% of all testic-

ular and gastric cancers studied (5). These results suggested
that this protein may be involved in carcinogenesis and, there-
fore, may represent a suitable molecular marker for tumor
diagnosis.
A putative function for PP11was proposed in 1990, when the

cDNA was isolated from a placental cDNA library and the
encodedproteinwas expressed inEscherichia coli; twodifferent
forms, a precursor of 45 kDa and a mature protein of 42 kDa,
were produced. Employing a colorimetric assay on purified pla-
cental protein and on periplasmic and cytoplasmic fractions of
extracts prepared from E. coli, containing the 42- and 45-kDa
proteins, respectively, a putative serine protease activity was
assigned to the placental and to the recombinant 42-kDa pro-
teins (6). Another piece of information, which may contribute
to the understanding of PP11 biological role, derives from its
subcellular localization; PP11 was exclusively localized in the
cytoplasm of syncytiotrophoblast (7). Since then, PP11 has not
been subjected to further characterization, validating its prote-
ase activity and investigating its natural substrates.
Recently, PP11 has been identified as a member of the “Xen-

doU family,” a novel protein class including several enzymes
that share a significant sequence homology with the founding
member XendoU (8, 9). This enzyme is an amphibian endori-
bonuclease that participates in the biosynthesis of small nucle-
olar RNAs, a class of noncoding RNAs involved in ribosome
biogenesis (10–12). Its viral homolog Nsp15, the second family
member characterized, is an endoribonucleolytic activity con-
sidered as a major genetic marker of the Nidovirales order,
including the coronavirus responsible for the severe acute res-
piratory syndrome (13, 14). Notably, even if the specific sub-
strate of Nsp15 has not yet been identified, an essential role for
this protein in virus replication and transcription was estab-
lished (13, 14).
Within the XendoU family, PP11 is highly conserved both in

vertebrates and in invertebrates (11). The finding that the
human protein shares both a high sequence homology (38%
identity and 55% similarity) and a predicted secondary struc-
ture with XendoU (9, 12) did not support its putative serine
protease activity: accordingly, no canonical catalytic triad, typ-
ical of serine proteases, was found in homology modeling of
PP11 (9). To delve into its function, we expressed a recombi-
nant histidine-tagged PP11 (His-PP11) and employed the puri-
fied protein to investigate several aspects concerning its enzy-
matic activity, biochemical properties, and cellular localization.
Here we show that PP11 has RNA binding activity, whereas it
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does not display the predicted serine protease function; it
proved to be an endoribonuclease sharing the main biochemi-
cal features (i.e. ion requirement, cleavage site specificity, and
released products) with the RNases belonging to the same fam-
ily. Furthermore, homology modeling in parallel with site-di-
rected mutagenesis allowed us to determine the residues cru-
cial for its catalytic activity.

EXPERIMENTAL PROCEDURES

Proteolytic Activity Assay—Proteolytic activity was deter-
mined by a chromogenic assay with Chromozyme TH (Roche
Applied Science), following the variation of absorbance at 405
nm. Other hydrolase activities were measured using 2 mM
p-nitrophenyl acetate (15) and 5 mM glycine p-nitroanilide
as substrates, both in 0.1 M Tris-HCl, pH 8.0, and following
the variation of absorbance at 405 and 435 nm, respectively.
For each assay, aliquots of protein, containing 1–20 �g, were
employed, and the reactions were carried out at 37 °C in the
presence or absence of different cations. Thrombin from
bovine plasma (Roche Applied Science) and rabbit liver ester-
ase (Sigma) were used as reference activity.
HomologyModeling andDocking—The PP11 sequence (Uni-

ProtKB/Swiss-Prot entry P21128) was retrieved from the
ExPASy (Expert Protein Analysis System) World Wide Web
server and then was submitted to the HHpred and the Swiss-
Model homology model World WideWeb servers. Both of the
servers identified the XendoU structure as the most suitable to
generate the PP11 three-dimensional model; therefore, it was
selected as the three-dimensional template (Protein Data Bank
code 2c1w). The generation of the PP11 three-dimensional
models was run using the default options in both of the homol-
ogy model servers. Due to steric hindrance that is generated
upon hydrogen addition, the two models were geometrically
optimized using the AMBER 8 molecular modeling suite. To
this the HHpred and the Swiss-Model models in turn were sol-
vated (SOLVATEOCT command) in a box extending 10Åwith
7977 (Swiss-Model) or 12151 (HHpred) water molecules (TIP3
model) and neutralized with eight Na� ions. The solvated com-
plex was then refined by minimization (5000 iterations) using
the SANDER module of AMBER. For the graphical inspection
of the minimized models and image production, Chimera
1.2470 (University of California, San Francisco) was used.
The secondary structure of the oligoribonucleotide P1
(GGAACGUAUCCUUUGGGAG) was calculated with the
mfold program (available on the World Wide Web) with the
default setting. Next, a limited version of theMc-Sym program
(available on the World Wide Web) was run to generate the
three-dimensional models of the predicted stem-loop struc-
tural motifs present in two mfold-suggested P1 secondary
structures (RNA1 and RNA2). The docking studies were per-
formed by means of the Autodock 3.0.5 program using a grid
spacing of 0.375 Å and 80 � 80 � 80 points that embraced
almost half of the protein. The grid was centered on the mass
center of the corresponding XendoU experimental bound
phosphate. The Genetic Algorithm Local Search method was
adopted using the default setting, except that the maximum
number of energy evaluations was increased from 250,000 to
2,500,000. Autodock generated 100 possible binding conforma-

tions for eachmolecule that were clustered using a tolerance of
2.0 Å. The AutoDockTool graphical interface was used to pre-
pare the enzyme PDBQS file. The protein atom charges as cal-
culated during the complexminimization were retained for the
docking calculations. In the docking of the twoRNA substrates,
no bonds were allowed to rotate.
The GU and UU dinucleotides were built, starting from

ASCII text, using the stand alone version of PRODRG, in con-
junction with the GROMACS suite. The dockings of the UU
and GU dinucleotides were conducted allowing rotation of all
rotatable bonds.
Oligonucleotides—The following DNA oligonucleotides,

purchased from Sigma, were used for cloning the different
constructs: START, 5�-TCCCCCGGGTGAGGACCACAA-
AGAGTCAGAG-3�; STOP, 5�-CCCAAGCTTTTAGGTG-
GAAGACACTATGTAGGC-3�; E243fw, 5�-CAACATGTC-
TTCTCAGGTGAGG-3�; E243rev, 5�-AAAGCCACTCGA-
GTCCCC-3�; H244fw, 5�-GTCTTCTCAGGTGAGGTAA-
AAAAAGG-3�; H244rev, 5�-AGCTTCAAAGCCACTCGA-
GTCCC-3�; E249fw, 5�-CAGGTAAAAAAAGGCAAGGT-
TACTGGC-3�; E249rev, 5�-ACCTGAGAAGACATGTTC-
AAAGCC-3�; H259fw, 5�-GCTAACTGGATCCGCTTC-
TACC-3�; H259rev, 5�-GAAGCCAGTAACCTTGCC-3�;
K302fw, 5�-GCGGAAGTGGGCTCTGCTTTCATCG-3�;
K302rev, 5�-ATAGTAGCCGTCCCAGTTGAACTGC-3�.
Cloning and Expression of His-PP11 and Its Mutant

Derivatives—PP11 open reading frame was amplified from
I.M.A.G.E. cDNA 8 Digit Clone 30915175 (MRC Geneservice,
Cambridge, UK) by standard PCR, employing the synthetic oli-
gonucleotides START and STOP and cloned downstream of
the His6 tag coding sequence in the pQE30 expression vector
(r-hPP11).
The plasmids expressing His-PP11 mutant derivatives were

realized by inverse PCR on an r-hPP11 construct with the oli-
gonucleotides indicated in parentheses: E243Q (E243fw,
E243rev), H244A (H244fw, H244rev), E249Q (E249fw,
E249rev), H259A (H259fw, H259rev), and K302A (K302fw,
K302rev).
All recombinant proteins were expressed in the E. coli M15

(pREP4) strain and purified by affinity chromatography as
already described for XendoU (12, 16).
In Vitro RNA Transcription, Binding, and Processing

Reactions—The U16-containing precursor (mini 003 RNA)
template was utilized for in vitro transcription according to
Melton et al. (17) and employed in binding assays (12).

All of the oligoribonucleotide substrates were 5�-end-labeled
with [�-32P]ATP (PerkinElmer Life Sciences) and incubated
with different amounts of His-PP11 (wild type or mutant ver-
sions), using conditions described by Laneve et al. (11). Proc-
essing products were analyzed on 20% polyacrylamide, 7 M urea
gels.
Double-stranded RNAs were obtained by denaturing labeled

P2 oligonucleotide and incubating it with its cold counterpart
in a molar ratio of 1:3 for 1 h at 37 °C in the processing buffer (5
mM MnCl2, 50 mM NaCl, 25 mM Hepes, pH 7.5, 1 mM dithio-
threitol, 20 units of RNase inhibitor (Amersham Biosciences)).
Proper formation of double-strandedRNAwas verified onnon-
denaturing gels. The nucleotide RNA ladder was obtained by

Human PP11 Is an Endoribonuclease

DECEMBER 12, 2008 • VOLUME 283 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 34713



incubation of labeled oligonucleotides in 500 mM NaHCO3 at
90 °C for 20 min.
Analysis of 3� Termini—Gel-purified 5�-terminal cleavage

product (derived by cleavage at the UU2U stretch of P1 oligo-
nucleotide) was incubated in 30mMTris, pH 8.0, 15mMMgCl2,
and T4 polynucleotide kinase (New England Biolabs, Ipswich,
MA) for 45 min at 37 °C to remove the 2�,3�-cyclic phosphate
(18). As a negative control, RNAwas treated with the indicated
kinase buffer alone or with alkaline phosphatase (Roche
Applied Science). After extraction and labeling in the presence
of 5�-[32P]cytidine 3�,5�-bisphosphate (PerkinElmer Life Sci-
ence) andT4RNA ligase (NewEnglandBiolabs) for 5 h at 16 °C,
RNA was analyzed on 20% polyacrylamide, 7 M urea gel.
Purification of Anti-His-PP11 Antibodies—Anti-His-PP11

serum was obtained by immunization of rabbits (Primm,
Milano, Italy) with the purified recombinant protein. Specific
antibodies were purified by affinity chromatography using
recombinantHis-PP11 immobilized ontoAffi-gel 10 (Bio-Rad).
IgGs were eluted with 0.1 M glycine, pH 3, neutralized with
phosphate buffer, pH 8, and utilized in immunofluorescence
and Western blot experiments.
Processing of Placental Samples and BeWo Cells for

Immunofluorescence—Normal term placentas were obtained
with local research and ethics committee approval. Small frag-
ments were immediately excised at random sites, briefly rinsed
in phosphate-buffered saline to remove blood excess, and fixed
in 4% buffered paraformaldehyde for 4 h. Samples were then
infused in 12–18% sucrose in phosphate-buffered saline as
cryoprotectant prior to liquid nitrogen freezing in OCT com-
pound (Sakura Finetek Europe, Zoeterwoude, Netherlands).
6-�mcryosectionswere cut,mounted on SuperFrost-Plus glass
slides (Menzel-Glaser, Brauschweig, Germany), air-dried, and
then treated with 1 M glycine for 20 min and with 5% donkey
serum, 5% bovine serum albumin for 2 h. Purified anti-His-
PP11 antibodies were used at 1:300 dilution (overnight incuba-
tion at 4 °C) and revealed with 1:300 Alexa Fluor 594 donkey
anti-rabbit secondary antibodies (Molecular Probes, Inc.,
Eugene, OR). The specificity of immunolabeling was verified in
control samples prepared with the primary antibody omitted.
The sections were counterstained with 1.5 mg/ml 4�,6-dia-
midino-2-phenylindole in Vectashield Mounting Medium
(Vector Laboratories, Inc., Burlingame, CA) and analyzed in a
Zeiss microscope (Carl Zeiss MicroImaging, Inc., Thornwood,
NY) equipped with epifluorescence. BeWo choriocarcinoma
cells (CCL-98; American Type Culture Collection, Manassas,
VA) were maintained at 37 °C, under 5% CO2, in Dulbecco’s
modified Eagle’smedium/F-12�GLUTAMAXTM1:1 (Invitro-
gen) supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 �g/ml streptomycin. For immunofluores-
cent studies, cells were grown on glass coverslips to confluence,
rinsed twice with phosphate-buffered saline, and fixed for 15
min at 4 °C in freshly prepared formaldehyde (10%). The cells
were processed for immunostaining as previously described for
placental cryosections.
Western Blot Analysis—Small placental fragments, of about

300 mg, were directly frozen in liquid nitrogen. For protein
extract preparation, the samples were thawed out, rinsed with
phosphate-buffered saline, and homogenized in 1 ml of lysis

buffer (10 mM Tris-HCl, pH 7.4, 100 mM EDTA, pH 8, 100 mM
NaCl, 0.1% SDS) withUltra-Turrax for 15–20 s on ice and incu-
bated at 4 °C for 20 min. After centrifugation at 3000 relative
centrifuge force at 4 °C for 10 min, the supernatant was stored
at�20 °C. Extracts from BeWo cells were collected in radioim-
mune precipitation buffer. The extracts were fractionated onto
NuPAGE 10% polyacrylamide gel (Invitrogen), blotted onto
Protran nitrocellulose membrane (PerkinElmer Life Sciences),
and reacted overnight with purified anti-His-PP11 antibodies
(1:2500 in TBS, 1% Tween 20).
Bioinformatic Analysis—RNA secondary structures were

predicted by the RNA mfold version 3.2 Web server (19).
Structures with the lowest initial �G were selected. Histo-
grams were generated by densitometric analyses performed
employing ImageQuant TL version 2005 software (Amer-
sham Biosciences).
The apparent Kd (K�d) was calculated according to the equa-

tion, K�d � [proteinfree] � [RNAfree]/[protein-RNA] (20), and
binding curves were best fit with Sigma Plot 10 using a sigmoi-
dal dose-response curve.

RESULTS

PP11 Has No Detectable Serine Protease Activity—PP11 was
previously isolated, thanks to its high levels of expression in the
syncytiotrophoblast.We cloned a full-length PP11 cDNA fused
to a His tag and purified the expressed 42-kDa protein in E. coli
(His-PP11). In parallel, antibodies against the recombinant pro-
tein were generated, purified by affinity chromatography,
tested on placental and BeWo cell protein extracts, and
employed for immunofluorescence studies. These analyses
indicated that the antibodies specifically recognized the His-
PP11 protein as well as the two forms of the placental protein
and confirmed the reported abundant expression of PP11 in
syncytiotrophoblast (7) (supplemental Fig. 1).
Our previous PP11 homology modeling did not reveal any

evidence for a catalytic triad that could account for its putative
serine protease activity; the residues His162, Ser157, and Glu161
(or Asp156) tend to cluster, but their stereochemistry does not
conform to the canonical triad (9).
To unequivocally establish PP11 enzymatic activity as a pro-

tease and/or as esterase, the recombinant protein was
employed in the amidolytic assay described by Grundmann et
al. (6). The level of protease activity was undetectable by chro-
mogenic assay on Chromozyme TH at all of the protein con-
centrations tested (Fig. 1). Supporting this result, no amidase
activity was observed using glycine p-nitroanilide as substrate
(not shown). A very low hydrolytic activity (less than 0.002
�mol min�1 mg�1) was observed toward p-nitrophenyl ace-
tate, indicating its preferential esterase activity (Fig. 1).
PP11 Homology Modeling—The sequence and secondary

structure conservation of PP11withXendoU endoribonuclease
suggests an RNase activity for the human protein (9, 12).
To support this prediction, we performed a homology-mod-

eling analysis on PP11, based on the XendoU crystallographic
structure (9). Two three-dimensional models were automati-
cally generated, employing two of themost widely used publicly
available homology model Web servers, namely the Swiss-
Model (21) and the HHpred (22). Both of the homology model
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servers identified the experimental three-dimensional struc-
ture of XendoU (Protein Data Bank code 2c1w) as the most
appropriate template, with an identity sequence score of about
40%. The two homology models were quite superimposable
(root mean square deviation � 0.532 over 168 residue pairs),
except for a flap region, located between Gly248 and Asn260
(corresponding to Gly166–Asn179 in XendoU) that is endowed
with a certain flexibility. Inspection of the two models in com-
parison with the experimental three-dimensional structure of
the template highlighted that the HHpred-derived PP11model
conserved the flap region in an open position, whereas the
Swiss-model PP11 structure displayed a closed switched flap
(Fig. 2, a and b, and supplemental Fig. 2).
In XendoU, the flap is kept opened by a hydrogen bonding

net established between the side chains of Glu167, Gln172, and
Lys220 (supplemental Fig. 3); such a flap region was detected to
accommodate a phosphate group in XendoU experimental
structure, suggesting this as the putative RNA binding site (9).
In themodeled PP11, only the Glu249 residue, corresponding to
the XendoU-Glu167 residue, is conserved, whereas counter-
parts of XendoU-Gln172 and -Lys220 change to Lys254 and
Asp298, respectively; as a consequence, the absence of the
hydrogen bonding network could explain the enhanced flexi-
bility of the PP11 Gly248-Asn260 loop (supplemental Figs. 3 and
4). These modeling data allow us to speculate that the HHpred
structuralmodel represents the active state of the PP11 enzyme
in which a putative RNA-binding domain can be recognized.
We employed this structuralmodel for further inspection of the
possible enzyme/substrate interactions.

PP11 Interacts with RNA—The ability of the protein to inter-
act with a RNA substrate was tested by in vitro binding assays.
For this purpose, increased concentrations of His-PP11 were
incubated with a fixed amount of 32P-labeled mini 003 RNA
that represents a short version of the XendoU natural substrate
(12); we chose this molecule, since it displays the appropriate
length, allowing the formation of stable RNA-protein com-
plexes. The assembled complex was visualized by an electro-
phoretic mobility shift assay (Fig. 3A). In order to exclude the
possibility that the His tag contributed to the RNA binding
activity of PP11, a control binding experiment with an unre-
lated His tag fusion protein (acetyl-CoA synthetase) with no
reported affinity for nucleic acids was performed. Only a very

FIGURE 1. Analysis of PP11 hydrolytic activities by chromogenic assay.
Proteolytic (top) and esterase (bottom) activities were determined by a chro-
mogenic assay, using 1.25 mg/ml Chromozyme TH and 2 mM p-nitrophenyl
acetate as substrates, respectively, and following the change in absorbance
at 405 nm. The same amount of PP11 (10 �g) was tested in each assay. Throm-
bin from bovine plasma (1 �g) and rabbit liver esterase (RL Esterase; 1 �g)
were used as reference activity.

FIGURE 2. A, the HHpred-generated (white) and SwissModel-generated (pur-
ple) PP11 homology models. Mutated residues are depicted in yellow. The
flexible flap is also highlighted with a red circle (open form) and green circle
(closed form). B, the arrangement of PP11 catalytic residues and the positions
of the polypeptide flexible flap segment (cyan, open form; white, closed form)
are shown.
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minor nonspecific interaction was detected, summing up to no
more than 2% of input RNA (supplemental Fig. 5).
The substrate affinity of PP11 and XendoU toward RNAwas

determined by measuring the apparent dissociation constant
(K�d). The estimatedK�dwas equal to 140 nM for PP11 and 920nM
for XendoU, suggesting a higher RNA affinity for the human
protein compared with the Xenopus enzyme (Fig. 3B).
RNA-protein interaction was further investigated through

docking experiments, conducted by means of the Autodock
program, (23), using the HHpred PP11 modeled structure. For
such an experiment, we employed the sequence corresponding
to the oligoribonucleotide P1 (GGAACGUAUCCUUUGG-
GAG) that contains a natural cleavage site of XendoU (11).
At first, two secondary structures of the oligoribonucleotide

(supplemental Fig. 6) were generated, as suggested by themfold
program (19). The predicted stem-loop structural motifs pres-
ent in both secondary structures were selected to produce
RNA1 (GAACGUAU; supplemental Fig. 6, left) and RNA2
(CCUUUGGG; supplemental Fig. 6, right) three-dimensional
models by the Mc-Sym program (24).
The Autodock-suggested RNA1-PP11 and RNA2-PP11

complexes (supplemental Fig. 7), although not overlapping
each other, are relatively near to the flexible flap and close to the
phosphate residue experimentally found in the XendoU struc-
ture (9). These results suggest that the PP11Gly248–Asn260 loop
region is involved in RNA binding.

PP11 Has an Endoribonuclease Activity—To investigate the
RNase activity of PP11, a collection of synthetic oligoribonucle-
otides was employed. All of them derived from P1, the oligonu-
cleotide containing the UUU upstream distal cleavage site of
XendoU; they are P2, P3, and P4, in which the UUU stretch is
substituted byUU,UCU, andUGU sequences, respectively (see
Fig. 4) (11). These molecules represent suitable substrates for
testing both the ribonucleolytic activity and the sequence spec-
ificity of the enzyme.
The processing assay consisted in the incubation of the affin-

ity-purified His-PP11 with 32P-labeled oligoribonucleotides
under the conditions already set up for XendoU activity (11).
The reactionwas carried out in the presence ofmanganese both
at 24 °C, the temperature utilized for XendoU activity assay,
and at 37 °C; since no differences were detected (not shown), all
of the following assays were performed at 24 °C. Fig. 4 shows
that His-PP11 cleavages occur 5� of uridylates. The UU andGU
sites (marked by long arrows in Fig. 4, bottom) are more effi-
ciently cleaved than CU and AU sites (marked by short arrows).
Nevertheless, this seems not to be a rigid rule, since UA andUC
(marked by arrowheads) are also cleaved with a 12-fold lower
efficiency, thus representingminor cleavage sites. Interestingly,
all of the cleavage sites map in a putative single-stranded RNA
structure, as predicted by the mfold program (Fig. 4, bottom).
As a proof of concept, we experimentally demonstrated that the
enzyme is unable to process double-stranded RNA (Fig. 4, lane
dsRNA). In addition, using 32P-labeled deoxyoligonucleotides,
cleavage activity on DNA substrates was excluded as well (not
shown).
Processing experiments were also performed in the presence

of increasing substrate concentration. The results show that
PP11 displays a saturable activity, with saturation occurring at
comparable substrate/enzyme concentration (supplemental
Fig. 8).
Docking experiments were extended to the GU and UU

preferred cleavage dinucleotides; both of them were located
in the corresponding XendoU phosphate binding region (9)
(supplemental Fig. 9). The different orientation of the two
dinucleotides may reflect the above reported enzyme bind-
ing site flexibility.
His-PP11 activity was further investigated by analyzing the

ion dependence of cleavage; Fig. 5A shows that onlyMn2� ions
trigger the RNase activity, whereas all the other examined ions
(Mg2�, Cd2�, Co2�, Cu2�, Ni2�, Zn2�, and Pb2�) were not
effective.
Finally, the chemistry of His-PP11 cleavage was determined

by analyzing the nature of the 3� termini in the cleaved prod-
ucts. For this purpose, themajor “e” product, generated by His-
PP11 cleavage on P1 oligoribonucleotide, was gel-purified and
ligated to 5�-[32P]pCp directly or after alkaline phosphatase or
kinase treatment. The first enzyme removes the linear phos-
phate group, whereas the second one specifically removes the
2�,3�-cyclic phosphate (18). As shown in Fig. 5B, the His-
PP11 cleavage product is labeled only after kinase treatment
(lane 2, “e”molecule), indicating that the 3�-end of the cleav-
age product carries a 2�,3�-cyclic phosphate. As control, the
full-length P1 oligonucleotide underwent the same treat-
ments (Fig. 5B, lanes P1).

FIGURE 3. Characterization of RNA binding activity of His-PP11. A, 2 fmol
of 32P-labeled mini 003 RNA (lane �) were incubated with increasing
amounts of His-PP11, 10 ng (lane 1), 20 ng (lane 2), 40 ng (lane 3), 60 ng (lane
4), and 80 ng (lane 5). The positions of free RNA (RNA) and RNA-protein com-
plex (C) are indicated on the left. B, the fraction of shifted RNA substrate was
reported versus the logarithm of XendoU (f) or PP11 (F) concentration. The
inflection point abscissa of the fitted binding curve represents the protein
apparent dissociation constant (K�d).
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Identification of Residues Involved in Ribonuclease Activity—
To define the residues participating in the enzymatic activity,
we undertook a site-directedmutagenesis analysis. For this aim,
we first probed the role of three residues, two histidines and a
lysine that are highly conserved in proteins of the XendoU fam-
ily (His162, His178, and Lys224 in XendoU) and that were impli-
cated in XendoU and Nsp15 catalytic activities (8, 12, 13); their
replacement was not tolerated either in coronavirus (13) or in
X. laevis enzymes (12). We also tested two additional glutamic

acid residues that were indispensa-
ble for XendoU activity (Glu161 and
Glu167 in XendoU).
The following collection of His-

PP11 mutant derivatives was pro-
duced. Two Glu residues, Glu243
andGlu249, were substituted byGln,
giving rise to the single mutants
E243Q and E249Q; substitution of
His244 and His259 by Ala produced
the mutants H244A and H259A,
respectively. Finally, Lys302 was
replaced by Ala, producing mutant
K302A. The position of mutated
residues in the PP11 homology
model is reported in Fig. 2.
His-PP11 mutant derivatives

were expressed as recombinant pro-
teins in bacterial cells and, as a pre-
liminary step for standardization of
the following processing experi-
ments, the protein amount needed
to bind a constant quantity of RNA
was established. For this aim, a fixed
quantity (20ng) of the singleproteins
were incubated with 32P-labeledmini
003 RNA substrate, and the percent-
age of shifted RNAwas evaluated in a
mobility shift assay. As shown in the
histogram of Fig. 6A, we found that
the wild type as well as almost all the
mutant proteins were able to shift a
comparable percentage of the input
RNA (about 20%), displaying the
sameefficiency inRNAbinding activ-
ity, with E243Q protein showing a
higher affinity.
Based on these evaluations, spe-

cific amounts of wild type and
mutant proteins, producing the
same percentage of shifted RNA,
were incubated with a constant
amount of 32P-labeled P1 oligoribo-
nucleotide, and their processing
activity was analyzed. As shown in
Fig. 6B, the mutants did not show
any significant processing activity,
with themutant K302A displaying a
slight residual activity. Such results

indicate that each of the five residues is required for cleavage.

DISCUSSION

The “XendoU family”was proposed after the identification of
several conserved viral proteins and was defined as a group of
polypeptides with features as different as nucleases and pro-
teases (8, 9). The best characterizedmembers, XendoU (11) and
Nsp15 (13), were defined as endoribonucleases playing a specific
role in small RNA biogenesis in Xenopus laevis (10, 11, 25) and in

FIGURE 4. Analysis of PP11 RNase activity. Top, sequence specificity of His-PP11 cleavage activity was
assessed by incubating, under standard conditions, P1, P2, P3, and P4 32P-labeled oligoribonucleotides (indi-
cated above the gel) in the exclusive presence of Mn2� ions (lanes 2) or by adding 100 ng of His-PP11 (lanes
3). Oligonucleotides were loaded as untreated molecules in lanes 1. His-PP11 RNase activity was also
tested on P2 oligoribonucleotide in a double-stranded configuration (lanes dsRNA). In lanes 1–3, the RNA,
treated as described for single stranded oligonucleotides, was loaded. In lane M, the nucleotide ladder,
generated by alkaline digestion of the P1 oligonucleotide, was run as a molecular marker. Bottom,
sequences of the synthetic oligoribonucleotides are reported. Reaction products were quantified by
densitometric analysis, and cleavage sites are indicated by arrows. Long arrows indicate preferential
His-PP11 cleavage sites, and shorter arrows point to sites processed less efficiently, whereas arrowheads
refer to minor sites. Letters indicate sequence-specific cleavage sites (GU (a), UA (b), AU (c), CU (d), UU (e),
and UC (f)) and are also reported for the corresponding reaction products on the gel. Oligoribonucleotide-
predicted secondary structures, obtained by mfold software, are depicted on the right; cleavage sites are
indicated by arrowheads and letters.
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thecoronavirus replicationcycle (13), respectively.However,Xen-
doU homologs from distantly related organisms were instead
annotated as putative serine proteases on the basis of their homol-
ogy with PP11 (human placental protein 11), described to have
such an enzymatic activity (6). Subsequent phylogenetic align-
ment and secondary structure prediction of protein family mem-
bers, together with crystallographic determination of XendoU
structure (9), highlighted the occurrence of a conserved region
thatcanbearranged inacommonarchitecture,which is crucial for
XendoU endoribonucleolytic activity.
These data prompted us to reconsider the biochemical

nature of the putative serine proteases belonging to the same
family. We focused on human PP11 and started with a homol-
ogymodeling, based on XendoU tridimensional structural data
(9). Our results revealed, in a conserved loop spanning from
residue Gly248 to Asn260 (corresponding to Gly166–Asn179 in
XendoU), a specific site characterized by high flexibility that, as

underscored by oligoribonucleotide docking experiments, may
represent a RNA binding site.
To verify the ability of PP11 to bind and, possibly, to cleave

RNA molecules, we undertook its biochemical characteriza-
tion. Our data indicate the absence of protease activity in the
recombinant His-PP11 that, instead, behaves as a Mn2�-de-
pendent, U-specific endoribonuclease. In this regard, we can
suppose that the previously reported proteolytic activity,
observed in the placental and in E. coli expressed proteins, was
the result of contaminating activities originating from incom-
plete purification.
Overall, our results indicated thatPP11 shares several biochem-

ical features with the Xenopus and viral homologs: (i) they cleave
RNAat uridylates, (ii) their activities are stimulated byMn2� ions,
and (iii) they release 2�,3�-cyclic phosphodiester ends.

Altogether, these characteristics provide biochemical evi-
dence for considering human PP11 as part of the XendoU fam-
ily, not only on the basis of sequence homology but also in terms
of enzymatic activity.
The functional parallel between PP11 and XendoU was fur-

ther explored by defining the amino acid residues relevant for
His-PP11 catalysis. Site-directedmutagenesis allowed the iden-
tification of two histidines, two glutamic acids, and a lysine that

FIGURE 5. Characterization of PP11 biochemical properties. A, ion
dependence of PP11 was defined by incubating 32P-labeled P1 oligoribo-
nucleotide (loaded as control in lane C) with the His-PP11 without ions
(lane �) or in the presence of different cations (as indicated above each lane).
The RNA ladder was fractionated in lane M. Letters indicating specific reaction
products (see the legend to Fig. 4 for details) are reported on the gel. B, to
determine the chemical nature of His-PP11 cleavage products, the more
abundant “e” molecule (corresponding to the major “e” band in A), derived
from the processing reaction of unlabeled P1 oligoribonucleotide, was
treated with alkaline phosphatase (lane 1) or with kinase (lane 2) or with buffer
alone (lane 3) and then labeled by 5�- [32P]pCp and RNA ligase. Only after
specific kinase treatment, removing the 2�,3�-cyclic phosphate, linear “e” mol-
ecules get labeled at their 3�-end. Full-length P1 substrate, bearing a linear 3�
terminus, was employed as a positive control; such a molecule was treated
and analyzed as the “e” product. In lanes �, labeled “e” and P1 molecules were
loaded as markers. The radiolabeled species are indicated by arrows on the
right. The RNA ladder was fractionated in lane M.

FIGURE 6. Binding and processing activity of His-PP11 mutant deriva-
tives. A, the histogram reports the percentage of shifted RNA obtained by
incubating, under standard binding conditions, mini 003 RNA substrate with
20 ng of wild type (wt) His-PP11or mutant derivatives thereof (indicated
below each bar). B, amounts of wild type His-PP11 (lane wt) or of its mutant
derivatives giving the same shift percentage of the RNA substrate (100 ng for
each protein and 60 ng for E243Q) were employed in processing reactions on
P1 oligoribonucleotide. Protein mutants are indicated above each lane. Let-
ters indicating specific reaction products are reported on the gel; untreated
substrate is loaded in lane �.
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are essential for RNA processing. Notably, all of them are
included in the region that is highly conserved among all of the
members of the XendoU family and that contains the residues
involved inXendoU andNsp15 catalytic activity (9). These data
support the existence of a common domain, possibly shared by
all the family members, that carries out a conserved RNA proc-
essing function. Comparative analysis of the PP11 structural
model underscores the presence in the predicted RNA binding
site of a loopmore flexible than that of XendoU; this character-
istic may account for the observed higher RNA affinity of PP11
and for its slightly different cleavage specificity.
Although the general enzymatic activity seems well defined

for this class of proteins, more complicated is the definition of
the variety of physiological functions in which they could par-
ticipate. XendoUwas previously described to be involved in the
nuclear biosynthesis of small noncoding RNAs in X. laevis,
whereas Nsp15 was defined to be essential for replication and
transcription of human coronaviruses, responsible for respira-
tory disease, such as the common cold and severe acute respi-
ratory syndrome (8). PP11 was isolated thanks to its high levels
of expression in the syncitiotrophoblast and in several tumors,
suggesting that in these cells, its function may be utilized for
specialized/aberrant activities.
The syncytiotrophoblast is a placental tissue that derives

from syncytial fusion of cytotrophoblast layers; the syncytial-
ization involves the apoptotic cascade, and, as a consequence,
fetal DNA and RNA can be detected in maternal blood (26).
With regard to this very important process, PP11 could partic-
ipate in cleavage followed by RNA degradation during the final
stage of the apoptosis cascade (27). The RNase PP11 may also
have a role in promoting tissue remodeling, a substantial fea-
ture of the trophoblast during all stages of pregnancy (28).
Since it has been postulated that the villous syncytiotropho-

blast limits the transplacental transmission of viral pathogens
(29), a further function can be postulated for PP11; through its
RNA binding activity, it could recognize viral RNA genomes or
mRNAs and trigger their degradation, participating in the
defense mechanisms that preserve the fetus from viral infec-
tions during pregnancy. Detection of PP11 in several malignant
cells (3–5) can instead suggest that its deregulated expression
may be associated with oncogenesis. In this regard, we find
intriguing the parallel between the physiological expression of
PP11 in syncytiotrophoblastic cells and its aberrant expression
in tumoral cells; both cell types are characterized by the capac-
ity to invade the adjacent tissues.
In conclusion, our data assign a new enzymatic function to a

previously characterized protein; we demonstrated that PP11
does not have protease activity, whereas it displays RNA bind-
ing and hydrolytic activities. Furthermore, the correspondence
of the XendoU/PP11 amino acid residues participating in
RNase function and the localization, by docking experiments,
of the preferred PP11 cleavage dinucleotides into the corre-
sponding XendoU phosphate binding region (9) highlights the
evolutionary conservation of the catalytic/RNA binding site.
Such conclusions, while opening new avenues of exploring
PP11 biological roles, as well as the function of its homologs,
through the identification of specific RNA substrates and bind-

ing partners, offer the chance to reconsider these proteins as
important players in RNA metabolism.
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