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ARTICLE INFO ABSTRACT

Keywords: Differential editing of transcripts from the Newcastle disease virus (NDV) phosphoprotein gene results in mRNAs
Newcastle disease virus capable of encoding the phosphoprotein (P), the V protein, and the W protein which share a common N-terminus
W protein but specify different C-termini. Whereas the expression and viral incorporation of the P - and V proteins by NDV

has been documented, evidence for the existence of a W protein was lacking. To analyze expression of the NDV
W protein, two peptides encompassing predicted antigenic sites of the unique C-terminal W protein amino acid
sequence of NDV Clone 30 were used for the generation of W-specific rabbit antisera. One of them detected
plasmid-expressed W protein and identified W protein after infection by indirect immunofluorescence and
Western blot analyses. W protein was absent in cells infected by a newly generated recombinant NDV lacking W
protein expression. Furthermore, Western blot and mass spectrometric analyses indicated the incorporation of W
protein into viral particles. Confocal microscopic analyses of infected cells revealed nuclear accumulation of W
protein that could be attributed to a bipartite nuclear localization sequence (NLS) within its unique C-terminal
part. Redistribution of the W protein to the cytoplasm within transfected cells confirmed functionality of the NLS
after mutation of its two basic clusters. This finding was additionally corroborated in cells infected with a

recombinant virus expressing the mutated W protein.

1. Introduction

Newcastle disease virus (NDV) causes one of the most fatal in-
fectious diseases of poultry that can result in high economic losses. NDV
is a virus of the genus Avian Avulavirus-1 (AAvV-1) within the family
Paramyxoviridae of the order Mononegavirales (Afonso et al., 2016, ICTV
online.org) which has been under investigation since its first descrip-
tion in 1927 (Doyle, 1927). The nucleoprotein (NP), phosphoprotein
(P), matrix protein (M), fusion protein (F), hemagglutinin-neur-
aminidase protein (HN), and the RNA-dependent RNA polymerase or
large protein (L) are encoded by the NDV genome. Like other para-
myxoviruses, NDV produces by co-transcriptional mRNA editing
(Steward et al., 1993) from the P gene besides the P mRNA two further
mRNAs, encoding potential V and W proteins. Editing occurs by in-
sertion of one or two non-templated guanine residues (G) within the
conserved editing site (3’-UUUUUCC-5") during transcription, resulting
in a shift of the respective open reading frame. Therefore, P, V, and W
proteins have a common N-terminal sequence (amino acid (aa) 1 to
133) but a unique C-terminus varying in length and amino acid

composition (Steward et al., 1993). Transcript frequencies from the P
gene have been determined for several members of the family Para-
myxoviridae like measles virus, Sendai virus, and NDV ranging from 60
to 70 % for unedited P encoding transcripts, 25-35 % for edited V
transcripts (1 G insertion) and 2-8.5 % for edited W (2 G insertions)
mRNAs (Steward et al., 1993; Selenda et al., 1998; Mebatsion et al.,
2001; Bankamp et al., 2008). Occasionally, more than two G residues
have been found inserted which leads to an additional amino acid
(glycine) within the respective protein (Steward et al., 1993; Locke
et al., 2000; Kulkarni et al., 2009).

P is a non-catalytic subunit of the RNA polymerase of para-
myxoviruses and acts as a chaperone for NP to prevent uncontrolled
encapsidation of non-viral RNA (Yabukarski et al., 2014; Guryanov
et al., 2016). V protein, which is expressed by insertion of one non-
templated guanine residue (+1 G) at the editing site, is characterized
by a conserved cysteine-rich C-terminus (Cattaneo et al., 1989; Baron
et al., 1993; Steward et al., 1993) that enables the binding of two zinc
atoms ions (Steward et al., 1993; Liston and Briedis, 1994; Paterson
et al., 1995; Steward et al., 1995; Huang et al., 2000). Furthermore, V
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counteracts the cellular interferon response, explaining its role in NDV
virulence (reviewed in Alamares et al., 2010; Samal and Samal, 2011).
Steward et al. (Steward et al., 1993) detected an additional mRNA
which arises from the P gene with two extra G residues inserted at the
editing site and hypothesized it to encode a W protein (W) by analogy
with the previously described Sendai virus W protein (Curran et al.,
1991a). However, the NDV W could not be detected so far. In contrast,
the existence of W was shown for Nipah virus and it was found that it
plays a role in modulating immune responses (Shaw et al., 2005;
Satterfield et al., 2015). Here, we show the existence of NDV W and
demonstrate its cellular distribution as well as the properties of a newly
generated W-deficient NDV.

2. Material and methods
2.1. Viruses and cells

Lentogenic vaccine strain NDV Clone 30 (Cl30) (Genbank Acc. No.
Y18898) was obtained from MSD Animal Health (Boxmeer, The
Netherlands). Recombinant NDVGu (rNDVGu) based on CI30 has al-
ready been described (Ramp et al., 2012). QM9 cells (CCLV-RIE999,
quail muscle cells clone 9) and CEF (chicken embryo fibroblasts) pre-
pared from 10-day-old specific-pathogen-free (SPF) chicken embryos
were used for virus characterization and grown or maintained in
minimum essential medium supplemented with NaHCO3, Na-Pyruvate,
non-essential amino acids and 10% FBS. Embryonated SPF chicken eggs
for CEF preparation and virus propagation were purchased from Loh-
mann (Cuxhaven, Germany) and incubated at 37 °C with 55% humidity.
BSR-T7 cells (CCLV-RIE 582, BHK 21, clone BSR-T7/5) (Buchholz et al.,
1999), which stably express phage T7 RNA polymerase were used for
transfection and virus recovery. They were grown in Glasgow minimal
essential medium supplemented with NaHCOs, caseine peptone, meat
peptone, yeast extract, essential amino acids and 10% FBS.

2.2. Preparation of polyclonal P-, V- and W-specific antisera

Antigenic regions within the specific C-terminal part of NDV CI30 W
protein were predicted based on the algorithm of Kolaskar and
Tongaonkar (1990) using Geneious software (Created by the Biomatters
development team, © 2005-2016 Biomatters Ltd.). Two peptides,
containing two predicted antigenic regions each, were synthesized and
linked via the SH group of cysteine to keyhole limpet hemocyanin
(KLH) that was modified with maleimido groups (EMC microcollec-
tions, Tiibingen, Germany).

Peptides used for preparation of aNDV_P and aNDV_V sera encode
the specific C-terminal parts of NDV LaSota P and V proteins (which
correspond to Clone 30) and were generated as described (Zhao et al.,
2018). Briefly, the sequences encoding the unique C-terminal parts
were cloned into pET19b downstream of the T7 promoter. The open
reading frames (ORFs) were N-terminally linked by a SGS sequence to a
heptamerization fragment of the human C4 binding protein (C4BP), and
connected to a hexa-histidine- and Avi-tag in-frame. The expression
plasmids were co-transfected with a pBirCam plasmid into E. coli Ro-
setta-gami, and protein expression was induced after addition of IPTG
and Biotin to THY Medium for 4h. The recombinant proteins were
purified and refolded after ultrasonic disruption and solubilization of
inclusion bodies.

Rabbits were immunized with the specific peptides, mixed with
complete Freund’s adjuvant, and boosted by peptides in incomplete
Freund’s adjuvant four and eight weeks later. Sera were collected prior
to every boost, and 12 weeks after the first immunization.

2.3. Construction of expression plasmids

Different genes of NDV Cl30 were cloned into the pCAGGS expres-
sion vector under control of the human cytomegalovirus immediate-

208

Virus Research 263 (2019) 207-216

early promotor/enhancer using the restriction sites EcoRI and Nhel.
Primers with EcoRI (5”-end, forward primer) and Nhel restriction sites
(3’ ends, reverse primer) were used to amplify the ORF coding for the
NP protein (5- CACGAATTCATGTCTTCCGTATTTGATGAG -3°, 5™-
CACGCTAGCTCAATACCCCCAGTCGGTGTC -3"), the P protein (5"—
CCTAGAATTCATGGCCACCTTTACAGATGC-3", 5~ CAAGCTAGCTTAG
CCATTTAGAGCAAGGCGC-3)’, the V protein (5°—CCTAGAATTCATG
GCCACCTTTACAGATGC-3", 5~ CAAGCTAGCTTACTTACTCTCTGTGA
TATC-3"), the W protein (5"~ CCTAGAATTCATGGCCACCTTTACAGA
TGC-3", 5- CACGCTAGCTCACGTCTGTGCCCTGGTTTCCA-3") or the N-
terminal part (aa 1-133) of the P protein (5"~ CCTAGAATTCATGGCC
ACCTTTACAGATGC-3%, 5"~ CACGCTAGCCTTTTTAGCATTGGACGATT
TATTGC-3"). The ORFs of the V and W proteins were firstly subcloned
into the vector pGEM-Teasy for mutagenesis using the QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
USA) and the primers MPVCI30F (forward, 5~ CGTCCAATGC
TAAgAAGGGgCCCATGGTCGAGC-3) or MPWF (5~ CGTCCAATGC
TAAgAAGGGggCCCATGGTCGAGCC-3"). Non-templated nucleotide in-
sertions or mutations are represented by lowercase letters.

Expression constructs for N-terminally mCherry tagged W proteins
were cloned by restriction sites Mscl (extreme N-terminus of mCherry
and W ORF) and Pasl (N-terminus W ORF) from a precursor plasmid.
The N-terminus of the CI30 W ORF was substituted by the mCherry
tagged insert within the pCAGGS expression vector to obtain plasmid
PCAGGS_mCherryWe3o. The W ORF harboring a mutated nuclear lo-
calization signal (NLS) was produced synthetically (Invitrogen GeneArt
Gene Synthesis, Regensburg, Germany), it is characterized by the fol-
lowing nucleotide exchanges: AG421/422GC, G485C, G496C as well as
57-EcoRI and 3’-Nhel restriction sites. The GC-content of the sequence
was adjusted by silent mutations within the N-terminus to enable in
vitro synthesis. The synthetic gene was inserted in a pCAGGS vector
prior to linkage with the mCherry tag as described above. The resulting
expression vector was named pCAGGS_mCherryW-NLS,; .

2.4. Construction of full-length plasmids and recovery of recombinant
viruses

The full-length plasmids pNDVPdedVded and pNDVW-NLS,,,,; were
cloned on the basis of the lentogenic NDV Cl30, clone rNDVGu, and
inserted into plasmid X838T (Schnell et al., 1994). The full length
plasmid of rNDVGu (Ramp et al., 2012) was digested with Rsrll and
religated for mutation of the editing site sequence of the P gene using
the primer MPded2PF (5°- CAGCAATAAATCGTCCAATGCGGGCCCAT
GGTCGAGC-3") and the QuikChange Lightning Multi Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, USA) to delete nucleotide (nt)
2279-2284 (nt positions refer to Y18898). To generate plasmid
pNDVPded, the Rsril-shortened precursor plasmid was cleaved with
Aatll and Apal, and the corresponding region in rNDVGu was replaced
by the resulting insert. The V gene of NDV Cl30 flanked by the non-
coding regions of the P gene was amplified with Mlul restriction site at
the extreme 5°- and 3”-end and subcloned into pGEM-Teasy (Promega,
Madison, USA) for the following deletion of 6 nt within the editing site
by QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Strata-
gene, La Jolla, USA) using the primer MPdedVF (5~ CAGCAATAAAT
CGTCCAATGCGGGGCCCATGGTCGAGC-3"). The mutated V gene se-
quence was finally inserted in pNDVPded at an artificial Mlul restriction
site at position 3239 (nt position refers to Y18898) to obtain the full-
length plasmid pNDVPdedVded. To generate a full-length plasmid with
a mutated NLS within the W ORF the full-length pNDVGu was cleaved
with Apal and Notl to subclone the resulting fragment spanning from
the P to the F gene. The fragment was inserted into a pUC18 vector with
an altered multi cloning site to generate plasmid pUCPedF. An Apal-Alel
fragment of the expression plasmid pCAGGS_mCherryW-NLS,, car-
rying the NLS mutation but not changes in the GC-content was used to
substitute the corresponding region in the previously assembled pUC-
PedF plasmid. The Apal-Notl fragment of the resulting plasmid, named
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pUCPW-NLSmutF was reinserted in the rNDVGu full-length plasmid to
obtain the full length plasmid pNDVW-NLS,,,;.. The presence of the
introduced mutations was confirmed by sequencing of the respective
regions within the full-length plasmids.

To recover infectious NDV, full-length plasmids were transfected
into BSR-T7 cells. Briefly, BSR-T7 cells were grown to ~ 80% confluency
in 6-well plates and transfected with 5ug pNDVPdedVded or pNDVW-
NLS;,ut, and the helper plasmids coding for C130 NP, P and L (3,0 ug
pCiteNP, 1,5 ug pCiteP, 0,5 ug pCiteL) at a DNA : lipofectamine ratio of
1ug 1,5ul wusing Lipofectamine®3000 (Invitrogen, Karlsruhe,
Germany) following the manufacturer’s instructions. Cell monolayers
were split 1:2 24 h post transfection (pt) and supernatants and one cell
monolayer were harvested 72 h pt. To test the formation of infectious
virus, the other monolayer was fixed with acetone-methanol (1:1) for
indirect immunofluorescence assay using monoclonal antibody HN10
(Werner et al., 1999) directed against HN protein of NDV and a fluor-
escein isothiocyanate (FITC)-conjugated goat anti-mouse IgG F (ab),
(Dako, Glostrup, Denmark). Virus propagation in embryonated SPF
chicken eggs was performed as described (Romer-Oberdorfer et al.,
1999). Shortly, 400 pl transfection supernatant was inoculated into the
allantoic cavity of 10-day-old embryonated SPF chicken eggs, and al-
lantoic fluids were harvested 5 days post inoculation. Hemagglutinating
activity (CEC, 1992) was determined, and QM9 cells were infected with
probably virus containing allantoic fluids and fixed with acetone-me-
thanol (1:1) 18-20h pi for indirect immunofluorescence assay (IFA)
with NDV hyperimmune serum (HIS) and Alexa Fluor® 488 conjugated
goat anti-rabbit IgG secondary antibody (Life technologies, Carlsbad,
USA).

2.5. Sequence analysis of recovered recombinant viruses

Viral RNA was isolated from allantoic fluid after two passages in
embryonated SPF chicken eggs using QIAamp® Viral RNA Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instruc-
tions. The nucleotide sequences of the mutated regions were amplified
by RT-PCR using suitable primers and OneStep RT-PCR Kit (Qiagen,
Hilden, Germany), eluated from a 1% agarose gel with the QIAquick
Gel Extraction Kit (Qiagen, Hilden, Germany) and sequenced
(Sequencer 3130Genetic Analyzer, Applied Biosystems, Foster City,
USA).

2.6. Replication kinetics and virus titration

Replication kinetics in CEF cells were determined as described
(Heiden et al., 2014). Briefly, CEF were infected with the respective
virus at a multiplicity of infection (MOI) of 0.01. The inoculum was
removed 40 min post infection (pi), and the monolayers were washed
twice with medium prior to further incubation at 37 °C and 3% CO,.
Supernatants were harvested and frozen at indicated time points. After
thawing, virus titers (TCIDso/ml) were determined on QM9 cells by
indirect immunofluorescence using NDV HIS and Alexa Fluor® 488
conjugated goat anti-rabbit IgG secondary antibody (Life technologies,
Carlsbad, USA).

2.7. Virus purification

NDV Cl30, rNDVPdedVded, and rNDVW-NLS,,,,,; were propagated in
10-days-old SPF embryonated chicken eggs, infected allantoic fluids
were harvested 100 h pi, and clarified by centrifugation for 10 min at
3000 rpm. Virions were purified and concentrated on a sucrose cushion
(65% (W/V) in TEN buffer (20 mM Tris, 150 mM NaCl, 0.1 mM EDTA,
pH 7.4)) at 25,000 rpm for 2h in a SW32.Ti rotor (Beckman Coulter,
Optima LE-80K ultracentrifuge) at 4°C, followed by centrifugation
through a preformed sucrose density gradient (20%, 30%, 40%, 50%,
and 60% W/V) or CsCl density gradient (20%, 25%, 30%, 35%, 40%,
45% W/V) in TEN buffer for 1h at 27,000 rpm and 4 °C in a SW40.Ti
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rotor (Optima LE-80K). The purified virus was collected and trans-
ferred to a sterile dialysis-tubing (Thermo Scientific SnakeSkin, 7 K
MWCO Dialysis Tubing), stored in TEN buffer for at least 9 h with twice
buffer changes to remove remaining sucrose or CsCl. Total protein
content was determined (NanoDrop™ Lite Spectrophotometer), and
purified virions were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) for further Western blot
analyses.

2.8. Transfection

QM9 cells were transfected with 100 ng (96 well) or 2.5 ug (6 well)
of respective expression plasmids using Lipofectamine®2000 according
to manufacturer’s instructions (Invitrogen) at a DNA : lipofectamine
ratio of 1.0 ug : 2.0 pl. Cells were fixed with acetone-methanol for IFA,
with 3.7% formaldehyde for confocal microscopy, or lysed in 1x Roti®-
Load 1 (Roth) for Western blotting.

2.9. Western blotting

QMO cells seeded in 6 well cell culture plates were transfected with
respective expression plasmids or infected with respective viruses at an
MOI of 1.0 and lysed at indicated time points in 1x Roti®-Load 1 (Roth,
Karlsruhe, Germany). Purified virion solutions were mixed 1:1 with 1x
Roti®-Load buffer. Samples were incubated 5 min at 95 °C prior to se-
paration of the proteins by 10.4% SDS-PAGE. Gels were used subse-
quently for transfer of the proteins to a nitrocellulose membrane
(Protran BA83, 0.2 um, GE healthcare, Little Chalfont, UK). After in-
cubation with appropriate primary antibodies and peroxidase-linked
secondary antibodies (Dianova, Hamburg, Germany), proteins were
detected using a chemiluminescence detection system (SuperSignal
West Pico Chemiluminescent Substrate, Thermo Fischer, Waltham,
USA) and a ChemiDoc XRS + (Bio-Rad, Hercules, USA).

2.10. Immunofluorescence and confocal microscopy

For IFA, QM9 cells were seeded in 96-well cell culture plates and
transfected with respective expression plasmids or infected with NDV
CI30 or rNDVPdedVded at an MOI of 1.0. Cells were fixed by acetone-
methanol 30 h pt or 24 h pi, and incubated with aNDV_W¢;3q9, aNDV_P
or aNDV_V, followed by incubation with secondary Alexa Fluor® 488-
goat  —a-rabbit-antibody,  AlexaFluor®568-goat-a-rabbit-IgG ~ or
AlexaFlour®488-goat-a-mouse-IgG (Life technologies, Carlsbad, USA).

For confocal laser scan microscopy, QM9 cells were seeded onto
sterile glass slides within 24-well plates, infected with NDV ClI30 or
rNDVPdedVded at an MOI of 5.0 or transfected with pCAGGS expres-
sion vectors coding for NDV CI30 P, V, W proteins or mCherry-tagged
proteins. Cells were incubated at 37 °C and 3% CO, and fixed with 3.7%
formaldehyde 24 h pi or 5-24 h pt. Following permeabilization using
0.1% Triton X-100, slides were blocked with 5% BSA in 1x PBS and
incubated with a P-specific monoclonal antibody (mabNDVP, (Werner
et al., 1999)), a P-specific antiserum (aNDV_P), a V-specific antiserum
(aNDV_V) or aNDV_Wc¢y3o. After three washing steps with 5% BSA,
samples were incubated with respective Alexa Fluor®488-goat-a-
mouse-IgG (Life technologies, Carlsbad, USA) and AlexaFluor®568-
goat-a-rabbit-IgG (Life technologies, Carlsbad, USA) and mounted with
Mowiol following further washing steps. Images were taken on a Leica
SP5 confocal microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many) with an oil immersion objective (HCX PL APO 63x/1.40-0.60
objective). Sequential z-sections of stained cells were acquired for
maximum projection and images were processed using ImageJ soft-
ware.

2.11. Fluorescence intensity histograms

Fluorescence intensities of a representative z-section of the
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maximum projections were analyzed with ImageJ software. A straight
line of 70 um length was drawn along the maximal cell expansion for
generation of a plot profile. Every sixth value of the detected signal
intensities in the direction of the arrow was graphed within a histo-
gram.

2.12. Electron microscopy

Purified virions were adsorbed to Formvar coated nickel grids for
10 min. Grids were then washed once with 1x PBS and sterile distilled
water and incubated with glutaraldehyde at a final concentration of
2.5%. After negative staining with 1% phosphotungstic acid (pH 6.0),
the grid was dried and analyzed with a Tecnai-Spirit (FEIL, Eindhoven,
The Netherlands) transmission electron microscope at an acceleration
voltage of 80 kV.

2.13. Mass spectrometry

Mass spectrometric analysis was carried out using a nano-LC
MALDI-TOF/TOF platform (Bruker, Bremen, Germany). Regions of in-
terest were excised from a SDS-PAGE gel and subjected to standard
trypsin in-gel digestion (Shevchenko et al., 2006). Proteins were iden-
tified essentially as described elsewhere (Henning et al., 2014). In short,
peptides were separated by nano-LC (easy-nLC, Bruker), spotted to a
MALDI target with a proteineer fc-II robot and analysed by MALDI-
TOF/TOF MS on an UltrafleXtreme instrument (Bruker). Spectra were
processed with Flexanalysis software and proteins were identified using
a Mascot server (version 2.4, Matrixscience, UK). Carbamidomethyla-
tion of cysteine was set as fixed modification, oxidation of methionine
and acetylation of protein N-termini as variable modifications. One
missed trypsin cleavage was tolerated. Mass tolerances were set to
25 ppm and 0.7 Da for peptide and fragment spectra respectively, a
significance level of 95% was used. The sequence database was com-
piled from the Gallus gallus proteome (The UniProt, 2017) and the
proteins specified by the used mutants. Results were drawn from the
Mascot server by Proteinscape software (Bruker) for further evaluation.

3. Results
3.1. Generation of a W-specific antiserum

Specific antisera were generated against the C-terminal part of the
W protein of NDV Clone 30. Antigenic regions were predicted based on
the algorithm of Kolaskar and Tongaonkar (Kolaskar and Tongaonkar,
1990) using Geneious software (Biomatters Ltd. © 2005-2016). Two
peptides harboring two antigenic regions each (Fig. 1A) were synthe-
tically produced and used for immunization of rabbits. Subsequently,
collected sera were tested for reactivity and specificity. To this end,
QMO cells were transfected with several expression plasmids, and cells
were fixed or lysed for subsequent IFA or Western blotting. Only pep-
tide serum 2, henceforth referred to as aNDV_W;3, specifically reacted
in the IFA with cells expressing the putative W protein (Fig. 1B). A
protein of approximately 30 kDa could be identified by Western blot
analysis, thus confirming the specificity of serum 2 (Fig. 1C). Although
the molecular mass of the NDV CI30W protein is calculated as
19.2 kDa, the slower migration is a known phenomenon of P proteins of
negative-strand RNA viruses and their editing products as a result of N-
terminal stretches rich in negatively charged amino acids and phos-
phorylation (Emerson and Schubert, 1987; Curran et al., 1991b; Huber,
Cattaneo et al. 1991; Pickar et al., 2014). Possible unspecific binding of
this serum to other P gene products like P30, V30 or the common C-
terminal 133 aa of P, V and W (Pcj30 aa1.133) Was not observed after
transfection (Fig. 1B, C). Possible cross-reactivity with the NP protein of
NDV CI30 was investigated after transfection of pCAGGS_NPc30, re-
sulting in no signal in Western blot and IF analyses, indicating the
suitability of this serum for the detection of NDV CI30 W protein
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(Fig. 1B, C). NDV hyperimmune serum (HIS) confirmed the expression
of the corresponding proteins. Subsequently, W protein expression was
analyzed during infection. QM9 cells were infected at an MOI of 1.0 for
IFA. Whereas no W protein was detected in non-infected cells, W pro-
tein was clearly demonstrated in NDV CI30 infected cells, identifying W
protein expression in NDV infected cells for the first time (Fig. 1D).

3.2. Generation of a W deficient recombinant virus and W protein detection
in infected cells

To study W protein function during in vitro replication, the re-
combinant rNDVPdedVded was generated which lacks W protein ex-
pression. rNDVPdedVded is derived from the recombinant virus
rNDVGu that corresponds to NDV Clone 30 (Ramp et al., 2012). It was
altered by a 6 nt deletion within the P gene editing site (Fig. 2A). Since
this deletion results in elimination of any editing, it would not only
prevent expression of W but also of V. Therefore, a complete V gene,
flanked by the non-coding regions of the P gene, was inserted at an
artificial Mlul restriction site, resulting in a virus genome consisting of
an additionally inserted V gene between P and M genes. In addition, the
V gene possesses a deletion in the editing site sequence, and its se-
quence is characterized by an extra guanine residue to secure the ne-
cessary frameshift of V ORF. Virus was rescued by reverse genetics
using the generated full-length plasmid.

QMO cells were infected with rINDVGu or rNDVPdedVded at an MOI
of 1.0. Cell lysates were harvested at the indicated time points and
subjected to SDS-PAGE, Western blotting and staining by aNDV_W¢30,
and a peroxidase-linked secondary antibody. In agreement with the
previous transfection study (Fig. 1C), a "30kDa W protein could be
identified after infection of QM9 cells with NDV CI30, whereas the
recombinant rNDVPdedVded did not show W protein expression
(Fig. 2B), as expected.

For a more detailed analysis by confocal laser scanning microscopy,
QMO cells were infected at an MOI of 5.0, fixed 24 h pi, and incubated
with a P protein specific monoclonal antibody (mabNDV_P (Werner
et al., 1999)), and serum aNDV_Wc30, as well as corresponding sec-
ondary antibodies coupled to AlexaFluor®488 (P, green) or Alexa-
Fluor®568 (W, red) fluorophores. For NDV Cl30 infected cells, a specific
intranuclear staining was shown with the W-specific antiserum, de-
monstrating W protein accumulation in the nucleus. Again,
rNDVPdedVded infected cells lack any W protein reactivity (Fig. 2C).

To gain an insight whether W protein expression influences in vitro
replication, growth kinetics of INDVPdedVded were analyzed in CEF as
described, and titrated on QM9 cells for calculation of the TCIDso/ml.
As reference virus, INDVGu was included. Replication patterns and
final titers at 72 h pi were found to be similar for both viruses (Fig. 2D).

3.3. Analysis of purified CL30 and rNDVPdedVded virions

Virions of CI30 and rNDVPdedVded were purified from allantoic
fluids by density gradient centrifugation and purity of the sample pre-
paration was demonstrated by electron microscopic analyses (Fig. 3A).
First evidence for the existence of W came from mass spectrometric
analysis of SDS-PAGE separated proteins. After in-gel digestion of a gel
slice corresponding to a molecular weight of approximately 30 kDa and
analysis by nano-LC MALDI-TOF/TOF mass spectrometry, two peptides
of the specific C-terminus of W (aa 135-179) were identified (Fig. 3C).
This finding was confirmed by Western blot analyses of purified virions
with aNDV_Wc30 demonstrating that W was present in NDV CI30 vir-
ions whereas no reactivity was observed with purified INDVPdedVded
virion preparations (Fig. 3B).

Western blot analyses of QM9 cells infected with NDV CI30 or with
rNDVPdedVded showed that aNDV_Wg3, detected an additional band
of about 55kDa (Fig. 2B, 3B) that was not visible in cells transfected
with only protein expressing plasmids (Fig. 1C). Mass spectrometric
analyses showed the presence of large amounts of NP in this molecular
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A aa131 aa 179 Fig. 1. Generation and specificity testing of an NDV CI30W
rotein specific serum.
AKKGAHGRAPKRGITNVRLNSRGVNPVAETVRKDRRTKSRPPLETRAQT f; P d.p ion of antieni . derlined) within th
g e ) Prediction of antigenic regions (underlined) within the
unique C-terminal part (aa 135-179) of the CI30 W protein
and definition of sequences for synthetic peptide 1 (dashed
arrow) and 2 (black arrow) used for rabbit immunization. B)
) Indirect immunofluorescence assay using aNDV_Wcy3o after
3
B C N . 5 o  transfection of QM9 cells with expression plasmids coding for
NDV HIS kD3 , s\& A8 QS’Q Qé”e §° NDV CI30 W, V P, Py 33,5, and NP proteins. C) Reactivity and
170 — specificity test of aNDV_W¢3o in Western blot analysis uti-
130 — lizing lysates of accordingly transfected QM9 cells. The mo-
Wy  100— lecular weight of marker proteins is indicated in kDa. Non-
70— transfected cells (-) served as negative control. D) Detection of
3 55— W protein in NDV Cl30 infected QM9 cells following staining
20 — with aNDV_W¢j30. Non-infected cells served as negative con-
trol. Transfection and infection efficacies were controlled
Veso 35— using NDV HIS.
25==
15— aNDV_Wcy,
P
ciso 55 —
40 —
o
35—
Peiso 25— NDVHIS —
aa1-133
D Non-infected
NPCBO

weight range (data not shown) so that we assume NP to cause this
unspecific antibody binding, probably by a different protein structure
or expression level after infection.

3.4. Nuclear localization of the W protein and identification of an NLS
within the specific C-terminus of the W protein

Since confocal microscopy pointed to a nuclear localization of the W
protein in infected cells, this finding was addressed in detail after
transfection of QM9 cells with pCAGGS expression constructs coding for
NDV CI30P, V and W proteins. Monolayers were fixed 24h after
transfection and stained with antisera, specific for either P (aNDV_P), V
(aNDV_V) or W (aNDV_Wc;3) for subsequent confocal microscopy. In
contrast to P and V that localized exclusively (P) or predominantly (V)
to the cytoplasm, W displayed a pronounced nuclear accumulation after
transfection (Fig. 4 A).

NDV CI30 W possesses a calculated molecular mass of 19.2 kDa and
is therefore able to pass through nuclear pores passively. However, the
detected strong nuclear signal indicated the presence of a specific nu-
clear localization signal (NLS). The online tool cNLS mapper (Kosugi
et al., 2009) was used for the prediction of an importin a-dependent
NLS, and a bipartite sequence motif with two basic amino acid clusters
could be identified in the specific C-terminal part of the W protein
(Fig. 4B).

In order to demonstrate functionality of the predicted bipartite NLS,
plasmid-based constructs for expression of N-terminally mCherry-
tagged W protein with the wild type or a mutated NLS motif were en-
gineered (Fig. 4B). For mutation of the NLS, both basic amino acid
clusters were disrupted by nucleotide changes leading to amino acid
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alterations (Fig. 5A). Hence, aNDV_W(30 serum displayed a decreased
reactivity to the mutated W protein, since the antigenic region of
peptide 2 overlaps with one of the basic clusters (Fig. 4B). To avoid that
problem, the mCherry-tagged proteins were used for further analyses.

QM9 cells were transfected with pCAGGS_mCherryWcjzo or
pCAGGS_mCherryW-NLS,,,,;, fixed at the indicated time points and
analyzed by confocal microscopy (Fig. 4C). Signal intensities were
measured along the drawn white arrows using ImageJ (Schneider et al.,
2012) and displayed by histogram. Increasing nuclear accumulation
over time could be seen for W protein with the wild type NLS sequence,
whereas the mutated W protein was evenly distributed all over the cell
body (Fig. 4C).

3.5. Construction of a recombinant virus lacking a functional W NLS

To study the effect of the altered cellular distribution of W protein in
infected cells, a recombinant virus with a mutated NLS within the W
ORF (within the P gene) was constructed ({NDVW-NLS,,,,0) (Fig. 5A).
Like rNDVPdedVded, rNDVW-NLS,,,. was derived from the re-
combinant virus rNDVGu that corresponds to NDV Clone 30. In-
troduced nucleotide changes AG421/422GC, G485C and G496C (nt
numbers refer to the W ORF) resulted in three aa changes within the
two basic clusters of the NLS in the same way as for the pCAGGS_m-
CherryW-NLS,,,. expression construct. These alterations also result in
one or two aa changes in P and V, respectively (Fig. 5A).

Western blot analyses of lysates of QM9 cells infected at an MOI of
1.0 using aNDV_W(;30 demonstrated expression of the mutated “30 kDa
W protein (Fig. 5B, stars). Decreased signal intensities are due to the
lower reactivity of oNDV_Wc3o with the mutated sequence.
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Fig. 2. Generation and characterization of recombinant virus
rNDVPdedVded lacking W protein expression.

P gene

V gene
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A) Schematic representation of the genome organization of the
newly generated recombinant rNDVPdedVded. Deleted editing
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Redistribution of INDVW-NLS,,,,, W protein was addressed after infec-
tion of QM9 cells at an MOI of 5.0 for 24 h and staining with aNDV-P
(Werner et al., 1999), and aNDV_Wc3, as well as corresponding sec-
ondary antibodies coupled to AlexaFluor®488 (P, green) or Alexa-
Fluor®568 (W, red) fluorophores. While nuclear accumulation was
confirmed for C130 W, mutated W of rINDVW-NLS,,,,,. was found evenly
distributed within cytoplasm and nucleus (Fig. 5C) but also in-
corporated into the virion as again demonstrated for NDV Cl30
(Fig. 5E). To analyze whether the altered intracellular distribution of
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1
site sequences are marked by triangles. Corresponding nt and

aa sequences are given in comparison to rNDVGu. B) Lysates of
QM9 cells infected with NDV CI30 or rNDVPdedVded (MOI
1.0) were harvested 24-96h pi and subjected to SDS-PAGE
and Western blotting using aNDV_W(c;3¢. The star (*) marks W
specific protein bands. Non-infected cells (ni) served as nega-
tive control. The molecular weight of marker proteins is in-
dicated in kDa. C) Cellular distribution of P or W proteins was
analyzed in C130 or rNDVPdedVded infected QM9 cells (MOI
5.0) after staining with aNDV_W¢j3o and mabNDV_P by con-
focal microscopy. D) Replication kinetics were determined on
CEF infected at an MOI of 0.01 with the respective viruses. Cell
culture supernatants were harvested at the indicated time
points and TCIDso/ml was determined by titration on QM9
cells followed by immunofluorescence. Error bars represent
minima and maxima.
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NDV W has an impact on viral replication, in vitro growth kinetics were
performed. In comparison with rfNDVGu, no replication defects of
rNDVW-NLS,,,« could be detected in CEF (Fig. 5D).

4. Discussion

Here, we demonstrate for the first time the expression of the hi-
therto hypothetical ~ 30 kDa NDV W protein using the NDV CI30 W
protein specific peptide antiserum aNDV_W_¢3, which can be used for

o  Fig. 3. Characterization of purified CI30 and rNDVPdedVded
virions.

A) Purified virions of NDV Cl30 and rNDVPdedVded adsorbed
to Formvar coated nickel grids were subjected to negative
staining with phosphotungstic acid prior to analysis by elec-
tron microscopy. B) Incorporation of W proteins into viral
particles was tested with lysates of purified CI30 or
rNDVPdedVded virions from allantoic fluids by Western
blotting using aNDV_W(c;3o. The star (*) marks the W specific
protein band. C) Following SDS-PAGE, region of interest was
excised from the gel, subjected to trypsin in-gel-digestion and
mass spectrometric analysis using a nano-LC MALDI-TOF/TOF
* platform. The amino acid sequence of the specific C-terminal
part of NDV CI30 W protein is given as reference from aa 131
to aa 179. Grey bars indicate the sequence regions covered by
the two peptides identified by mass spectrometry. Black boxes
inside grey bars indicate the amino acids that could be iden-
tified by fragmentation of the peptides in the TOF/TOF mass
spectrometry mode.

aa 179

AKKGAHGRAPKRGITNVRLNSRGVNPVAETVRKDRRTKSRPPLETRAQT

Editing site -
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Fig. 4. Identification and functionality testing
of a bipartite nuclear localization sequence
within the unique C-terminal part of the W
protein.

A) Cellular distribution of P, V or W proteins
was analyzed 24 h pt in transfected QM9 cells
after staining with aNDV_W¢;30 (W), aNDV_V
(V) or aNDV_P (P) by confocal microscopy. B)
Amino acid sequences of the wild type NLS
predicted by cNLSmapper (in bold) with two
basic clusters (larger letters) following the
editing site (underlined), the mutated NLS
(amino acid changes in red) and the synthetic
peptide 2 used for immunization. C) Confocal
images and fluorescence intensity histograms
of QM9 cells along the indicated arrows after
transfection with mCherry-tagged W protein
expression constructs fixed 5-20 h pt. The ca-
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W detection in Western blot, classical IFA and confocal microscopy.
Although W-specific mRNAs had been detected already in 1993
(Steward et al., 1993), NDV W has not been described so far in contrast
to W proteins of other paramyxoviruses like Sendai virus, measles virus,
human and bovine parainfluenza viruses or Nipah virus (Pelet et al.,
1991; Galinski et al., 1992; Delenda et al., 1998; Bankamp et al., 2008;
Kulkarni et al., 2009). To date, only the W protein of Nipah virus was
studied more extensively with respect to its cellular distribution or
potential interferon antagonistic functions.

A specific intranuclear staining with the W-specific antiserum re-
vealed NDV W protein accumulation in the nucleus, as demonstrated
for Nipah virus W (Shaw et al., 2004; Lo et al., 2009). In accordance
with findings for Nipah virus, an importin a-dependent bipartite nu-
clear NLS was predicted within the specific C-terminal part of NDV
CI30 W protein and proven as functional after mutation of the two re-
spective basic amino acid clusters.

Furthermore, purified virion preparations of NDV Cl30 indicated the
incorporation of W protein into the viral particle. Incorporation of V has
been observed for several paramyxoviruses (Thomas et al., 1988;
Takeuchi et al., 1990; Paterson et al., 1995; Mebatsion et al., 2001;
Samal and Samal, 2011), whereas virion localization of W has been
reported for Nipah virus only (Lo et al., 2009). Incorporation of ac-
cessory proteins could potentially be attributed to the shared amino-
terminus, since P, V and W of different paramyxoviruses are known to
interact N-terminally with monomeric NP (Curran et al., 1991a,b;
Precious et al., 1995; Horikami et al., 1996; Randall and Bermingham,
1996; Watanabe et al., 1996; Tober et al., 1998; Witko et al., 2006).
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However, for NDV, the N-terminal region of P, and therefore V and W,
as well, appears not to be involved in NP binding (Jahanshiri et al.,
2005). Another possibility is the RNA binding ability of accessory
proteins like published for the simian virus 5 (Lin et al., 1997), hPIV2
(Nishio et al., 2006) or measles virus V proteins (Parks et al., 2006).
However, the extent of incorporation of V and W proteins into NDV
virion particles requires further structural and functional studies.

In this study, recombinant viruses either completely lacking ex-
pression of W protein (fNDVPdedVded) or expressing a W protein re-
distributed to the cytoplasm due to an NLS mutation ({NDVW-NLS,,,,)
were successfully rescued. The absence of W protein expression from
rNDVPdedVded in infected cells, as well as in purified virions was
confirmed by Western blotting and confocal microscopy. An even cel-
lular distribution of the NLS-mutated W protein was validated by
confocal microscopic analysis. Both viruses showed no differences in in
vitro replication studies, indicating no essential functions of W protein
expression itself or W protein localization within infected cells. Despite
the mutation of the NLS, W was incorporated into the virion (Fig. 5E) as
shown for the parental NDV Cl30 (Fig. 3B, 5E). Therefore, it seems not
to be important, whether W was mainly localized in the nucleus or in
the cytoplasm. Although the function of the nonessential NDV W pro-
tein remains unclear, a possible role in virus-host interaction is con-
ceivable. The size and sequence variability of NDV W proteins may play
a role within infected cells by impacting on the cellular machinery of
different hosts in different ways. Some NDV W proteins lack a long C-
terminus, because translation is stopped already after few aa, resulting
in absence of any NLS or presence of only the first basic cluster. Even W
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proteins with a size encompassing both basic clusters do not always
specify two functional motives. Most of them specify the first basic
cluster. Interestingly, virulent NDV like Herts 33/56 (AY741404) and
Italy (EU293914), are characterized by a W protein sequence that codes
for a bipartite NLS with slight differences. However, there are also
velogenic isolates like ZJ1 (AF431744) that have a different sequence in
the second basic cluster.

The amino acid sequence at the F protein cleavage site represents
the major virulence determinant of NDV (Nagai et al., 1976; Peeters
et al., 1999). However, the V protein, derived from co-transcriptionally
edited mRNAs of the P gene was found to play a role in modulating and
inhibiting the interferon response of the host (Mebatsion et al., 2001;
Huang et al., 2003), which qualifies it as a critical virulence factor as
well. Interactions of NDV V with MDAS, prevention of IRF3 phos-
phorylation or induction of degradation of phosphorylated STAT mo-
lecules are some of the so far studied antagonizing functions (Childs
et al., 2009; Irie et al., 2012; Qiu et al., 2016), and several of these
mechanisms are conserved for all members of the Paramyxoviridae
(Andrejeva et al., 2004; Yoneyama et al., 2005). Since not only V
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L rNDVW-NLS,,,«. The mutated NLS motif within
the P gene is marked by a cross. Corresponding
nt and aa sequences of the W ORF are given in
comparison to rINDVGu. Consequential altera-
tions in P and V aa sequence are given below.
B) Lysates of QM9 cells infected with
rNDVPdedVded (MOI 1.0) were harvested
24-96h pi and subjected to SDS-PAGE and
Western blotting using aNDV_Wc3o. Non-in-
fected cells (ni) served as negative control.
Stars (*) mark W specific protein bands. The
molecular weight of marker proteins is in-
dicated in kDa. C) Cellular distribution of P or
W proteins was analyzed in NDV CI30 or
rNDVW-NLS,,,,, infected QM9 cells after
staining with aNDV_W(¢j3o and mabNDV_P by
confocal microscopy. D) Replication kinetics
was performed on CEF infected at an MOI of
0.01 with the respective viruses. Cell culture
supernatants were harvested at the time points
indicated, and TCIDso/ml was determined by
titration on QM9 cells followed by immuno-
fluorescence. Error bars represent minima and
maxima. E) Incorporation of W proteins into
viral particles was tested with lysates of pur-
ified C130 or rNDVW-NLS,,,,; virions from al-
lantoic fluids by Western blotting using
aNDV_Wgy3o. The star (*) marks the W specific
protein band.
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expression and functions are conserved among paramyxoviruses but
also the expression of W proteins, this could indicate that W represents
also a potential virulence factor in vivo. Studies on Nipah virus W
protein pointed to an interferon antagonistic effect that parallels its
nuclear accumulation, resulting from the C-terminal importin a- de-
pendent NLS (Audsley et al., 2016). Among others, Nipah virus W
protein was found to interact with the nuclear complex PR19 (Martinez-
Gil et al., 2017) or functions as a complexing agent for STAT molecules
within the nucleus (Ciancanelli et al., 2009). In addition, inhibition of
IRF3 phosphorylation and hence IRF3 activation has been described
(Shaw et al., 2004, 2005) and infection with a recombinant Nipah virus
lacking W extended the survival time in comparison to infection with
wild type virus, while increasing neurological symptoms in a ferret
infection model (Satterfield et al., 2015). With the detection of NDV W
for the first time here, it can now be studied which functions this
protein during virus infection performs and whether functions depend
on virus strain.
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5. Conclusions

Here, we demonstrate for the first time the expression in infected
cells of the hitherto hypothetical NDV W protein by Western blot, in-
direct immunofluorescence and confocal microscopy using a specifi-
cally generated NDV W specific peptide antiserum, and by mass spec-
trometry. NDV CI30 W localized to the nucleus and could be detected in
purified virions. Recombinant viruses lacking expression of W protein
(rNDVPdedVded) or expressing a W protein with disrupted NLS
(rNDVW-NLS,,,,,) displayed no replication defects in vitro, indicating no
essential functions in this process, at least for lentogenic NDV Cl30.
Thus, our studies serve as a basis for future functional analyses of NDV
W in vitro and in vivo.
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