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INTRODUCTION

The Paramyxoviridae include some of the great and ubiquitous disease-causing
viruses of humans and animals. Human respiratory syncytial virus (hRSV) and human
parainfluenza virus types 1 and 3 (hPIV1 and hPIV3, respectively) are the most
prevalent and infectious respiratory pathogens which belong to the family
Paramyxoviridae (Chanock, 1957; Chanock et al., 1958). According to estimates of the
World Health Organization, global hRSV disease burden is 64 million cases and 160.000
deaths every year, and infants together with young children are among those who are
mostly affected. Parainfluenza viruses cause a spectrum of respiratory illnesses and the
annual estimated rates of hospitalizations caused by these viruses are from 15.000 to
80.000 cases only in the US (World Health Organization 2009). Parainfluenza viruses
and human respiratory syncytial virus have been associated with every kind of upper
and lower respiratory tract illnesses which, in their symptoms, only slightly differ from
respiratory diseases caused by other infectious pathogens. Consequently, diagnosis of
the infectious agent causing the respiratory disease based only on clinical symptoms in
most cases is impossible. For this a laboratory diagnosis is highly recommended (Hall,
2001; Henrickson, 2003).

Nipah, Hendra and Menangle viruses (NiV, HeV and MenV, respecively) join a
growing list of recently identified paramyxoviruses for which bats have been implicated
as the natural host (Chua et al., 1999; Philbey et al., 1998; Selvey and Sheridan, 1995).
Latest reports have indicated that deadly outbreaks caused by these viruses are sparse
and worldwide burden is not very significant (Eaton et al., 2006; Philbey et al., 2008).
However, these newly identified paramyxoviruses change fast, infect wide host range
including several terrestrial species in four mammalian orders, cause systemic
infections affecting various organ systems also central nervous system, and NiV and
HeV are deadly human pathogens (Eaton et al., 2006; Philbey et al., 2008). Therefore, it
is likely that with the laps of time in the changing climate era these viruses may become
wide spread infectious pathogens causing deadly outbreaks in humans and livestock.

Since NiV, HeV and MenV were identified only recently, consequently, knowledge
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about them is relatively scanty. It is little known about the biology, spread, virulence
and pathology of these viruses, also no effective means of diagnostics, which would
help a lot to fill existing knowledge gaps, are available by now (Wong, 2010) .

The study presented here describes the yeast-derived N proteins as useful tools
for the development of new detection systems for the infections caused by respiratory
and zoonotic paramyxoviruses.

Definite diagnosis of the Paramyxoviridae infections requires conventional
laboratory methods which are skill-demanding and not specific enough (Hall, 2001;
Henrickson, 2003; Lee et al.,, 1992). Paramyxovirus specific antibodies have been
efficiently detected by binding to viral antigens in enzyme-linked immunosorbent
assays (ELISAs). For this purpose whole virus particles, isolated from human cell
cultures, have been used as antigens for a long time. Although whole-virus-based ELISA
diagnostics offers a number of advantages, namely, low cost, simple handling and
ability to test many samples at a time, however, these diagnostic tests are still not
specific enough (Hall, 2001; Henrickson, 2003). Assays for immunity based on
recombinant viral proteins may offer a number of advantages over whole-virus-based
ELISAs, namely, simplified production, improved standardization, enhanced stability
and no risk of virus distribution (Bouche et al., 1998). Though using recombinant viral
proteins instead of whole virus particles the more narrow spectra of virus specific
antibodies could be detected, the right choice of proper viral antigen may improve the
specificity of the diagnostic test. It is well known that a C terminal part of N protein of
various paramyxoviruses is very immunogenic and differs in amino acid sequence even
among parainfluenza virus types (Karron and Collins, 2007). Therefore, using
recombinant N proteins for ELISA based diagnostics of infections coused by
paramyxoviruses it should be possible to detect virus specific antibodies in oral fluids
and blood serum samples.

Host defence against most paramyxoviruses is mediated largely by humoral
immunity to surface glycoproteins of virus particle. During the infection specific

antibodies to surface glycoproteins are usually produced (Connors et al., 1991; Eaton et
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al., 2006; Philbey et al., 2008; Ray et al., 1988). However, antigenic properties of viral
surface glycoproteins change with time and specific antibodies to these proteins usually
crossreact with the same proteins of closely related viruses (Lamb and Parks, 2007).
Synthesis of recombinant viral glycoproteins in heterologous expression systems is
complicated and usually the yield of product is very low (Fooks et al., 1993; Nayak et al.,
1985). Also, the synthesis of measles and mumps viral glycoproteins in yeast
S.cerevisiae proved to be unsuccessful (Ciplys et al., 2011, in press). The yeast
expressed glycoproteins are not folded correctly and their antigenic properties do not
resemble those of native viral proteins. The N protein of paramyxoviruses also induces
a host humoral immune response, and N protein specific antibodies are produced in
response to viral infection. Using N proteins, synthesized in yeast P.pastoris and
S.cerevisiae, specific ELISA tests for the diagnosis of mumps and measles were
developed. These tests offer a number of advantages over any other diagnostic tests,
available to date and become a significant tool in control of mumps and measles
epidemics (Samuel et al., 2002a; Samuel et al., 2003; Slibinskas et al., 2004; Slibinskas et
al., 2003). Consequently, the yeast expressed N proteins could be useful tools for the
development of new serology based diagnostic systems for the infections caused by
respiratory and zoonotic paramyxoviruses.

The aims of this study. The purpose of the study presented here was to investigate
synthesis of SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins in yeast
S.cerevisiae, to determine properties of recombinant N proteins and evaluate the
feasibility to use them in diagnostics. Towards the goals of this study the following tasks
have been formulated:

1. To synthesize SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins in yeast
S.cerevisiae expression system effectively.

2. To purify recombinant SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins from

yeast cells, and define their properties.



3. To determine the nature of interaction between recombinant N proteins of
paramyxoviruses and nucleic acids of yeast cell, and investigate an inpact of the C
terminal part of N protein to the stability of virus nucleocapsid like particles (vNLP).

4. To test recombinant hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins for their
suitability in diagnostics.

Scientific novelty. Definite diagnosis of the Paramyxoviridae infections requires
conventional laboratory methods which are skill-demanding and not specific enough
(Hall, 2001; Henrickson, 2003; Lee et al., 1992). Also, NiV, HeV and MenV were
identified only recently, consequently, knowledge about them is relatively scanty. It is
little known about the biology, spread, virulence and pathology of these viruses, also no
effective means of diagnostics, which would help a lot to fill existing knowledge gaps,
are available by now (Wong, 2010) . Therefore, in this study the synthesis of SeV, hPIV1,
hPIV3, hRSV, NiV, HeV ir MenV N proteins in yeast S.cerevisiae was investigated and the
use of recombinant N proteins as a tool for the development of serology based systems
for viral diagnostics was proved.

Practical value. In this study it was confirmed that yeast expressed N proteins are
useful tools for the developmment of reliable, fast and cheap diagnostic tests for hPIV1,
hPIV3, hRSV, NiV, HeV ir MenV infections. The effective diagnostic tools for viral
infections would help to idenify dangerous paramyxoviruses and provide additional

means to investigate their biology, spread, virulence and pathology.
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MATERIALS AND METHODS
Reagents, enzymes and kits
All reagents used in this work were the highest quality available. All enzymes, their
reaction buffers and kits were provided by UAB ,Fermentas” (Lithuania) and used
according to the manufacturers’ recommendations.
Oligonucleotides
Primers used for synthesis of N genes (for expression in S.cerevisiae):
1. SeV N gene:
5~ CAACTAGTACAATGGCTGGATTGTTGAGCACC
3'— GTACTAGTTTAGATTCCTCCTACCCCAGCT
2. hPIV1 N gene:
5~ AAACTAGTACAATGGCAGGTCTACTAAGTACT
3~ AGTACTAGTTTAAATTCCTCCTATCCCTGCAGCCGC
3. hPIV3 N gene:
5—TATTCTAGAACAATGTTGAGCCTATTTGATACATTTA
3~ TTGTCTAGATTAGTTGCTTCCAAATGCATTAAACAGA
4. hRSV N gene:
5‘— GCAACTAGTACAATGGCTCTTAGCAAAGTCAAGTTG
3'—TTTACTAGTTTAAAGCTCTACATCATTATCT
5. NiV N gene:
5'— AAAACTAGTACAATGAGTGATATCTTTGAAGAG
3'— AAAACTAGTTTACACATCAGCTCTGACGAAATCT
6. HeV N gene:
5'— AGAACTAGTACAATGAGTGATATATTTGACGAG
3’ — GATACTAGTTTACACGTCTGCTCTAACAAAG
7. MenV N gene:
5—TTACTAGTACAATGGCCACACTTTTAAGGAGC
3'— ACATCTAGAAATGATACTTGGGC
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10.

11.

12.

13.

14.

15.

16.

NiV-N y1.399) gENE:

5'— AAAACTAGTACAATGAGTGATATCTTTGAAGAG

3'— AAAACTAGTTTATGTTTCCTGAACTGCAGCAGCG

HeV-Ny1.399) geNE:

5'— AGAACTAGTACAATGAGTGATATATTTGACGAG

3~ GTACTAGTTTAGATTCCTCCTACCCCAGCT

MenV-Ny;.399) gENE:

5—TTACTAGTACAATGGCCACACTTTTAAGGAGC

3'— AGATCTAGATTAGGTGACTGCTGCTGACATATCC

MenV-Ncepis) gene:

5—TTACTAGTACAATGGCCACACTTTTAAGGAGC

3'— GTTATTAGTAGTCTAGATTAGTGATGGTGATGGTGATGCATGTCAAGAT
MenV-N y1-400+cenis) BENE:

5= TTACTAGTACAATGGCCACACTTTTAAGGAGC

3 — GTTATTAGTAGTCTAGATTAGTGATGGTGATGGTGATGTCTGGTGACTGC
MenV-Ny;.430+cstis) 8ENE:

5= TTACTAGTACAATGGCCACACTTTTAAGGAGC

3~ GTTATTAGTAGTCTAGATTAGTGATGGTGATGGTGATGATTCCCCCTTCTT
MenV-Nz1.460+cstis) 8ENE:

5—TTACTAGTACAATGGCCACACTTTTAAGGAGC

3~ GTTATTAGTAGTCTAGATTAGTGATGGTGATGGTGATGGGGTAACGGACGA
MenV-Nyi-290+cstis) 8ENE:

5= TTACTAGTACAATGGCCACACTTTTAAGGAGC

3'— GTTATTAGTAGTCTAGATTAGTGATGGTGATGGTGATGCCGATCTCGGG
N(mev-n-n1-400+hRsV-N-c275-392) BENE!
5'—TTACTAGTACAATGGCCACACTTTTAAGGAGC

3~ TTTACTAGTTTAAAGCTCTACATCATTATCT
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Bacterial, yeast strains and plasmids

Bacterial recombinants were screened in Escherichia coli DH5a (F~ gyrA96 (Nal') recAl
relA1 endA1 thi-1 hsdR17 (r, m,") gInV44 deoR A(lacZYA-argF)U169 [$80dA(lacZ)M15])
cells. S.cerevisiae strains AH 22-214 (MATa ura3 leu2 his3), its derivative 214Apep4
(MATa ura3 leu2 his3 Apep4) and FH4 (MATa /a) were used for expression. Plasmid
pSeV(+)-V-C365R with wild type SeV N gene (strain Z) (GeneBank Accession No.
M30202) was kindly provided by Dr. T. Sakaguchi from Graduate School of Biomedical
Sciences, Hiroshima University, Japan. Plasmids pFastBacHT-NiV, pFastBacHT-HeN and
pCR4-TOPO-MenV-N7 with wild type NiV, HeV and MenV N genes, respectively,
(GeneBank Accession No.: AF212302, AF017149 and AF326114, respectively) were
kindly provided by Dr. W. P. Michalski from CSIRO Livestock Industries, Australian
Animal Health Laboratory, Geelong, Australia. Plasmid pFGG3 (Slibinskas et al., 2004)
was used as S.cerevisiae expression vector.

Bacterial, yeast media, transformation and growing conditions

E.coli strains were grown in LB medium at 37°C. Transformations of E.coli were carried
out by the CaCl,-heat shock method (Sambrook et al., 1989). S.cerevisiae strains were
grown at 30°C in YEPD medium (Guthrie and Fink, 1991), for plates 2 % agar was added.
S.cerevisiae competent cells were prepared and transformed with plasmid DNA by
LiAc/ssDNA/PEG method (Gietz et al., 1995). For selection and growing of S.cerevisiae
transformants YEPD medium was supplemented with 5mM formaldehyde, for
induction of recombinant gene expression YEPG medium (yeast extract 1 %, peptone
2 %, and galactose 3 %) was used.

DNA preparation and manipulation

PCR amplification, DNA hydrolysis with restriction endonucleases, dephosphorylation of
DNA 5’-termini and DNA ligation was performed using UAB “Fermentas” enzymes and
kits, according to manufacturers’ recommendations. Plasmids were prepared by the
alkaline lysis procedure (Birnboim and Doly, 1979). Recombinant plasmid construction
and analysis, DNA electrophoresis in agarose gels were performed according to

standard technique (Sambrook and Russell, 2001).
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Expression and purification of virus nucleocapsid like particles from yeast

The expression of SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV proteins in S.cerevisiae
cells (Slibinskas et al., 2004), yeast transformants (strain 214Apep4) harbouring pFGG3-
SeV, pFGG3-hPIV1, pFGG3-hPIV3, pFGG3-hRSV, pFGG3-NiV, pFGG3-HeV and pFGG3-
MenV plasmids were inoculated into YEPD media supplemented with 5mM
formaldehyde, grown overnight and reinoculated into YEPG induction media and
cultured at 28°C for 24 h. After 24 h induction the yeast cells were harvested by
centrifugation and stored at -70°C. Five gram of each recombinant clone of yeast
biomass were suspended in PBS containing 5 mM EDTA and 1 mM PMSF and after
disruption by homogenisation in the presence of glass beads were used for purification.
The N proteins were purified by successive ultracentrifugations through 30 % sucrose
cushion (100.000 x g, 3 h) followed by ultracentrifugation in CsCl gradient ranging from
1.23 to 1.38 g/cm® (100.000 x g, 36 h) performed twice. Fractions containing N proteins
were pooled and dialysed against PBS for EM and Western blot analysis (Slibinskas et
al., 2004). The buoyant density of fractions was determined with a refractometer.
Protein concentrations were determined by method of Bradford (1976).

SDS-PAGE and Western

SDS-PAGE was performed according to standart protocols (Ausubel, 1992). Western
blotting was performed as described in Sambrook and Russell (2001). The blots were
incubated with N protein specific antibodies. Horseradish peroxidase (HRP)-labelled
anti-mouse, anti-rabbit and anti-goat IgG conjugates (Sigma, USA) for detection of
specific antibody-binding were used. The blots were stained with the TMB substrate
(Fermentas UAB, Vilnius, Lithuania).

Determination of expression level of recombinant proteins in yeast lysates

The percentage of yeast expressed N proteins in crude lysates was determined by
scanning of immunostained protein bands. Analysis was conducted with the
ImageQuant™ TL software (GE Healthcare, JAV). At least three scans were used in the

estimation of expressed protein.
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Electron microscopy

After purification by CsCl centrifugation suspensions of vNLPs were placed on 400-mesh
carbon coated palladium grids. Samples were stained with 2 % aqueous uranyl acetate
solution and examined with the JEM-100S electron microscope.

Isolation and analysis of RNA

Total RNA was isolated from yeast by acid phenol method (Schmitt and Tipper 1990).
Agarose-formaldehyde gel electrophoresis and Northern blotting were performed
according to Sambrook and Russell (2001). For isolation of RNA from virus nucleocapsid
like particles 100 ug of recombinant vNLPs, purified from yeast S.cerevisiae, were
incubated in PBS, containing either 10 pug/ml of DNase | or 10 ug/ml RNase A, at 37°C
for 20 min. Then tubes were transferred to ice bath and RNA was extracted and ethanol
precipitated as in the case of total RNA isolation from yeast (Schmitt and Tipper 1990).
Before agarose-formaldehide gel electrophoresis control samples were treated with
either 10 ug/ml of DNase | or 10 ug/ml RNase A, at 37°C for 10 min. Then treated RNA
samples were fractionated by electrophoresis in 0.8 % native agarose gel and
transferred on nylon membrane exactly as in the case of Northern blotting, then
hibridisation with *2P labeled probes was performed according to standard protocols
(Sambrook and Russell, 2001).

Mass spectrometric analysis of recombinant proteins

Protein samples (1 mg/ml) were digested with trypsin, chymotrypsin and
endoproteinase Asp N (proteomics sequencing grade, Roche, Penzberg, Germany) at a
ratio of 1:100 (w/w) for 16h at 37°C. Reversed-phase chromatography of digests was
performed on a Vydac C18 column (3 um, 0.15 mm x 150 mm, Grace Davison, Hesperia,
CA, USA) using a Surveyor-MS HPLC system (Thermo, San Jose, CA, USA). Mobile-phase
buffers were 0.2 % (v/v) formic acid in water (A) and 0.2 % (v/v) formic acid in
acetonitrile (B), and were run at a flow rate of 1ul/min with a linear gradient of 5-95 %
B over 20 min, held at 95 % B for 10 min and finally 95-5 % B over 2 min. The effluent
from the column was connected directly to the nanospray ion source of a LCQ Classic

quadrupole ion-trap mass spectrometer (Thermo). Nanospray ion source settings were
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as follows: nanospray tip voltage 2.3 kV, capillary temperature 150°C, capillary voltage
24V and tube lens offset 5V. Tandem mass spectrometry scans (MS/MS) were
performed with normalized collision energy of 35 %. Automated interpretation of the
resulting peptide fragment spectra was performed using the Sequest algorithm (Eng et
al., 1994) (Thermo) which cross-correlates raw MS/MS spectra of peptides with
sequences from protein databases. Spectra were matched against either a “Hendra”,
“Nipah” or “Menangle” subset of the NCBI non-redundant protein database. Peptide
matches with a Sequest cross-correlation score (Xcorr) of >2.0 were used to confirm the
amino acid sequence coverage of the N proteins. Molecular weight calculation of large
peptide fragments was performed using the BIOMASS deconvolution algorithm from
Bioworks Browser program 3.1 (Thermo). Sequence assignments were made by
matching the calculated average masses with masses generated by in silico tryptic
digests of N proteins using the MS-Digest program

(http://prospector.ucsf.edu/msdigest.htm).
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RESULTS
Synthesis of recombinant Sendai virus N protein in yeast S.cerevisiae

For cloning into the yeast expression vector, the SeV N gene was amplified from
the plasmid pSeV/(+)-V-C365R, containing cDNA of the SeV genome (Huang et al., 2000);
GenBank acc. no. M30202). Primers used in the amplification of the SeV N gene
included a Bcul site for subcloning into the yeast expression vector. The amplified PCR
fragment encoding the SeV N gene was ligated into the Bcul site of the pFGG3 yeast
expression vector under the control of GAL7 promoter (Slibinskas et al., 2004). The
resulting pFGG3-SeV-N plasmid was used for the transformation of yeast S.cerevisiae
strains FH4, AH 22-214 and 214Apep4.

The procedure used in this study to synthesize the recombinant SeV N protein in
yeast S.cerevisiae was similar to that described earlier (Samuel et al., 2002a). Briefly,
yeast cells harboring the pFGG3-SeV-N expression plasmid were inoculated into YEPD
medium containing 5 mM of formaldehyde and cultured for 24 h at 30°C. Thereafter,
yeast cells were re-inoculated into YEPG medium containing 5 mM of formaldehyde
and cultured further for 24 h at 30°C. After induction yeast cells were harvested by
centrifugation, re-suspended in disruption buffer (DB — PBS, pH 7.2, 5 mM EDTA, 1 mM
PMSF) and disrupted by homogenization in the presence of glass beads. The crude
lysate was analyzed by SDS-PAGE and Western blot (WB) using hyperimmune rabbit
sera generated by immunizing rabbits with purified SeV virions. After induction with
galactose, the Coomassie brilliant blue stained SDS-PAGE of the crude lysate of
S.cerevisiae cells harbouring the pFGG-SeV-N expression plasmid, revealed the presence
of an additional protein band of approximately 60 kDa (Fig. 1, lanes 2), which is
consistent with the molecular weight of the native SeV N protein reported elsewhere
(Neubert et al., 1991; Sakaguchi et al., 1993). The identity of the detected additional
protein band as the N protein of SeV was confirmed by WB using SeV specific
hyperimmune rabbit sera (Fig. 1, Lane 5). No immunostaining was observed in induced
yeast cells harbouring only the pFGG3 expression plasmid without a gene insert (Fig. 1,

Lane 4). The main problem to obtain large quantities of recombinant proteins might be
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their instability in yeast cells. The SeV N protein which has been described here is stable
in yeast. The analysis of yeast lysates obtained after the induction of heterologous
protein synthesis did not reveal any significant degradation of the recombinant SeV N
protein in WB. The absence of degradation products in crude lysates or only minute
presence detected by WB have indicated that the recombinant SeV N protein is quite
stable in yeast cells.

In order to identify the optimum conditions for the maximum synthesis of the SeV
N protein, yeast cells harbouring the pFGG-SeV-N expression plasmid were collected at
different time points after induction and disrupted. Then, crude yeast lysates were
subjected to WB with SeV specific hyperimmune rabbit sera. The WB analysis revealed
that the maximum level of the SeV N protein synthesis was achieved cultivating yeast
for 24 h in the induction medium. Furthermore, the synthesis of the SeV N protein was
increased almost by 25 % when the induction medium containing higher concentration
of galactose (2.5 %) was used to induce the heterologous protein synthesis. Under the
optimal conditions, the calculated maximal synthesis yield of the SeV N protein was
approximately ~28 mg per liter of induced yeast culture.

To assess whether different yeast S.cerevisiae strains affect the synthesis level of
the SeV N protein the pFGG-SeV-N expression plasmid was transformed into the wild-
type (FH4), AH 22-214 and 214Apep4 yeast strains. The 214 Apep4 strain, if compared
with wild-type or AH 22-214 strains, lacks the PEP4 locus encoding protease A. This
protease activates the set of other cellular proteolytic enzymes, thereby making the
214 Apep4 strain less proteolytically active. Synthesis of the Sev N protein was similar in
all three strains tested. S.cerevisiae strain 214Apep4, lacking vacuolar peptidase A, was
chosen for further experiments.

For the purification of the yeast-expressed SeV N protein, induced yeast cells
harbouring the pFGG-SeV-N expression plasmid were collected, re-suspended in DB and
disrupted by homogenization in the presence of glass beads. Then, the crude lysate was
centrifuged at 10.000 x g for 20 min at 4°C, soluble protein fraction (SPF) separated and

used for further purification. The yeast-expressed SeV N protein was purified by
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successive ultracentrifugation through the 30 % sucrose cushion (100.000 x g for 3 h at
4°C) followed by two ultracentrifugations in the CsCl gradient ranging from 1.23 to 1.38
g/cm?® (100,000 x g for 48 h at 4°C). Fractions containing N proteins were identified by
SDS-PAGE. After the first centrifugation in the CsCl gradient fractions containing
proteins with the molecular weight corresponding to the native SeV N protein (60 kDa)
were pooled, diluted with 1.31 g/cm® CsCl and centrifuged again under the same
conditions. Then, fractions were collected and those containing highest concentrations
of the recombinant SeV N protein pooled and dialyzed against PBS for electron
microscopy (EM). A buoyant density of the fractions was determined with a

refractometer. The purified SeV N protein was stable after freezing or lyophilization.
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Fig.1. SDS-PAGE (lanes 1-3) andWestern blot (lanes 4-6) analysis of yeast lysates and samples of yeast expressed
SeV N protein after ultracentrifugation in CsCl. Five micrograms of purified SeV N protein (lanes 3 and 6) or 20ug
of yeast lysates (lanes 1, 2 and 4, 5) were separated in a 12% SDS-PAGE and stained with Coomassie brilliant blue.
After separation proteins were analyzed by Western blot using hyperimmune rabbit sera generated by
immunizing rabbits with purified virions. Lanes 1 and 4, S.cerevisiae [pFGG3] lysate; lanes 2 and 5, S.cerevisiae
[pFGG3-SeN] lysate; lane 3 and 6, CsCl purified SeV N protein; M—protein molecular mass marker (Fermentas
UAB) 116, 66, 45, 35, 25 and 18 kDa.

For electron microscopy analysis, suspensions of the SeV N protein purified by
ultracentrifugation were placed on 400-mesh carbon coated palladium grids. Samples
were stained with 2 % aqueous uranyl acetate solution and examined with a JEM-100S
electron microscope. Electron microscopy of the purified SeV N protein revealed
structures with typical “herring-bone” morphology: relatively rigid rods with repeated
serration along the edges ~20 nm in diameter, with a central core of 4 nm, a helical
pitch of ~5nm and varying in length from 20 to 300 nm (Fig. 2). Ring structures

representing single turns of the helical nucleocapsid were also observed. It is well
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known, that yeast derived N proteins from other paramyxoviruses and the SeV N
protein, expressed in animal and insect cells, also form virus nucleocapsid like particles

(VNLPs) (Bhella et al., 2002; Samuel et al., 2002b; Slibinskas et al., 2003).

Fig.2. Electron micrographs of negatively stained SeV N protein isolated from S. cerevisiae. Scale-bar: 100 nm.

Northern blot hybridization of nucleic acids isolated from purified and nuclease
treated yeast-derived SeV vNLPs confirmed presence of nucleic acids unaffected by
DNase | treatment but sensitive to RNase A digestion. *’P labeled total yeast cDNA
derived from the recipient yeast strain harbouring the pFGG3 expression vector was
used in the hybridization assay (Fig. 3). The encapsidation appears to be relatively non-
specific in terms of RNA sequence. The nucleic acids associated with yeast-derived SeV
vNLPs were heterogeneous in size and ranged from 60 to 500 nt, however, after
RNase A treatment of recombinant vNLPs all of them were partially degraded to 60-

80 nt fragments. A
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Fig.3. Northern blot hybridization of nucleic acids isolated from SeV N vNLPs. A — SeV N vNLPs treated with RNAse
free DNAse |, 10 pug/ml. B — SeV N vNLPs treated with RNAse A, 10 pg/ml. Lane 1 — nucleic acids isolated from
VNLPs; lane 2 — nucleic acids isolated from NLPs treated with RNAse free DNAse |, 10 pug/ml; lane 3 — nucleic
acids isolated from vNLPs treated with RNAse A, 10 pug/ml. 32p Jabelled total yeast cDNR from vector harbouring
the recipient strain was used in the hybridization assay.

¢
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Synthesis of recombinant human parainfluenza virus 1 and 3 N proteins in yeast
S.cerevisiae

Prototype strains of hPIV1 (C-35) and hPIV3 (C-243) were used to obtain the
hPIV1 and hPIV3 N genes, respectively. Nucleic acids were subjected to a single step
combined RT-PCR amplification reaction. For cloning into the yeast expression vector,
the hPIV1 and hPIV3 N genes were re-amplified using specific primers, which included a
Bcul site for sub-cloning into the yeast expression vector. After amplification, DNA
bands corresponding to the hPIV1 and hPIV3 N genes were gel-purified and cloned into
the pBluescript Il KS plasmid for sequencing. The hPIV1 and hPIV3 N genes isolated from
the pBluescript Il KS were ligated into the Bcul site of the pFGG3 yeast expression vector
under the control of GAL7 promoter. The resulting pFGG3-hPIV1-N and pFGG3-hPIV3-N
plasmids, each separately, were used for transformation of yeast S.cerevisiae strain
214Apep4.

The procedure used for the expression of the hPIV1 and hPIV3 N genes in
S.cerevisiae cells was similar to that described for the expression of the SeV N gene.
After induction yeast cells harbouring the pFGG3-hPIV1-N and pFGG3-hPIV3-N
expression plasmids, separately, were re-suspended in DB and disrupted by
homogenization in the presence of glass beads. Synthesis of recombinant N proteins of
hPIVs was analyzed by SDS-PAGE. The SDS-PAGE analysis of crude lysates of induced
S.cerevisiae cells harbouring the pFGG3-hPIV1-N and pFGG3-hPIV3-N expression
plasmids revealed the presence of an additional protein band of approximately 60 and
64 kDa, respectively (Fig. 4 A and B, lanes 2). The molecular weights of these bands are
consistent with molecular weights of native N proteins of corresponding hPIVs reported
in literature (Henrickson, 2003; Miyahara et al., 1992). No additional bands of the
corresponding molecular size were observed in crude lysates of S.cerevisiae cells
harbouring an empty vector (Fig. 4 A and B, lanes 1). The SDS-PAGE analysis revealed
that both N proteins were expressed at high levels. The identity of the recombinant

hPIV1 N protein was confirmed by WB with hyperimmune rabbit sera generated by
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immunizing rabbit with purified SeV (closely related murine parainfluenza virus type 1
which N protein shares high amino acid sequence homology with hPIV1) virions
(Neubert et al., 1991). The identity of the recombinant hPIV3 N protein was confirmed
with commercial polyclonal goat anti-hPIV3 antibodies (Chemicon International, Cat.
No. AB1070). Only minute presence of degradation products in crude lysates detected
by WB had indicated that recombinant N proteins of hPIVs are quite stable in yeast
cells.

In order to identify the optimum conditions for maximum synthesis level of hPIV1
and hPIV3 N proteins, yeast cells harbouring the pFGG3-hPIV1-N and pFGG3-hPIV3-N
expression plasmids were collected at various time points after induction and
disrupted. Then, crude yeast lysates were subjected to WB. The WB analysis revealed
that maximum synthesis level of recombinant hPIV1 and hPIV3 N proteins were
achieved cultivating yeast for 24 h in the induction medium. Furthermore, synthesis
level of hPIV1 and hPIV3 N proteins were increased almost by 25 % when the induction
medium containing higher concentration of galactose (2.5 %) was used to induce the
heterologous protein synthesis. Under the optimal conditions calculated maximal
synthesis yield of hPIV1 and hPIV1 N proteins were approximately ~20 and 16 mg per

liter of induced yeast culture, respectively.

For the purification of yeast-synthesized hPIV1 and hPIV3 N proteins, induced
yeast cells harbouring the pFGG3-hPIV1-N and pFGG3-hPIV3-N expression plasmids
were collected, re-suspended in DB and disrupted by homogenization in the presence
of glass beads. Then, SPF was separated and analyzed by WB with hPIV1 and hPIV1
specific antibodies, respectively. The WB analysis revealed that the yeast-synthesized
hPIV1 N protein is soluble and only trace amounts of this protein were detected in the
pellets of disrupted yeast cells. Contrary, almost 30 % of the yeast-expressed hPIV3 N
protein was insoluble and found in pellets together with derbies of disrupted yeast
cells. In order to dissolve insoluble fraction of the yeast-expressed hPIV3 N protein,
various concentrations of detergents Tween?® and Triton X-100 in the DB were used to

disrupt yeast cells. After disruption the SPF was separated and pellets together with the
22



SPF were analyzed by WB. The WB analysis revealed that almost all yeast-expressed
hPIV3 N proteins had become soluble when treated with 2 % of Tween® or 1% of
Triton X-100. For further purification of the yeast-expressed hPIV3 N protein all

solutions used in purification procedures were supplemented with 2 % of detergent
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Fig.4. SDS-PAGE (lanes 1-3) and Western blot (lanes 4 and 5) analysis of yeast lysates and samples of yeast-
expressed hPIV1 (A) and hPIV3 (B) N proteins after ultracentrifugation in CsCl. 5 pg of purified N protein (A and B,
lanes 3 and 5) or 20 pg of yeast lysates (A and B, lanes 1, 2 and 4) were separated in a 12 % SDS-PAGE and stained
with Coomassie brilliant blue. After separation proteins hPIV1 (A, lanes 4 and 5) was analyzed by Western blot
using hyperimmune rabbit sera generated by immunizing rabbits with purified Sendai virions (Juozapaitis et al.,
2005) and HPIV3 (B, lanes 4 and 5) was analyzed using goat anti-parainfluenza virus 2 and 3 polyclonal antibodies
(Chemicon International, Cat. No. AB1070). Lanes 1: Saccharomyces cerevisiae [pFGG3] lysate; lanes 2 and 4: (A)
S.cerevisiae [pFGG3-hPIV1-N] lysate, (B) S.cerevisiae [pFGG3-hPIV3-N] lysate; lane 3 and 5: CsCl purified hPIV1 (A)
and hPIV3 (B) N proteins; M: protein molecular mass marker (Fermentas UAB) 170, 130, 100, 70, 55, 40, 35, 25
and 15 kDa.

The yeast-expressed N proteins of hPIVs were purified by successive
ultracentrifugation through 30 % sucrose cushion followed by two ultracentrifugations
in a CsCl gradient ranging from 1.23 to 1.38 g/ml>. Fractions containing N proteins were
identified by SDS-PAGE. After the first centrifugation in CsCl gradient fractions
containing proteins with molecular weight corresponding to native hPIV1 or hPIV3 N
proteins (60 and 64 kDa, respectively) were pooled, diluted with 1.31 g/ml® CsCl and
repeatedly centrifuged in the CsCl gradient. Then, CsCl gradient fractions were collected
and those containing recombinant N proteins were pooled and dialyzed against PBS for
electron microscopy (EM). The buoyant density of the fractions was determined with a
refractometer. In several preparative procedures, yield of purified recombinant N
proteins of hPIV1 and hPIV3 were found to be 20 and 16 mg per liter of induced yeast
culture, respectively. The recombinant N proteins were stable in CsCl solution at 4°C.

Dialyzed samples were stored at —20°C in PBS containing 50 % glycerol. The obtained
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yield of recombinant N proteins of hPIVs resembles to those observed previously for
the yeast-expressed proteins of different paramyxoviruses (Razanskiene et al., 2004;
Samuel et al., 2002b; Sasnauskas et al., 1999). Also, recombinant N proteins of hPIVs
are stable and show no significant degradation when synthesized, purified or stored for
a long period at -20°C.

Electron microscopy revealed that both recombinant N proteins of hPIVs form
virus nucleocapside-like particles and rings which correspond to shorter nucleocapsids
viewed along their axis (Fig. 5 A and B). In the case of the yeast-derived N protein of
hPIV3, lengthy rods and the low abundance of ring structures suggest a relatively high
intrinsic stability of nucleocapsids formed by the heterologically synthesized N protein
(Fig. 5 B). Formation of vNLPs in yeast occurs in the absence of other viral proteins. If
host cells proteins are involved in the formation of vNLPs, they appear to be conserved

in both yeast and mammalian cells.

Fig.5. Electron micrographs of negatively stained hPIV1 (A) and hPIV3 (B) N proteins isolated from S.cerevisiae.
Scale bar: 100 nm. Arrows indicate ring-like structures.

Synthesis of recombinant human respiratory syncytial virus N proteins in yeast
S.cerevisiae

A human respiratory syncytial virus (hRSV) N gene was amplified from cDNA
isolated from patients infected with the hRSV A2 strain (the major antigenic subgroup
A) (GenBank Acc. no. M11486). The cDNA of the hRSV A2 strain was kindly provided by
Dr. M. Coiras (National Center of Microbiology, de Salud Carlos Il Institute, Spain).
Primers used in the amplification of the hRSV N gene included a Spel site for subcloning
into the pFGG3 yeast expression vector. The resulting pFGG3-hRSV-N plasmid was used

for the transformation of yeast S.cerevisiae strain 214Apep4.
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Synthesis of the recombinant hRSV N protein was analyzed in SDS-PAGE. The SDS-
PAGE analysis of crude lysates of S.cerevisiae harbouring the pFGG3-hRSV-N expression
plasmid, after induction with galactose revealed the presence of an additional 44 kDa
protein band (Fig. 6 A, lane 2) consistent with the molecular weight of N protein of
human respiratory syncytial virus reported in literature (Garcia-Barreno et al., 1996). No
additional band of the corresponding molecular size was observed in crude lysates of
S.cerevisiae cells harbouring the pFGG3 expression vector (Fig. 6 A, lane 1). After
centrifugation through 30 % sucrose cushion the recombinant hRSV N protein was
found in pellets. Further, ultracentrifugation of the re-solubilized pellets in a CsCl
gradient and analysis revealed the recombinant hRSV N protein in fractions with a
buoyant density of 1.28-1.29 g/cm®. The buoyant density ranging from 1.28 g/cm® to
1.31 g/cm3 is characteristic for most virus-like particles or vNLPs, with or without
nucleic acids (Myers et al., 1999). Fractions of this buoyant density contained the highly
purified hRSV N protein with only minor amounts of contaminants as observed in SDS-
PAGE. The SDS-PAGE analysis of the purified hRSV N protein revealed a band of 44 kDa
(Fig. 6 A, lane 3), which was also observed in crude lysates (Fig. 6 A, lane 2). The identity
of the recombinant hRSV N protein was confirmed by WB with hyperimmune sera
generated by immunizing goat with purified hRSV virions (Fig. 6 B). Electron microscopy
analysis revealed that the recombinant hRSV N protein form typical herring-bone and
ring-like structures (Fig. 7). Similar vNLPs form yeast-derived N proteins of various
paramyxoviruses (Juozapaitis et al., 2005). Yeast-derived hRSV vNLPs appeared to be
loosely ordered and highly flexible helices. Weakly organized helical nucleocapsid is a
characteristic feature of the genus Pneumovirinea (Bhella et al., 2002).

In several preparative procedures, the yield of the recombinant hRSV N was found
to be 18 mg per liter of induced yeast culture. The yield obtained resembles that
observed previously for N proteins of different other viruses (Slibinskas et al., 2004).
The hRSV N protein was stable in CsCl at 4 °C. The recombinant hRSV vNLPs were stable

after dialysis and long-term storage in 50% glycerol at —20 °C.
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Fig.6. SDS-PAGE analysis of yeast lysates and samples of yeast expressed hRSV N protein after ultracentrifugation
in CsCl. A — Comassie blue stained gel. B — Western blot using hyperimmune goat sera generated by immunizing
goats with purified virions (Chemicon, Temecula, USA). Preparations loaded onto gels were as follows: lane 1 —
20 ug of yeast S.cerevisiae [pFGG3] lysate; lane 2 — 20 ug of yeast S.cerevisiae [pFGG3-hRSV-N] lysate; lane 3 —
1 pg of CsCl purified hRSV N protein; M — protein molecular mass marker (Fermentas UAB) 170, 130, 100, 70, 55,
40, 35 and 25 kDa.

ATl
Fig.7. Electron micrographs of negatively stained hRSV N protein isolated from S. cerevisiae. Scale-bar: 100 nm.
Arrows indicate ring-like structures.

Synthesis of recombinant henipah virus N proteins in yeast S.cerevisiae

For cloning into the yeast expression vector, the Nipah virus (NiV) and Hendra
virus (HeV) N genes were amplified from the pFastBacHT-NiV-N (Chua et al., 2000,
GenBank accession no. AF212302) and pFastBacHT-HeV-N (Wang et al., 2000, GenBank
accession no. AF017149) plasmids containing cDNA of the NiV and HeV N genes,
respectively. Primers used in the amplifications of the NiV and HeV N genes included a
Spel site for subcloning into the yeast expression vector. The resulting pFGG3-NiV-N
and pFGG3-HeV-N plasmids, each separately, were used for transformation of yeast
S.cerevisiae strain 214Apep4.

The procedures used for expression of the N genes in S.cerevisiae cells and
purification of the recombinant N proteins were described previously (Samuel et al.,

2002b; Slibinskas et al., 2004). The synthesis of the recombinant N proteins was
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analyzed by SDS-PAGE and WB. The SDS-PAGE analysis of crude lysates of S.cerevisiae
cells harboring the pFGG3-NiV-N and pFGG3-HeV-N expression plasmids, after
induction with galactose revealed the presence of an additional protein band of
approximately 62 kDa (Fig. 8 A and B, lane 2) consistent with the molecular weight of
native N proteins of henipah viruses reported in literature (Eshaghi et al., 2005; Wang
et al., 2000). WB using a cross-reactive monoclonal antibody generated against Nipah
virus N protein immunostained bands consistent with NiV and HeV N proteins in the
galactose-induced vyeast cells harbouring the pFGG3-NiV-N and pFGG3-HeV-N
expression plasmids (Fig. 8 A and B, lane 5) and in the CsCl fractions containing purified
NiV and HeV N proteins (Fig. 8 A and B, lane 6). Immunostaining was not observed in
induced yeast cells harboring the pFGG3 plasmid without a gene insert (Fig. 8 A and B,
lane 4). In WB low molecular weight bands are also clearly visible (Fig. 8 A and B, lane
6), suggesting that some degradation of the NiV and HeV N proteins occurred during

the synthesis and purification.

LU 3 M 4 5 8§ Mm 1 3 M 4 5 6
kDa . kDa - T
170 w— ¥ o)
130 -

100
70,

S5

&
'
Tnaen 11

35

-

TR
il
08w
|
i}
T
boleEmn
-H«iﬁl‘"tl»
]
P 18 N
|
I

25 - 25 -
(A) . B)

Fig.8. SDS-PAGE (lanes 1-3) and Western blot (lanes 4-6) analysis of yeast lysates and samples of yeast expressed
NipV (A) and HenV (B) N proteins after ultracentrifugation in CsCl. 2 ug of purified N proteins (lanes 3 and 6) or
20 pg of yeast lysates (lanes 1, 2 and 4, 5) were separated in a 12% SDS-PAGE and stained with Coomassie brilliant
blue. After separation proteins were analyzed by Western blot using mouse monoclonal antibody generated by
immunizing mouse with purified Nipah N protein. (A) Lanes 1 and 4, S.cerevisiae [pFGG3] lysate; Lanes 2 and 5,
S.cerevisiae [pFGG3-NiV-N] lysate; lanes 3 and 6, CsCl purified NiV N protein. (B) Lanes 1 and 4, S.cerevisiae
[pFGG3] lysate; Lanes 2 and 5, S.cerevisiae [pFGG3-HeV-N] lysate; lanes 3 and 6, CsCl purified HeV N protein. M —
protein molecular mass marker (Fermentas UAB) 170, 130, 100, 70, 55, 40, 35 and 25 kDa.

After centrifugation through a 30 % sucrose cushion the recombinant N proteins
of both viruses were found in pellets (data not shown), which is consistent with their
large size and multimeric organization. Ultracentrifugation of the solubilized pellets in a

CsCl gradient and analysis revealed the recombinant N proteins in fractions with
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buoyant densities of 1.28-1.30 g/cm®. Fractions of this buoyant density contained the
highly purified N proteins with only minor contaminants as observed in SDS-PAGE. The
SDS-PAGE and WB analysis of the purified N proteins of henipah viruses after
centrifugation in CsCl revealed bands of ~62 kDa (Fig. 8 A and B, lanes 3 and 6), which
was also observed in crude lysates (Fig. 8 A and B, lanes 2 and 5). Both expressed
recombinant N proteins formed nucleocapsid-like herringbone structures and rings,
which correspond to shorter nucleocapsids viewed along their axis (Fig. 9 A and B). The
abundance of ring structures suggests an intrinsic fragility in nucleocapsids formed by
heterologically synthesized nucleocapsid proteins. The N protein structures of henipah
viruses observed in yeast expression system were similar to those previously observed
for nucleocapsids of other paramyxoviruses, expressed in different systems (Fooks et
al., 1993; Rima et al., 1983; Slibinskas et al., 2004; Thorne and Dermott, 1977). In yeast
expression system formation of vNLPs occurs in the absence of other viral proteins. If
host cell proteins are involved in formation of vNLPs, they appear to be conserved in
both yeast and mammalian cells. In repeated preparative procedures, yields of purified
recombinant N proteins of NiV and HeV were 20 mg per one liter of induced yeast
culture. The yields obtained were similar to those reported previously for proteins of
other viruses generated in yeast expression system (Razanskiene et al., 2004; Samuel et
al., 2002b; Sasnauskas et al., 1999). In comparison to other expression systems used for
henipavirus N protein expression, the yeast system employed in this study was fairly
stable with only minimal degradation observed in WB (Fig. 8 A and B, lane 6). The main
differences in amino acid sequences of the two N proteins of henipavirus are situated in
the C-terminal part of the protein (Fig. 10). The C-terminal part of N protein is usually
hypervariable and has no major effect on the formation of vNLPs in different
heterologous expression systems (Longhi et al., 2003). Expression in yeast of
henipavirus N proteins (1-399 aa) with a C-terminal deletion have shown that
truncated N proteins formed rods as efficiently as full length proteins, however, the
solubility of such proteins was lower in comparison with full length constructs (Fig. 9 C

and D).
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Fig.9. Electron micrographs of negatively stained NiV (A) and HeV (B) N proteins isolated from S.cerevisiae.
Electron micrographs of negatively stained NiV (C) and HeV (D) N(y1.399) proteins isolated from S.cerevisiae. Scale
bar: 100 nm. Arrows indicate ring-like structures.
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Fig.10. Alignment of amino acid sequences of nucleocapsid proteins of HeV (Wang et al., 2000; GenBank accession

no. AF017149) and NiV (Chua et al., 2000; GenBank accession no. AF212302). Underlined sequences were
confirmed by MS/MS analysis.

In order to confirm the sequence identity of the N proteins, enzymatic digests of
nucleocapsids were performed using trypsin, chymotrypsin and endoproteinase-AspN
to generate internal peptides from the recombinant N proteins for detailed LC MS/MS
analysis. A composite of results from peptides identified from all three enzymes digests
by cross-correlation (Sequest) analysis of MS/MS data was used to construct overall
amino acid sequence coverage for each protein, and is displayed as underlined

sequence in Fig. 10. Coverage for both proteins was in excess of 92%. MS/MS analysis
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revealed that the amino terminal of both N proteins is modified by removal of
methionine and that serine at position 2 is acetylated. A similar modification has been
found in native N proteins of Menangle (Shiell et al., 2002) and Hendra viruses (B. Shiell,

W. Michalski, personal communication).

Synthesis of recombinant Menangle virus N protein in yeast S.cerevisiae

For cloning into the yeast expression vector, an insert containing the full-length
open reading frame (ORF) for the MenV N protein was amplified from the pCR4-TOPO-
MenV-N plasmid (Bowden et al., 2001; GenBank accession no. AF326114). Primers used
in the amplification of the ORF included an Xbal site for sub-cloning into the yeast
expression vector. In addition, a truncated version of the MenV N ORF, which lacked
the coding sequence for the C-terminal tail (MenV Ny1-399)), Was also amplified from the
pCR4-TOPO-MenV-N plasmid for insertion into the yeast expression vector. The size of
truncated protein was selected after comparison to measles N protein by using
consensus secondary structure prediction server JPRED (Cuff et al., 1998, available
online http://www.compbio.dundee.acuk/~www-jpred/). The resulting pFGG3-MenV-N
and pFGG3-MenV-N y1.359) plasmids, respectively, were used for transformation of yeast
S.cerevisiae strain 214Apep4.

Expression of the recombinant MenV N protein in yeast was analyzed by SDS-
PAGE. The SDS-PAGE analysis of crude lysates of S.cerevisiae cells harbouring pFGG3-
MenV-N expression plasmid, after induction with galactose, revealed the presence of
an additional protein band of approximately 68 kDa (Fig. 11 A, lane 2). No additional
band of the corresponding molecular size was observed in crude lysates of S.cerevisiae
cells harbouring pFGG3 vector without an insert (Fig. 11 A, lane 1). The SDS-PAGE
analysis also revealed that the molecular weight of the yeast-expressed N protein (~68
kDa) differed from that of native MenV N protein (~61 kDa) reported in literature (Shiell
etal., 2002).
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Fig.11. SDS-PAGE analysis of yeast lysates and samples of yeast expressed MenV N protein after
ultracentrifugation in CsCl. A — Comassie blue stained gel. B — Western blot using using mouse monoclonal
antibodies (MAb 2D1-B) generated by immunizing mice with purified recombinant full-length MenV N protein.
Preparations loaded onto gels were as follows: lane 1 — 20 ug of yeast S.cerevisiae [pFGG3] lysate; lane 2 — 20 pug
of yeast S.cerevisiae [pFGG3-MenV-N] lysate; lane 3 — 1 ug of CsCl purified MenV N protein; M — protein
molecular mass marker (Fermentas UAB) 170, 130, 100, 70, 55, 40, 35, 25 and 15 kDa.

After centrifugation through a 30% sucrose cushion the recombinant MenV N
protein was found in pellets (data not shown), which is consistent with their large size
and multimeric organization. Ultracentrifugation of the solubilized pellets in a CsCl
gradient revealed the recombinant N protein in fractions with buoyant densities of
1.30-1.32 g/cm®. Fractions of this buoyant density contained highly purified N proteins,
with only minor contaminants present, as observed by SDS-PAGE. The SDS-PAGE
analysis of the CsCl-purified MenV N protein revealed a band of ~68 kDa (Fig. 11 A, lane
3), which was also observed in crude lysates (Fig. 11 A, lane 2). In repeated preparative
procedures, the yield of the purified recombinant MenV N protein was ~10 mg per liter
of induced yeast culture, which was similar to that reported previously for proteins of
other viruses generated in yeast expression systems (Razanskiene et al., 2004; Samuel
et al., 2002b; Sasnauskas et al., 1999).

The yeast-expressed MenV N protein formed nucleocapsid-like herringbone
structures and rings, which corresponded to shorter nucleocapsids viewed along their
axis (Fig. 12 A). The abundance of ring structures suggests an intrinsic fragility in
nucleocapsids formed by the heterologically expressed nucleocapsid protein. The MenV
N protein structures observed in the yeast expression system were similar to those
previously observed for nucleocapsids of other paramyxoviruses expressed in different

systems (Fooks et al., 1993; Rima et al., 1983; Slibinskas et al., 2004; Thorne and
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Dermott, 1977). The expression of the MenV Ny;.399) construct demonstrated that this
truncated N protein formed significantly longer and more dense nucleocapsid-like
particles compared to full-length proteins and, as was also demonstrated by electron
microscopy, the proportion of ring-like structures in the purified fractions of this

protein was relatively low (Fig. 12 B).

Fig.12. Electron micrographs of negatively stained MenV N (A) and N1.399) (B) proteins isolated from S.cerevisiae.
Scale bar: 100 nm. Arrows indicate ring-like structures.

1 50

MenV N (1) MSSVFRAFELFTLEQEQNEHGNDIELPPETLRTNIKVCTLNNQEPQARHD
100

MenV N (51) MMCFCLRLIASNSARAAHKTGAILTLLSLPTAMMONHLRIADRSPDADIE
101 150

MenV N (101) RLEIDGFEPGTFRLRANARTPMTNGEVTALNLMAQDLPDTYSNDTPFLNP
151 200

MenV N (151) NTETEQCDEMEQFLNAIYSVLVQVWVTVCKCMTAHDQPTGSDERRLAKYQ
01 250
MenV N (201) QQGRLDORYALOPELRROIQTCIRSSLTIRQFLTHELOTARKQGAITGKY

251 300
MenV N (251) YAMVGDIGKYIDNAGMSAFFMTMRFALGTKWPPLALAAFSGELLKLKSLM
301 350

MenV N (301) QLYRGLGDRARYMALLEMSEMMEFAPANYPLCYSYAMGIGSVQDPMMRNY
400
MenV N (351) TFARPFLNPAYFQLGVETANRQOGSVDKAMAAELGLTEDEKRDMSAAVTR

401 450
MenV N (401) LTTGRGGNQAQELINVMGARQGRDOGRRGNRDYDVVEENEETESDSDNDE
451 500

MenV N (451) EQEIQONRPLPPTPOMPONIDWEVRLAEIERRNOQOMAARDRPQAVVTADVH

MenV N (501) QEPVDARVDEQDMLLDLDM

Fig.13. Sequence confirmation (underlined) of recombinant MenV N protein by LC-MS/MS analysis of various
enzymatic digests.

In order to confirm the sequence identity of the full-length recombinant N protein,
enzymatic digests were performed using trypsin, chymotrypsin and endoproteinase-
AspN to generate internal peptides for detailed LC-MS/MS analysis. A composite of
results from peptides identified from digests with all three enzymes by cross correlation
(Sequest) analysis of MS/MS data was used to construct overall amino acid sequence
coverage for the N protein, and is displayed as underlined sequence in Fig. 13.

Sequence coverage was in excess of 87 % and included extensive coverage of both the
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amino and carboxy termini. The MS/MS analysis also revealed that the amino terminal
is modified by removal of methionine and that serine at position 2 is acetylated. This
modification has also been found in native N proteins of Menangle (Shiell et al., 2002)
and Hendra (B. Shiell, W. Michalski, personal communication) viruses. Regions of
sequence where no coverage was obtained by LC-MS/MS analysis generally
corresponded to small peptide fragments that were below the mass/charge range of

the instrument.

Immunoreactivity of yeast-expressed hPIV1 and hPIV3 N proteins with human sera
The immunoreactivity of the recombinant hPIV1 and hPIV3 N proteins was tested
in an indirect ELISA format using serum samples collected from hPIV-infected patients.
In five cases paired serum samples were available. In two of them, seroconversion to
the homologue type from negative to positive (case 3, due to hPIV3), and from low
positive to positive (case 2, due to hPIV1) was detected. Case 1 (with a positive
identification of hPIV1) and case 4 showed positive results for both hPIV1 and hPIV3,
both in acute and convalescent sample. Case 5 showed no antibodies to hPIV1 and
hPIV3. In the cases with single serum sample and typification available, the serological
study confirmed the diagnosis (cases 6 and 8). The remaining cases were classified as
probable hPIV3, due to the reactivity to this virus. The observed cross-reactivity of
hPIV1 and hPIV3 N proteins with serum antibodies (as in case 1 with confirmed hPIV1
infection) is explained by a high level of homology between hPIV1 and hPIV3 N protein
sequences. Six serum specimens equivocal (+/-) for hPIV-IgG in commercial ELISA
system were found to be positive in vNLP-based anti-hPIV1/3 IgG assays. Thus, low
levels of anti-hPIV 1gG developed at an early stage of the infection were not detectable
by a commercial assay but were detectable in vVNLP-based assays. The discrepancy
between vNLP-based and commercial test might be explained by the fact that
commercial kit is based on the use of total viral proteins with a relatively low content of
viral nucleocapsids. It is well documented that most paramyxoviruses induce a strong

and long-lasting antibody response directed against nucleocapsid proteins (Pumpens et
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al., 2002; Samuel et al., 2002b). To confirm the specificity of NLP-based assays, control
serum samples (negative and positive for HPIV-IgG, respectively) from the commercial
kit were analyzed. The negative control was non-reactive, and the positive control was
strongly reactive in VNLP-based ELISAs (Table 1). The reactivity of vNLPs with serum
antibodies suggests that recombinant hPIV1 and hPIV3 N proteins show antigenic
similarity with viral nucleocapsids and mimic infectious virus in the presentation of
surface-exposed immunodominant epitopes. To confirm the reactivity of serum
antibodies with recombinant hPIV1 and hPIV3 N proteins, Western blot analysis with
hPIV-lIgG-positive serum samples was performed. Protein bands corresponding to the
MW of hPIV1 and hPIV3 N proteins (60 and 64 kDa, respectively) specifically
immunostained with serum hPIV-IgG were detected (Fig. 14, lanes 2 and 3). These data
demonstrate that recombinant yeast-derived vNLPs are specifically recognized by
serum antibodies developed during hPIV1/hPIV3 infection and therefore might be
suitable for the development of serological tests for the detection of hPIV1/hPIV3-

specific antibodies.

kDa M 1 2 3 M 1 2 k] 1 2 3
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Fig.14. Immunoreactivity of recombinant hPIV1 and hPIV3 N proteins with serum specimens #1-c (B) and #1-a (C)
from a patient with confirmed hPIV1 infection (Table 1). SDS-PAGE (A) and Western blots (B and C) analysis of
purified hPIV1 N protein (lanes 1), hPIV3 N protein (lanes 2) and yeast-expressed lyssavirus(CVS) N protein
(negative control, lanes 3; Kucinskaite et al., 2007). Recombinant proteins were separated in a 12% SDS-PAGE (A—
C) and stained with Coomassie brilliant blue (A). M: protein molecular mass marker (Fermentas UAB) .

34



Table 1. Immunoreactivity of recombinant yeast-derived hPIV1 and hPIV3 vNLPs with serum antibodies of patients
with confirmed HPIV infection.

Case’  IBL-hPGV1/2/3 IgG ELISA kit hPGV1 N IgG ELISA hPGV3 N IgG ELISA hPIV type Serological classification
1-a 032 +/- 3.39 444 3.32 444+ hPGV1

1-c 216  +++ 3.29  +++ 3.19 44+ Cross-reactivity
2-a 0.10 - 039 +/- 0.43  +/-

2-c 0.46 +/- 2.97  +++ 0.55 + hPGV1

3-a 0.09 - 022 - 029 -

3-c 0.33  +/- 023 - 235  +++ hPGV3

4-a 031  +/- 0.82 + 273  +++

4-c 0.42 +/- 1.21  ++ 245 ++ Cross-reactivity
5-a 0.14 - 0.07 - 0.10 -

5-c 0.13 - 0.07 - 0.10 - Negative

6-a 0.58 + 0.35  +/- 079 + hPGV3 hPGV3

7-a 036  +/- 029 - 0.98 + hPGV3

8-c 0.16 - 2.56  +++ 0.44  +/- hPGV1 hPGV1

9-c 0.09 - 029 - 0.47  +/- Probable hPGV3
10-c 0.10 - 039 - 0.48  +/- Probable hPGV3
11-c 012 - 0.25 - 0.49  +/- Probable hPGV3

Control serum samples from IBL-hPGV1/2/3 IgG ELISA kit

Positive 239 +++ 293 +++ 3.06 +++

Negative 0.06 - 0.08 - 0.08 -

+++: OD value, >1.5; ++: OD value, 1.0-1.5; +: OD value, 0.5-1.0; OD value, 0.3-0.5; -: OD value, <0.3.

? a: acute sample; c: convalescent sample.

Immunoreactivity of yeast-expressed hRSV N protein with human sera

The immunoreactivity of the recombinant hRSV N protein was tested in an
indirect ELISA format using 61 serum samples collected from hospitalized pediatric
patients with respiratory illness. At the beginning all collected serum samples were
tested in direct immunofluorescence assay with commercially available anti-hRSV
antibodies (Chemicon, JAV). Two of them showed positive results for hRSV. To confirm
the specificity of vNLP-based assays, control serum samples (negative and positive for
hRSV-IgG, respectively) from the commercial kit were analyzed. The negative control
was non-reactive, and the positive control was strongly reactive in vNLP-based ELISAs.
Thirty three serum specimens positive for hRSV-IgG in commercial ELISA system were
found to be positive in vNLP-based anti-hRSV IgG assays. Thus, three serum specimens

tested negative by the commercial ELISA kit were positive in vNLP-based assays and one
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was false negative. The reactivity of vNLPs with serum antibodies suggests that the
recombinant hRSV N protein shows antigenic similarity with viral nucleocapsids and
mimic infectious virus in the presentation of surface-exposed immunodominant

epitopes.

Immunoreactivity of yeast-expressed henipavirus N proteins

Immunoreactivity of recombinant proteins was tested with a set of sera derived
from humans, fruit bats and horses infected with HeV, and from humans, fruit bats and
pigs infected with NiV (Fig. 15). The sera were sourced from the Australian Animal
Health Laboratory Serum Bank and some of them were obtained during the outbreaks
of HeV in Queensland, Australia and of NiV in Nipah, Malaysia. Both recombinant
proteins, in nanogram quantities, were detected by corresponding positive sera,
indicating that yeast produced recombinant N proteins are suitable for antibody
detection in different species. However, it should be pointed out that further
optimization is required to reduce the background reactivity with negative sera of some
species, particularly bat and pig, before the tests can be applied in outbreak
investigation and/or serological surveillance. Due to the highly conserved nature of
henipavirus N proteins, serological tests based on recombinant N proteins are not
expected to be capable of differentiation between antibodies against HeV and NiV. This

is evident from the data presented in Fig. 15.
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Fig.15. Immunodetection of HeV and NiV N proteins with sera derived from humans and fruit bats infected with

HeV or NiV, from horses infected with HeV and pigs infected with NiV. Error bars represent +S.D. from three
independent measurements. All sera were from the Australian Animal Health Laboratory Serum Bank.
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Immunoreactivity of yeast-expressed menangle virus N protein

The immunoreactivity of the full-length recombinant MenV N protein was tested
in an indirect ELISA format using paired (naive and convalescent) sera derived from
experimentally infected pigs. Clear differentiation between naive and convalescent sera
was evident for each pig tested using nanogram quantities of MenV N (see Fig. 16),
indicating that this recombinant protein is suited to the development and

standardization of serological tests for the detection of MenV-specific antibodies.
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Fig.16. Immunoreactivity of yeast-expressed MenV N protein in an indirect ELISA format. All sera tested were from
experimentally infected pigs. Naive and convalescent sera were collected prior to and three weeks post infection
with MenV, respectively. Optical density (O.D.) values are the means of triplicate samples and error bars indicate
standard deviations.

Generation of monoclonal antibodies against yeast-expressed hPIV1, hPIV3, NiV and
MenV N proteins

Recombinant hPIV1, hPIV3, NiV and MenV N proteins expressed in yeast cells and
self-assembled into virus nucleocapsid-like particles were used here as immunogens for
production of MAbs. The generated MAbs reacted strongly with corresponding
recombinant N proteins by WB. The MAbs did not show any crossreactivity with
irrelevant antigens — yeast-expressed N proteins of heterologous virus and proteins of
crude yeast lysate. Their specificity of the MAbs was assessed in detail and summarized
in table 2.

To localize the epitopes recognized by the generated MenV N specific MAbs, their
reactivity was assessed with truncated forms of MenV N protein lacking 29-119 aa
residues at the C-terminus. For this, genes coding his-tagged intact MenV N protein and
its carboxy (C)-terminal truncations (lacking 29, 59, 89 and 119 C-terminal aa residues)

were amplified from the pFGG3-MenV-N plasmid, which contains the full-length MenV
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N gene. In order to fuse a his-tag at the C-terminus of the amplified genes, all reverse
primers contained a sequence coding for 6 histidine residues. Primers used in the
amplifications also included an Xbal site for subcloning into the yeast expression vector.
Amplified genes were cloned into a unique Bcul site of the pFGG3 yeast expression
vector under the control of the GAL7 promoter. Cloned sequences were verified by
DNA sequencing. The procedures used for transformation of yeast S.cerevisiae strain
214Apep4 with the plasmids and expression of cloned genes were described previously
(Slibinskas et al., 2004). Expression of his-tagged intact MenV N protein and its C-
terminal truncations was confirmed by WB analysis of crude cell lysates with MAb
against His-4 (Qiagen) (Fig. 17 A, lanes 2-6). To localize the epitopes recognized by the
MADbs, their reactivity with truncated forms of MenV N protein lacking 29-119 aa
residues at the C-terminus was analysed by western blot (Fig. 17 B-D). As a first step in
examining the specificity of the MAbs, they were tested for their reactivity with a
truncated version of the MenV N protein comprising aa 1-400 (Fig. 17 B-D, lane 6). The
MAbs did not react with this protein, which suggested that the epitope was located at
the C-terminus of the MenV N protein. Therefore, three additional truncated MenV N
proteins lacking 29-89 C-terminal aa residues were constructed for fine epitope
mapping. The MADbs did not react with truncated MenV N protein comprising aa 1-430
(Fig. 17 B-D, lane 5). In contrast, all MAbs reacted with truncated MenV N protein
comprising aa 1-490 (Fig. 17 B-D, lane 3). The MAbs differed in their reactivity with
truncated MenV N protein representing aa 1-460 (Fig. 17 B-D, lane 4). Two MAbs
(clones 2D1 and 4G11) were reactive with this truncated protein, whereas one MAb
(clone 10G8) was non-reactive. These data suggest that the epitopes of MAbs 2D1 and
4G11 are localized between aa 430 and 460 of the MenV N protein. The epitope of MAb
10G8 is localized downstream from this region, between aa 460 and 490 of the MenV N

protein.
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Table 2. Specificity of MAbs generated against yeast-expressed hPIV1, hPIV3, NiV and MenV N proteins

Reactivity in WB

Reactivity with

Rec. N protein proteins of

MAb hPGV1 N hPGV3 N SeV N hRSV N | crude yeast lysate in WB
hPGV1 N 7F5 + - - - -

5B6 +/- + - - -
hPGV3 N 9F2 - + - - -

9G10 +/- + - - -

Reactivity in WB Reactivity with
. proteins of

Rec. N protein crude yeast lysate in WB

MAb NiV N HeV N MenV N TiV'N

+ + - - -

NiV N 1G3

10A12 + + - - -

2D1 - - + - -
MenV 4G11 - - + - -

10G8 - - + + -

Reactivity in WB Reactivity in IHCA®
Rec. N protein NiVN
without MenV N without
MAb C-part C-part MenV? MenV (-)* Tiv®
+ -

NiV N 163

10A12 + -

2D1 - - - -
MenV 4G11 - - - -

10G8 - - - -

Rec. — recombinant; WB — Western blot; IHCA — Immunohistochemical assay
1-Tioman virus is a new paramixovirus discovered in several bat species in Malaysia (Chua et al., 2001).

This virus is closely related to Menangle virus (Chua et al., 2002).
2 —This assay was performed in CSIRO Livestock Industries, Australian Animal Health Laboratory.
3 — Brain of MenV-infected stillborn piglet.

4 — Normal uninfected pig brain.

5 — Lymph node of TioV-infected pig.

kpa A
1m0
130

100
70

58
40

3s

M1

Fig.17. Reactivity of MAbs with truncated forms of MenV N protein comprising aa 1-490, 1-460, 1-430 and 1-400
by western blot. (a) anti-His 4 antibody (Qiagen); (b—d) MAbs: clone 2D1 (b), clone 4G11 (c) and clone 10G8 (d).
Lane “M”, prestained protein molecular mass markers; lane 1, the lysate of yeast cells transformed with
expression vector pFGG3 (mock control); lane 2, full-length histagged MenV N protein; lane 3, truncated protein
(aa 1-490); lane 4, truncated protein (aa 1-460); lane 5, truncated protein (aa 1-430); lane 6, truncated protein

(aa 1-400).
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DISCUSSION

The Paramyxoviridae include some of the great and ubiquitous disease-causing
viruses of humans and animals. The best known members of this virus family are
parainfluenza viruses (hPIV) and human respiratory syncytial virus (hRSV). These
paramyxoviruses have been associated with every kind of upper and lower respiratory
tract illnesses which, in their symptoms, only slightly differ from respiratory diseases
caused by other infectious pathogens. Consequently, diagnosis of the infectious agent
causing the respiratory disease based only on clinical symptoms in most cases is
impossible. For this a laboratory diagnosis is highly recommended (Hall, 2001;
Henrickson, 2003).

Nipah, Hendra and Menangle viruses (NiV, HeV and MenV, respecively) are newly
identified paramyxoviruses which change fast, infect wide host range including several
terrestrial species in four mammalian orders, cause systemic infections affecting
various organ systems also central nervous system, and NiV and HeV are deadly human
pathogens (Eaton et al., 2006; Philbey et al., 2008). Since NiV, HeV and MenV were
identified only recently, consequently, knowledge about them is relatively scanty. It is
little known about the biology, spread, virulence and pathology of these viruses, also no
effective means of diagnostics, which would help a lot to fill existing knowledge gaps,
are available by now (Wong, 2010) .

The purpose of the study presented here was to investigate the synthesis of
nucleocapsid (N) proteins of respiratory (SeV, hPIV1, hPIV3 and hRSV) and recently
discovered zoonotic (NiV, HeV and MenV) paramyxoviruses in yeast S.cerevisiae, to
determine properties of the recombinant proteins and evaluate their feasibility in viral
diagnostics. ELISA assays for viral diagnostics based on recombinant viral proteins may
offer a number of advantages over whole-virus-based ELISAs, namely, simplified
production, improved standardization, enhanced stability and no risk of virus
distribution (Bouche et al., 1998). Though using recombinant viral proteins instead of
whole virus particles the more narrow spectra of virus specific antibodies could be

detected, the right choice of proper viral antigen may improve the specificity of the
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diagnostic tests. It is well known that the C terminal part of the N protein of various
paramyxoviruses is very immunogenic and differs in amino acid sequence even among
parainfluenza virus types (Karron and Collins, 2007). Therefore, using recombinant N
proteins for ELISA based diagnostics of infections caused by paramyxoviruses it should
be possible to detect virus specific antibodies in oral fluids and blood serum samples. It
is also known that using N proteins, synthesized in yeast P.pastoris and S.cerevisiae,
specific ELISA tests for the diagnosis of mumps and measles were developed. These
tests offer a number of advantages over any other diagnostic tests, available to date
and become a significant tool in control of mumps and measles epidemics (Samuel et
al., 2002a; Samuel et al., 2003; Slibinskas et al., 2004; Slibinskas et al., 2003). Therefore,
using recombinant N proteins for ELISA based diagnostics of infections caused by
paramyxoviruses it should be possible to detect virus specific antibodies in oral fluids
and blood serum samples. The study presented here proves the feasibility of yeast-
synthesized N proteins of respiratory and zoonotic paramyxoviruses for the
development of ELISA based viral diagnostics.

In this study the N proteins of SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV were
successfully synthesized in yeast S.cerevisiae. The study revealed that the N proteins
are expressed at high levels. The synthesis yield of SeV, hPIV1, hPIV3, hRSV, NiV, HeV
and MenV N proteins was 11, 3.4, 1.4, 3.2, 5.3, 5.3 and 1.8% of total protein,
respectively. Usually heterologous proteins expressed in yeast S.cerevisiae yield
maximum of 1-5 % of total protein, even with a strong promoter (Valenzuela et al.,
1982; Gellissen and Hollenberg, 1999; Dargeviciute et al., 2002; Sasnauskas et al.,
2002). The synthesis yield of N proteins was not as high as those of several
heterologous proteins, such as measles virus nucleoprotein and the core protein of
hepatitis B virus, which were expressed in yeast S.cerevisiae up to 20 % and 40 % of
total protein, respectively. However, the synthesis level of the N proteins described in
this study was as high as those of many heterologous proteins expressed in yeast
S.cerevisiae and fell in the range from 1 % up to 5 % of total protein. In addition, the

maximum expression of the N proteins in yeast was achieved cultivating the
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transformed yeast strains in the induction medium for 24 h. Also, increased galactose
concentration from 1.5 to 2.5 % in the induction medium led to the increase of the
recombinant N proteins synthesis levels almost up to 25 %. The yield of the hPIV1 N
protein from S.cerevisiae was at least two-fold greater than that of the hPIV3 N protein
and about three-fold lower than the yield of the Sendai virus N protein. Hence, it is
surprising why the expression efficiency of very closely related N proteins, which are
very similar in their amino acid sequence, is so different in yeast S.cerevisiae. The yield
of heterologous proteins may depend on many factors, such as, stability of mRNA,
stability of heterologous protein, “toxicity” of heterologous protein for the host cell,
ability to form stable substructures like vNLP, which do not interfere with cellular
processes and protein quality control (Kaufman, 1999; Wickner et al., 1999).

The expression analysis of the SeV N protein in three different yeast S.cerevisiae
strains (the wild-type (FH4), AH 22-214 and 214Apep4, respectively) revealed no
significant differences. The 214 Apep4 strain, if compared with wild-type or AH 22-214
strains, lacks the PEP4 locus encoding protease A. This protease activates the set of
other cellular proteolytic enzymes, thereby making the 214 Apep4 strain less
proteolytically active. It was supposed that using this strain, lacking vacuolar peptidase
A, might slow down the hydrolysis of the yeast-expressed N proteins during the
purification process. Consequently, the 214 Apep4 strain was chosen to synthesize
paramyxovirus N proteins described in this study.

Mainly the problem to obtain large quantities of a foreign protein might concern
its instability inside the yeast cell. The N proteins of paramyxoviruses, which have been
described here, are stable in yeast; analysis of yeast lysates obtained after induction of
heterologous protein synthesis did not reveal any significant degradation of the
recombinant N proteins in Western blots. The absence of degradation products in crude
yeast lysates or only minute presence detected by WB has indicated that non-purified
recombinant N proteins are quite stable in yeast cells.

The identity of the recombinant yeast-expressed SeV, hPIV1, hPIV3 and hRSV N

proteins was confirmed by WB with specific antibodies. Whereas the specific antibodies
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for NiV, HeV and MenV N proteins were not available, the identity of the full-length
recombinant NiV, HeV and MenV N proteins was confirmed by MS/MS analysis. The
MS/MS analysis also revealed that the amino terminal of the NiV, HeV and MenV N
proteins is modified by removal of methionine and that serine at position 2 is
acetylated. A similar modification has been found in native N proteins of Menangle
(Shiell et al.,, 2002) and Hendra viruses (B. Shiell, W. Michalski, personal
communication). This observation suggests that cellular machinery responsible for the
post-translational modifications of the paramyxovirus N proteins is conserved in higher
and lower eukaryotes.

Many virus surface and nucleocapsid proteins when expressed in animal host in
the absence of other viral gene products have the intrinsic capacity to self-assemble
into virus like-particles and nucleocapsid-like particles (vNLPs), respectively (Pumpens
and Grens, 2002). We aimed to develop an efficient expression system suitable for
generation of SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV vNLPs and determine,
whether the SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins form vNLPs in
yeast without the assistance of other viral gene products and RNA. Ultracentrifugation
of the yeast-expressed SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins in CsCl
gradient and fraction analysis revealed buoyant density of 1.29-1.31 g/cm?®, which is
characteristic for most vNLPs with or without nucleic acids (Thorne and Dermott, 1976;
Robbins et al., 1980). Electron microscopy of the purified recombinant N protein
revealed herring-bone structures similar to native SeV, hPIV1, hPIV3, hRSV, NiV, HeV
and MenV nucleocapsids (Eaton et al., 2006; Heggeness et al., 1981; Henrickson, 2003;
Garcia-Barreno et al., 1996; Miyahara et al., 1992). Formation of vNLPs occurs in the
absence of other viral proteins in the yeast S.cerevisiae expression system. If host cells
proteins are involved in formation of vNLPs, they appear to be conserved in both yeast
and mammalian cells.

It was shown in this study that the yeast-expressed SeV, hPIV1l and hPIV3 N
proteins assemble into long helical structures and the abundance of the ring-like

structures in the purified samples is relatively low. It suggests that the yeast generated
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SeV, hPIV1 and hPIV3 vNLPs are rigid helical rods and do not fall apart into ring like
structures even after two consecutive round of ultracentrifugation in CsCl gradient.
Electron microscopy analysis revealed that the recombinant hRSV N protein forms
typical herring-bone and ring-like structures, too. But yeast-derived hRSV vNLPs
appeared to be loosely ordered and highly flexible helices. Weakly organized helical
nucleocapsid is a characteristic feature of the genus Pneumovirinea (Bhella et al., 2002).
Contrary, in the purified samples of the yeast-expressed NiV, HeV and MenV N proteins
only few vNLPs and large number of the ring like structures were observed. This might
mean either yeast-expressed NiV, HeV and MenV N proteins are not able to assemble
into long helices or yeast generated NiV, HeV and MenV vNLPs are not stable and fall
apart into ring like structures when purified in CsCl gradient. Recently, a three-
dimensional crystal structure of a decameric ribonucleoprotein complex of the hRSV N
protein bound to RNA was resolved (Tawar et al., 2009). The resolved structure
suggests that N proteins interact laterally in the ring with their counterparts from the
adjacent subunits but do not make tight contacts. The interacting surfaces are highly
hydrated, primarily involving intermittent van der Waals contacts. The ring is stabilized
by the RNA belt and by the N chain that results from the insertion of the N arm
(residues 1 to 35) of one subunit into the compact fold of the adjacent one. This lateral
connectivity helps explain the observed malleability of the N-N interactions in the
flexible, yet very stable, RSV nucleocapsid. The C arm lies above the C-terminal domain
in the ring, occupying the space that would be between consecutive turns of the helical
nucleocapsid. We assumed that the C-terminal part of the full length NiV, HeV and
MenV N proteins synthesized in yeast may either impede the formation of long helical
nuclocapsids or decrease their stability when they are formed. The expression in yeast
of the NiV, HeV and MenV N proteins (1-399 aa) with a C-terminal deletion have shown
that these truncated N proteins formed significantly longer and more dense vNLPs
compared to the full-length proteins and the proportion of ring-like structures in
purified fractions of these proteins was relatively low. We also speculate that the

stability of yeast generated vNLPs of different paramyxoviruse may be due to their
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ability to encapsidate non-specifically yeast cell RNA which might stabilize relatively
fragile helical structure. It seems that yeast generated SeV, hPIV1, hPIV3 and hRSV
VvNLPs are able to interact with cellular RNA quite efficiently while NiV, HeV and MenV
VNLPs are not.

Northern blot hybridization confirmed the presence of nucleic acids in yeast-
derived SeV vNLPs. The encapsidation appears to be relatively non-specific in terms of
RNA sequence. The nucleic acids associated with yeast-derived SeV vNLPs were
heterogeneous in size and ranged from 60 to 500 nt, however, after RNase A treatment
of recombinant vNLPs all of them were partially degraded to 60-80 nt fragments.

The immunoreactivity of the recombinant yeast-derived hPIV1, hPIV3 and hRSV
vNLPs was tested with hPIV1, hPIV3 and hRSV-specific IgG antibodies from human sera.
The reactivity of the yeast generated hPIV1, hPIV3 and hRSV NLPs with serum
antibodies suggests that recombinant hPIV1, hPIV3 and hRSV N proteins show antigenic
similarity with viral nucleocapsids and mimic infectious virus in the presentation of
surface-exposed immunodominant epitopes. These data demonstrate that recombinant
yeast-derived VNLPs are specifically recognized by serum antibodies developed during
hPIV1/hPIV3/hRSV infection and therefore might be suitable for the development of
serological tests for the detection of hPIV1/hPIV3/hRSV -specific antibodies. The
Immunoreactivity of the recombinant NiV, HeV and MenV N proteins was tested with a
set of sera derived from humans, fruit bats, horses infected with HeV, and from
humans, fruit bats and pigs infected with NiV or MenV. The sera were sourced from the
Australian Animal Health Laboratory Serum Bank and some of them were obtained
during the outbreaks of HeV in Queensland, Australia and of NiV in Nipah, Malaysia.
The immunoreactivity of the recombinant MenV N protein was tested in an indirect
ELISA format using paired (naive and convalescent) sera derived from experimentally
infected pigs. All three recombinant N proteins, in nanogram quantities, were detected
by corresponding positive sera, indicating that yeast produced recombinant NiV, HeV
and MenV N proteins are suitable for antibody detection in different species. However,

it should be pointed out that further optimization is required to reduce the background
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reactivity with negative sera of some species, particularly bat and pig, before the tests
can be applied in outbreak investigation and/or serological surveillance. Due to the
highly conserved nature of henipavirus N proteins, serological tests based on
recombinant N proteins are not expected to be capable of differentiation between
antibodies against HeV and NiV.

The N protein is the most abundant structural protein of paramyxoviruses and the
essential component of viral nucleocapsid. Therefore, N-protein-specific antibodies are
a suitable tool for virus detection in infected tissues. To generate hPIV1, hPIV3, NiV and
MenV N-specific MAbs, the recombinant yeast-expressed hPIV1, hPIV3, NiV and MenV
N protein were used as immunogens. Following immunizations with the recombinant
yeast-derived N proteins, corresponding N specific MAbs of the IgG class were
produced, and their specificity was assessed in detail. In summary, the newly generated
hPIV1, hPIV3, NiV and MenV N-specific MAbs may be useful for studying the biology,
spread, virulence and pathology of these viruses and facilitate the development of
laboratory diagnostic tools for hPIV1, hPIV3, NiV and MenV N infections.

In this study we have demonstrated, that yeast S.cerevisiae is an excellent host for
a high-level production of proteins SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N
proteins as vVNLPs. The hPIV1, hPIV3, hRSV, NiV, HeV and MenV vNLPs described above
represent useful tools for the development of new virus detection systems and
demonstrate the effectiveness of yeast as a host for generation of recombinant

proteins organised in complex structures like human virus NLPs.
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CONCLUSIONS

1. SeV, hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N proteins form vNLPs in yeast
S.cerevisiae. The average yields of SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N
proteins were 1.2, 0.7, 0.5, 0.9, 0.8, 0.8, ir 0.3 mg per gram of wet biomass from

S.cerevisiae, respectively.

2. SeV, hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins in yeast S.cerevisiae, retain

antigenic properties of native viral analogs.

3. C terminal part of recombinant NiV, HeV and MenV N proteins destabilize yeast-

derived vNLPs.

4. Recombinant SeV N protein packages non-specific mRNA into vNLPs in yeast

S.cerevisiae cells. The encapsidated RNA is partially resistant to an RNAse A treatment.

5. Yeast-derived hPIV1, hPIV3, hRSV, NiV, HeV and MenV N proteins are suitable tools

for the development of diagnostics for the corresponding viral infections.
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PARAMYXOVIRIDAE SEIMOS VIRUSY NUKLEOKAPSIDES BALTYMUY SINTEZE MIELESE
SACCHAROMYCES CEREVISIAE IR Jy PANAUDOJIMAS DIAGNOSTIKAI
REZIUME

Paramyxoviridea Seimai priklauso placiai paplite virusai, sukeliantys pavojingas
Zmogaus ir gyviny ligas. Vieni i§ pavojingiausiy Sios Seimos atstovy, priklausanciy
Pneumovirus bei Respirovirus gentims, yra kvépavimo takus paZeidZiantys Zmogaus
respiracinis sincitinis virusas (hRSV) bei 1 ir 3 serotipy Zmogaus paragripo virusai (hPIV1
ir hPIV3). Nipah, Hendra ir Menangle virusai (NiV, HeV ir MenV) yra neseniai atrasti
Paramyxoviridae Seimai priklausantys SikSnosparniy platinami virusai. NiV, HeV ir MenV
Zalingy infekcijy protrakiai yra negauss ir pasauliniu mastu iki Siol Siy virusy padaryta
Zala néra labai didelé (Eaton ir kt., 2006). Taciau Sie virusai sparciai kinta, yra platinami
jvairiy rasiy gyviany, sukelia sistemine infekcijg, kurios metu yra paZeidZiamos jvairios
organy sistemos, tarp jy ir centriné nervy sistema, o NiV ir HeV yra mirtinai pavojingi
Zmogui, todél yra manoma, kad laikui bégant ir kintant klimatui Sie SikSnosparniy
platinami virusai turi nemaZa potencialg tapti placiai paplitusiais, pavojingais virusais
(Philbey ir kt., 2008).

Kadangi hPIV ir hRSV bei kity kvépavimo takus infekuojanciy virusy ir 3ig
organizmo sistema pazeidzianciy bakterijy sukeliamos kvépavimo taky ligos nezymiai
pozymiais, daznai bdna nejmanoma. Norint tiksliai nustatyti kvépavimo taky ligg
sukélusj virusg, rekomenduojama naudoti molekulinés diagnostikos priemones
(Henrickson, 2003). ki pat Siandien kvépavimo takus paZeidZianciy virusy infekcijy
diagnostikai naudojami metodai yra sudétingi ir nepakankamai specifiski. Kadangi NiV,
HeV ir MenV buvo atrasti palyginti neseniai, kol kas néra sukurta efektyviy Siy virusy
infekcijy diagnostikai skirty priemoniy, kurios Zymiai palengvinty Siy virusy biologijos,
paplitimo, patogenezés ir patologijos tyrimus (Wong, 2010). Pastaruoju metu ypatingas
démesys kreipiamas efektyviy Siy paramikso virusy diagnostikos bldy paieskai, todél

tokie tyrimai yra savalaikiai ir svarbis. Siame darbe atliktas hPIV1, hPIV3, hRSV, NiV,
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HeV ir MenV N baltymy sintezés mielése S.cerevisiae tyrimas, apibudintos
rekombinantiniy N baltymy savybés ir galimybés panaudoti juos diagnostikoje.

SeV, hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N baltymus koduojantys genai klonuoti
mieliy S.cerevisiae raisSkos vektoriuje pFGG3 (Slibinskas ir kt., 2004), po galaktoze
jjlungiamo GAL7 promotoriaus sekos. Sukonstruotomis plazmidémis buvo
transformuotos mielés S.cerevisiae, kamienas 214Apep4. Plazmidémis transformuotose
mielése tirta SeV, hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N baltymy sintezé. Nustatyta,
kad mielése S.cerevisiae jmanoma gauti didelius tirty N baltymy kiekius (~ nuo 2 iki 10 %
nuo bendro Igstelés baltymy kiekio). Mielése susintetinti N baltymai buvo iSgryninti juos
centrifuguojant per tanky sacharozés tirpalo sluoksnj ir CsCl tankio gradiente.
Elektroniniu mikroskopu (EM) nustatyta, kad mielése susintetinti SeV, hPIV1, hPIV3,
hRSV, NiV, HeV ir MenV N baltymai formuoja virusy nukleokapside primenancias
daleles (VNPD), kurios yra panasios j darinius, aptiktus EM stebint iSgrynintus N
baltymus, iSskirtus i$ jvairiy paramikso virusy daleliy (Bhella ir kt., 2004). Nustatyta, kad
rekombinantiniai N baltymai yra stabilQs ir néra gausiai hidrolizuojami sintezés mielése
S.cerevisiae bei gryninimo metu, be to, Siy baltymy formuojami dariniai yra patvaris ir
gali bati ilgg laikg saugomi uzSaldyti 50 % glicerolio tirpale arba juos liofilizavus.
Jsitikinta, kad rekombinantiniai SeV N baltymai pakuoja mieliy lgstelés RNR, kuri vNPD
sudétyje yra is dalies atspari RNasés A poveikiui, o rekombinantiniy NiV, HeV ir MenV N
baltymy C dalis destabilizuoja Siy baltymy formuojamas virusy nukleokapside
primenancias daleles.

Mielése S.cerevisiae susintetinti hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N baltymai
pasizymi antigeninémis savybémis, bldingomis i$ Siy virusy iSskirtiems baltymams.
Tiesioginés imunofermentinés analizés (IFA) metodu jsitikinta, kad rekombinantiniai
hPIV ir hRSV N baltymai reaguoja su IgG klasés antikilnais, hPIV ir hRSV uZsikrétusiy
Zmoniy kraujo serumuose. Atlikus IFA, buvo nustatyta, kad mielése S.cerevisiae
susintetinti NiV, HeV ir MenV N baltymai reaguoja su atitinkamais virusais uZsikrétusiy
gyvliny ir Zmogaus kraujo serumais. Jsitikinus, kad mielése S.cerevisiae susintetinty

paramikso virusy N baltymy struktdra ir antigeninés savybés yra panasios j analogisky
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virusy natyviy N baltymy struktiirg ir antigenines savybes, Sie baltymai buvo panaudoti
mAk gauti. Naudojant rekombinantinius hPIV1, hPIV3, NiV ir MenV N baltymus, gauti
Siems baltymams specifiniai mAk, kurie tinka Siy virusy diagnostikai (Juozapaitis ir kt.,
2007; Zvirbliené ir kt., 2010; Zvirbliené ir kt., 2009).

Apibendrinant galima teigti, kad mielés S.cerevisiae puikiai tinka paramikso virusy N
baltymy sintezei. Mielése susintetinti SeV, hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N
baltymai savo savybémis yra panasis j natyvius analogisky virusy N baltymus: formuoja
virusy nukleokapside primenancias daleles, sgveikauja su ribonukleortgstimis ir turi
natyviems virusy N baltymams bidingas po-transliacines modifikacijas (Shiell ir kt.,
2002). Be to, rekombinantiniy hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N baltymy
antigeninés savybés yra labai panaSios j natyviy analogisky virusy N baltymy
antigenines savybes. Taip pat jsitikinta, kad Siame darbe mielése S.cerevisiae
susintetinti hPIV1, hPIV3, hRSV, NiV, HeV ir MenV N baltymai tinka Siy virusy infekcijy

serologinei diagnostikai.
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