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The fusion (F) protein of Newcastle disease viNBY) is a type | membrane

glycoprotein that mediates the merger of the \8ralelope to the host cell membrane.
The F protein activation initiates a series of confational changes in the F protein
leading to membrane merge which occurs at the sgllace at neutral pH thus
modulating NDV entry and spread. The present stuti@ve given an insight to
understand the role of F protein in NDV pathogenédsi using established reverse
genetic techniquesihe F gene of NDV has six glycosylation sites, twfowvhich are
present in heptad repeats that facilitate confaonat changes during fusion process. To
understand the importance of the glycosylationssiteNDV replication and virulence,
each site was eliminated individually and in conaltion on a cDNA clone of NDV strain
BC. Our results suggest that glycosylation of F profdays a major role in virulence
and some of the N-glycosylation sites are critiwal fusogenicity of the F protein

thus modulating ND\Wnfectivity.

The F protein is synthesized as an inactive precuFs, which is only



fusogenic after cleavage into disulfide-linked &d F polypeptides by host cell
proteases. The amino acid sequence surroundingFtharotein cleavage site
determines the virulence of NDV, since differentsthproteases that cleave the F
protein of virulent strains are present in morsues than those that cleave the F
protein of non-virulent strains. The role of convael glutamine residue in NDV F
protein cleavage site in viral pathogenesis has legamined. This study has helped
us to understand the requirement of F protein elga\site conserved amino acids in
proteolytic processing and viral infectivity.

Further in this study, the role of F protein cyagmic domain and conserved
cysteine residues in viral pathogenesis have beptored using reverse genetics.
These regions have been suggested to play impaodistin F protein conformation,
stability and thus affecting the fusion process anal infectivity.

In summary, the purpose of this work is to detesrthe important domains
and residues of the NDV F protein that facilitat@sion process and regulates viral
pathogenesis and immunogenicidn understanding of how NDV F protein fusion
process are regulated may lead to the creation aye reffective therapies and better

vaccine against NDV and other paramyxoviruses iregs.
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Chapter 1

1.1 Title

General Introduction

1.2 Introduction

Newcastle disease is a highly contagious respyatord neurologic disease in
chickens that affects many domestic and wild a\spgecies, leading to severe economic
losses in the poultry industry worldwide (Alexand2000; Alexander et al., 1997; Samal,
2011a). Outbreaks of virulent Newcastle diseases llmtremendous impact on chickens in
developing countries, where these birds are afgignt source of protein and income. This
disease is endemic in Asia, Africa, Middle Eastutioand Central America. In the United
States the virulent form of the disease is absadtthe disease caused by virulent NDV
strains is called Exotic Newcastle Disease (END)déveloped countries, the more virulent
forms of the virus cause significant economic Iesdering outbreaks. In the United States,
the last END epidemic in 2002-2003, resulted indeath of more than three million birds
and caused industry losses estimated at $35 m{l{apczynski and King, 2005).

Newcastle disease is caused by Newcastle disase(NDV). NDV strains cause a
continuous spectrum of clinical signs and are aaiegd into three major pathotypes
depending on the severity of the disease in chigk#re lentogenic (avirulent), mesogenic

(moderately virulent) and velogenic (highly virulenstrains (Alexander, 2000). The



velogenic strains cause acute fatal infection atlkdms of all age groups with clinical
findings of nervous signs or extensive hemorrhdggoons in the gastrointestinal tract. The
mesogenic strains are of intermediate virulence @dse moderate respiratory signs with
occasional nervous signs while the lentogenic rsdraiause mild to inapparent infections
(Alexander, 2000; Lamb, 2001). The velogenic sgani NDV have been identified as
potential select agents for bioterrorism and argheeat to nation’s agro economy

(http://www.cidrap.umredu/cidrap/content/biosecurity/agbiosec/biofacts/

agbioovievhtml#Potential_Animal_PathogensPV is an intrinsically tumor-specific virus,
which is currently under investigation as a clihioacolytic agent (Altomonte et al., 2010;
Biswas et al., 2012). Thus, it is necessary to tstded the pathobiology of NDV to design
better vaccine vector for poultry, animal and humaunses and making it an ideal candidate
for clinical application in cancer treatment. ND¥ also a promising vaccine vector for
animal and human pathogens (Samal, 2011a).

NDV is a member of the gends/ulavirusin the familyParamyxoviridaen the order
MononegaviralegLamb, 2001) The genome of NDV is a nonsegmented, single-da@n
negative-sense RNA (Lamb, 2001). The genome caniairleast six genes, which encode
the nucleocaspid protein (NP),phosphoprotein (Ftrisn protein (M), fusion protein (F),
hemagglutinin-neuraminidase protein (HN), and laRjdA-dependent RNA polymerase
protein (L). Two additional proteins, V and W, miag produced by RNA editing during P
gene transcription (Hausmann et al., 1996). The Nigvies are arranged on the genomic
RNA in the order 3NP-P-M-F-HN-L-5. Flanking the genes are &nd 5 extracistronic
sequences, known as the leader and trailer, regplgctThese leader and trailer regions are

cis-acting regulatory elements involved in replicatitmnscription, and packaging of the



genomic and antigenomic RNAs.

NDV initiates infection by attaching to cell suréareceptors and fusing viral and host
cell membranes(Lamb et al., 2006). Viral attachnyotein, HN binds to sialic receptors
while F protein directs membrane fusion (Lamb, 1993The fusion process is pH
independent and thus virus entry occurs at hostptadma membranes. NDV requires co-
expression of both the attachment protein and tpeokein for fusion activity (Lamb et al.,
2006; Russell et al.,, 2003). NDV has assumed isectaimportance as a prototype
paramyxovirus because crystal structures of bothNBV F and HN proteins have been
determined (Chen et al., 2001; Crennell et al. 0200

NDV F protein is type 1 glycoproteins with an amieominal signal sequence, a
hydrophobic transmembrane domain (TM) located rbar carboxyl terminus and a 31
amino-acid cytoplasmic domain (CT) (Chen et al.02O0Morrison, 2003) . The NDV F
protein is a 553-amino-acid protein and is synttexsias a precursorg kvhich must be
proteolytically cleaved to jJFand F for fusion activity (reviewed in Referen¢®lorrison,
2003). The F glycoprotein of NDV contains six pdiaih N-linked glycosylation sites
(McGinnes et al., 2001). N-glycans of viral envaoglycoproteins are involved in many
functions, such as promoting efficient expressivansport, folding, and binding to cell
surface receptors and facilitating fusion and iy (Aguilar et al., 2006; Bagai and
Lamb, 1995; Collins and Mottet, 1991; Eichler ef 2D06; Panda et al., 2004a; Sjolander et
al., 1996; Zimmer et al., 2001). Though, the rdi&ldinked glycosylation of NDV F protein
in biological activity and protein stability hasdrestudied earlier, the contribution of NDV F

protein N-linked glycosylation to virus pathogersessi the natural host is unknown. It would



have great significance to study the role of thecfional glycosylation sites of F protein on
the pathobiology of NDV.

The F protein cleavage site sequence has been sioolam a major determinant of
NDV virulence (de Leeuw et al., 2003; Nagai, 1998)e F protein cleavage site of virulent
strains contains polybasic amino acids that aregmized by intracellular proteases present
in most cell types and in contrast, avirulent NOixams have one or two basic residues and
depends on extra cellular secretory proteaseslédavage (Panda et al., 2004b). It would be
interesting to find out the role of conserved amemids in the cleavage sites for the
requirement of virulence.

The cysteine residues in viral proteins are invadlue disulfide bond formation and
thus play important role in structure and functwinthe protein. The F protein of NDV
contains 13 cysteine residues of which 11 are ewadeamong the F proteins of other
paramyxoviruses. However, the role of these comskcysteine residues on NDV infectivity
and pathogenesis is not known. Therefore, it wdaddmportant to know the role of each
conserved cysteine residue on virus infectivity pathogenesis.

The F protein along with the HN protein is a maanget of immune response for
NDV. The F protein possesses conserved domains Héqgad repeats, transmembrane
domain, and cytoplasmic tail and there are presefconserved key amino acids which
make the proper conformational stability thus féatiing fusion process. Thus, studies on F
protein may prove to be useful for developmenteitdy NDV vaccines and NDV as an ideal

viral vector.



1.3 Research Objectives:
The specific objectives of the present study were:
1. To study the importance of N-glycosylation sites MDV F protein on virus
replication and pathogenesis.
2. To study the role of conserved glutamine residudénF protein cleavage site.
3. To investigate the role of F protein cytoplasmid ta fusion activity and NDV
virulence.
4. To study the role of conserved cysteine residudbenF protein on NDV infectivity

and pathogenesis.



Chapter 2

2.1 Title
Review of Literature

2.2 Classification

NDV is a member of the ordévMononegaviralesfamily Paramyxoviridae subfamily
Paramyxovirinaeand genuvulavirus(Mayo, 2002. NDV is the only member of the genus
Avulavirus The genu®vulaviruscontains nine serotypes of avian paramyxovirusé&aX-
1-9) (Samal, 2011a). NDV represents type 1(APM\Gfher important members of the family
Paramyxoviridaeare the mumps virus, SV5 and parainfluenza viyps 2, respiratory syncytial

virus and recently emerging hendra and nipah virus.

2.3 Virion

The NDV particles are enveloped, pleomorphic irureatnd range from 150-400 nm in
size. The envelope is covered with viral glycopirmgewhich are 8-12 nm in diameter. The

genome of NDV is a single strand of RNA of negasesse, and has a molecular weight of 5.2

6
to 5.7 x 10daltons (Lamb, 2001). The envelope contains twéasarglycoproteins; HN protein
and F protein. The HN protein, a receptor bindingqin that is responsible for the attachment of
the virion to the host cell receptor and F proisinequired for the fusion of the virion to target

host cell membranes (Lamb et al., 2006). The MdMX protein is layered under the envelope,



which is thought to play major role in assembly dndlding of the mature virion particles
(Peeples, 1991). The ribo-nucleocapsid forms the structure which acts as a template for the
virus RNA synthesis. The core structure is formgabcleocapsid protein (NP) tightly bound to

RNA to which phosphoprotein (P) and large polymer@s proteins are attached (Fig.1).

2.4 Genome organization

The genome of NDV is a nonsegmented, negative-sBhs® genome consists of six
transcriptional units arranged in (3' NP-P-M-F-HNb") encoding at least eight proteins (Lamb,
2001)(Fig.2). The genomic RNA contains a 3' exst@onic region of 55 nucleotides, known as
the leader, and a 5' extracistronic region of lddleotides, known as the trailer (Krishnamurthy
and Samal, 1998). These regions are essentiagpication of the genome, and they flank the
six genes. Each transcriptional unit contains somapen reading frame flanked by short 5’ and
3’ untranslated regions (UTRs), which are followsdconserved transcriptional initiation and
termination control sequences, known as gene §&®) and gene end (GE), respectively.
Between the gene boundaries are non-coding intergequences (IGS), which vary in length 1
to 47 nt (Chambers et al., 1986a; Krishnamurthy Sachal, 1998). The mRNAs are capped and
have poly (A) tails. The genome consists of six agennucleocapsid protein (NP) gene,
phosphoprotein (P) gene, matrix protein (M) genesidn protein (F) gene, hemagglutunin

neuraminidase (HN) gene, and large RNA-dependet Pdlymerase protein (L) gene.

2.5 Viral proteins
The genome of NDV codes for at least six majorginst NP, P, M, F, HN, L, and two

minor proteins V and W.



Matrix protein (M)

Hermagglutinin-neuraminidase(HM)

Fusion protein (F) _ gif i : L Phosphoprotein (P)

Mucleoprotein (M)

Polymerase (L)

Figure 1. Schematic diagram of Newcastle disease virusgbaitnot drawn to scale).

(From ©Viralzone 2010)
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present which vary 1-47 nt in length.



The V and W proteins are the two additional pradiormed by non- template
nucleotide addition through the RNA editing proceksing P gene mRNA

transcription (Steward et al., 1993).

2.5.1 Ribonucleoprotein complex
The genomic RNA is associated with the NP, P apddteins to form

the ribonucleoprotein complex (RNP), which servesaatemplate for RNA
synthesis (Lamb, 2001).
NP protein: The NDV genome is the template for two separatetfan in the
life-cycle of the virus; RNA replication and tramgtion. The switch between
RNA replication and transcription is considered te controlled by the
presence ofde novoNP protein. The NP protein interacts with the P-L
polymerase during transcription and replication amast likely, interacts with the
M protein during virus assembly. The intracellutancentration of unassembled
NP is also considered to be a major factor comglithe relative rates of
transcription and replication from genome templgRBismberg and Kolakofsky,
1981; Blumberg et al., 1981) The NP gene of NDVsists of 1747 nucleotides
coding for 489 amino acids. The molecular weighthaf protein is predicted to
be 54 kilodaltons (kDa) (Krishnamurthy and Sam@agg).
P protein: Essential component of the RNA polymerase transoripand
replication complex. P protein binds to the virdbonucleocapsid and
positions the L polymerase on the template andas& chaperone for newly
synthesized free N protein, so-called This property of P protein has been

suggested to prevent NPPm assembling RNA non-specifically. The P gene of
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NDV is 1451 nt long and have a molecular weigh5®56kDa (McGinnes et al.,
1988). The P gene produces two additional protéimsd W, by RNA editing.
The process of RNA editing is addition of one G leatide at the editing site
(near the center of the ORF) which produces an mRNh&& encodes the V
protein, whereas addition of two G nucleotides poa$ an mRNA that encodes
the W protein (Steward et al., 1993). The P protginighly phosphorylated and
acidic in nature(McGinnes et al., 1988).

L protein: The L protein is the least abundant but the largasictural protein
(about 50 copies per virion) in the virion core (Bgee, 1987). The P and L
proteins form a complex, and both proteins are iredufor polymerase activity
with NP:RNA templates. The L gene is 6704 nt lomgl gredicted molecular
mass is 242 kDa (Yusoff et al., 1987). The L pmotes also responsible for

capping and polyadenylation of the nascent viraNAR

2.5.2 Matrix protein

The matrix protein is associated with the innerfae of the
membrane ani the most abundant protein in the virion. The &g of NDV is
1241 nt long. Its predicted molecular mass is 4@.KDis also believed that it
interacts with the NP protein, but the exact bigddomains are yet to be
determined The dimers of paramyxovirus M protein can form &-gike
array on the inner surface of the viral membrame, robably interact with
both the cytoplasmic tails of the HN and F glycdpnes as well as the
nucleocapsid to initiate virus assembly and bud@@igambers et al., 1986b).

2.5.3 Envelope surface glycoproteins

11



The envelope of NDV virions have two transmembrgiyeoproteins; the
attachment protein termed HN and the F protein #rel form spikes
protruding from the lipid bilayer. HN is a dual-fetron hemagglutinin/
neuraminidase, capable of binding to cell surfaakcsacids. F mediates pH-
independent fusion with the host cell plasma memdara

HN protein: The HN protein of NDV is a multifunctional proteirit
possesses both the receptor recognition and nenidase (NA) activities
associated with the virus. It recognizes sialidamntaining receptors on cell
surface; it promotes the fusion activity of the #étpin, thereby allowing the
virus to penetrate the cell surface; and it actarablA by removing the sialic
acid from progeny virus particles to prevent seifatination of progeny
virus. Thus, the HN protein plays an important noleiral infection (Lamb et
al., 2006).The HN glycoprotein of NDV is a major antigenic el@hinant of the
virus (Meulemans et al., 1986; Morgan et al., 1992 HN gene is 1998 nt long
with a coding region of 577 amino acid residues andholecular weight of
74kDa. The HN of some strains of NDV is synthesiasda biologically inactive
precursor (HI), and 90 residues from the C-terminal are remdveattivate the
molecule The HN proteins are type Il integral meanier proteins that span the
membrane oncé he N-terminus of the HN protein consists of theoplasmic
domain, followed by the transmembrane region aedstalk region. The HN
attachment proteins are thought to form tetramersthieir active form.
Mutational studies of the NDV HN stalk have exandiméfects on membrane
fusion, NA activity, hemadsorption, F-protein comwpl formation, and

oligomerization. Although mutations in the NDV Hirak can affect both NA
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and membrane fusion activities, it has not beeardiew these two functions
are coupled. The crystal structure of the intactN\IBN reveals a four-helix
bundle (4HB) stalk packed between two NDV NA domdimers, which
provide insight into the structural basis for stdépendent HN NA and
membrane fusion-promoting activities (Crennellletz000).

F protein: The F protein directs membrane fusion between its¢ and the
cellular membranes (Morrison, 2003). NDV F protailesnot require the acid
pH of endosomes for the activation of fusion atyivihus, other mechanisms
for F protein activation must be invoked. Becaude tlms acid pH
independence, infected cells expressing both theaH#l the F proteins can
fuse with adjacent cells to form multinuclear celissyncytia, a process that is
assumed to be similar to virus-cell fusion (Bakérag, 1999). Syncytia
formation is a hallmark of NDV infection in hostlis¢Horvath and Lamb,
1992). It is a typical cytopathic effect causedtbg virus and can lead to
tissue necrosis and might also be a mechanisnmra$ gpread(Horvath et al.,
1992).

The NDV F protein is synthesized as a precursgmliich is 1792 nt
long encoding 553 amino acids that must be proteally cleaved to activate
F protein fusion activity. Cleavage at amino acitl Jproduces disulfide-
linked F, and k polypeptides derived from the amino-terminal aadoxyl-
terminal domains of §; respectively(de Leeuw et al., 2005; Nagai, 19956
F1 polypeptide has one fusion peptide. Upon initmatiof fusion, fusion

peptides are thought to insert into target memtsadecking the protein to
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these membranes. Paramyxovirus golypeptides have two heptad repeat
(HR) regions, one (HR1) located adjacent to carboegyminal to the more
amino-terminal fusion peptide and the other adjaterthe transmembrane
domain (HR2)(Chen et al., 2001). Studies of peptidéh sequences of these
HR domains and characterization of mutations withese domains have led
to the hypothesis that F proteins are synthesizadl teansported to cell
surfaces in a metastable conformation in which H# domains are not
associated and the fusion peptides are masked. fimon activation, F
proteins are thought to undergo a series of cordtiomal changes that result
in the insertion of fusion peptides into target nbeames and the interaction of
the HR1 and HR2 domains to form a very stable cer{pbmb et al., 1999;
Morrison et al., 1987) The formation of this comyplse thought to pull target
and attack membranes in close proximity, allowingsequent fusion events
(Fig 3).The amino acid sequence at the F protedavelge site is different
among most lentogenic, mesogenic and velogenic SD&ins (de Leeuw et
al., 2003; Panda et al., 2004b). The F proteinliofeatogenic strains has a
monobasic cleavage site, which is cleaved by eelitdar proteases restricted
to specific tissues; whereas, the F protein ofnadéisogenic and velogenic
NDV strains has a multibasic cleavage site, whgltleaved by ubiquitous
intracellular proteases. The fully glycosylated Btpin of NDV contains a
470-amino-acid extracellular domain, a transmembraomain near C-
terminal, and a 29-amino-acid cytoplasmic tail. Thelecular weights of -

F,and kF are
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(a) (b) (c)

Host cell membrane B |

(d)

Figure 3. Model of Paramyxoviruses mediated fusion. (Modifiérom Trends of
Mircobiology) Native state b) Prefusion activatiay Fusion activation d) Pre hairpin

intermediate e) Fusion
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66kDa, 55kDa, and 12.5kDa respectively. The F jpmote the major
immunogenic protein of NDV.
2.5.4V and W proteins

NDV produces two additional proteins, V and W, frdime P gene by
alternative mRNAs that are generated by RNA edi8tgward et al., 1993).
In NDV, insertion of one nontemplate G residue givise to a V-encoding
MRNA, while insertion of two nontemplate G residugsnerates a W-
encoding mMRNA. Analysis of mMRNAs produced from Ehgene showed that
68% were P-encoding mRNA, 29% were V-encoding mRBAd 2% were
W-encoding mRNA(Huang et al., 2003). All three P@elerived proteins are
amino coterminal but vary at their carboxyl terngnn length and amino acid
composition. The V protein of NDV, in common witls counterparts in other
paramyxoviruses, is cysteine rich within its uniquegboxyl-terminal region
and binds to zinc (Mebatsion et al., 2001). Therdtgin of NDV is found to
be incorporated in virions, as are simian virusS¥%) and mumps virus
(Kubota et al., 2005; Sun et al., 2004). V and Vét@ns are present in
infected cells but absent in viral particles. V tgin is considered as a
virulence factor acting as an interferon antagoniste function of the W
protein of NDV has not established, however worthwather virus suggests it

may be an inhibitor of replication.
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2.6 Stages of replication of NDV

The replication of NDV occurs in the cytoplasm asdrery similar to that of other
non-segmented negative-strand RNA virusespafamyxoviridae(Fig.4). Replication of
NDV is initiated by the binding of the HN on therien envelope to sialic acid on the cell
surface glycolipids followed by fusion of the vifabst cell membrane (Huang et al., 2004;
Morrison, 2003). The F protein promotes fusionked envelope with the plasma membrane.
The RNA polymerase is carried into the cell as mdrthe nucleocapsid. Transcription,
protein synthesis, and replication of the genomeatur in the host cell cytoplasm. The
genome is transcribed into individual messenger RRNARNAS) and a full-length positive-
sense RNA template. New genomes associate withLthd, and NP proteins to form
nucleocapsids, which associate with the M proteimsviral glycoprotein—-modified plasma

membranes. Finally, the progeny viruses matureblualgling through plasma membrane

2.6.1 Virus attachment, fusion and entry

Primary adsorption of the virus to the target teljenerally promoted
by the attachment protein, with sialic acid resglaee cell surface proteins
serving as receptorslpon adsorption of the virus to the cellular recept the
viral membrane fuses with the host cellular plasneanbrane at neutral pAhe
F protein is then responsible for fusion of theaimembrane with a host cell
membrane.NDV require their homotypic attachmenttggrofor membrane
fusion activity, suggesting a role for F-attachmembtein interactions in
control of fusion.This results the release of the viral nucleocapsgits the

cytoplasm of the host cell. The M protein is copsadl to make several contacts
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with the nucleocapsid. After the release of thelenmapsid into the cytoplasm,
disruption of the M-nucleocapsid complex occurs #mal viral nucleocapsid is

released into the host cell cytoplasm.

2.6.2 Transcription

The key feature of transcriptional control in th®W RNA viruse is
entry of the virus-encoded RNA-dependent RNA polsase at a single 3'
proximal site followed by obligatory sequential risaription of the linear
array of genes. Levels of gene expression are pijnragulated by position
of each gene relative to the single promoter asd B¥ cis-acting sequences
located at the beginning and end of each gene tati@ antergenic junctions.
Obligatory sequential transcription dictates tletrtination of each upstream
gene is required for initiation of downstream geridserefore, termination is
a means to regulate expression of individual gevigsn the framework of a
single transcriptional promot&he viral RNA polymerase has to first transcribe
the leader RNA before beginning mRNA synthesishat NP gene start signal.
RNA replication of Sendai virus requires the genderggth to be a multiple of
six (“Rule of Six” theory), for efficient replicadn. NDV also follows the rule of
six principle for efficient replication. This hexamrule is most likely related to
the finding that each NP subunit of the nucleodhssassociated with exactly six
nucleotides. Once the nucleocapsid is releasenl gt cell cytoplasm the leader
MRNA is synthesized first, on entry of the NP arid polymerase at the 3nd
of the genome followed by re-initiation of NP gem&NA synthesis from NP

gene start sequence. The transcription undergossgaential start and stop
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mechanism producing gradient mRNA production in chhB’ proximal gene

concentration is higher than those of downstreanegéCattaneo et al., 1987).

2.6.3 Genome Replication

Viral RNA replication involves full length plus stind synthesis. This
is used as a template for full length minus stradwth full length strands are
coated with nucleocapsid protein as they are mblgev full length minus
strands may serve as templates for replicationemiplates for transcription,
or they may be packaged into new virions. Bothgaeome and antigenome
are assembled into encapsidated nucleocapsid.€Haerd and trailer regions
of the genome contain specific sequences for tmtlaencapsidation. The
leader and trailer regions of the genome contaiecifip sequences for
initiating encapsidation. The processes of trapson and replication are
tightly regulated. When unassembled NP is limitinipe viral RNA
polymerase is preferentially engaged in mRNA sysithe raising the
intracellular levels of unassembled NP and all othieal proteins(Nagai,
1999). When unassembled NP levels are sufficienimes viral RNA
polymerase activity switches from transcription teplication, thereby
lowering the levels of unassembled NP, as eachatiof of encapsidation
utilizes many NP monomers to finish the assembitme chain (Blumberg

et al., 1981). The RNA synthesis of NDV is showrrig. 5.

2.6.4 Virus assembly and release
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Once formed, RNPs must be incorporated into buddings particles.
The intracellular site of nucleocapsid assemblinithe cytoplasm. The first
step in viral assembly is the encapsidation of ggndrNA into nucleocapsid.
The nucleocapsids are thought to be assembledarsteps: first, there is an
association of free NP subunits with the genomiimplate RNA to form the
helical ribonucleoprotein (RNP) structure, followky the association of the
P-L protein complex. Selective genome incorporabased on the polarity of
the viral RNA also occurs, with ()-sense genomegarporated more
efficiently into budding particles than (+)-sensg@igenomes. In contrast to
the antigenomes, Paramyxovirus mRNAs are not erdapsl. Incorporation
of genomes into budding virions is likely driven ioyeractions between viral
matrix proteins and nucleocapsids at virus assermsibdg. The assembly of
the viral envelope takes place at the cell surfabe. viral integral membrane
glycoproteins (F and HN) are synthesized in theoptasmic reticulum and
undergo step-wise conformational maturation befwamsport through the
secretory pathway. Only correctly folded and asdethbproteins are
transported out of the endoplasmic reticulum (Braak and van Anken,
2000). In the Golgi apparatus, the carbohydratanshan the HN and F
glycoproteins are modified extensively. Cleavagetlod F proteins with
multiple basic cleavage sites, occurs in the t(aokgi apparatus (de Leeuw et
al., 2005). Finally, the glycoproteins are transpaito the plasma membrane.
In NDV, the assembly of the envelope occurs at#iesurface and release of

the virus takes place by budding.

20



3 9000888, 5
0 0
HoN p Golgi

O
Transcription —or

Matrix protein—

Template mRMAs
(+) RNA

M%m Translation ﬁ?

‘Jimlm Assembly of RNA and protein
(—) RNA

gencme

Figure 4. The life cycle of NDV
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Figure 5. Schematic diagram of RNA replication and trang@ipin paramyxovirus.

Schematic diagram showing transcription and refpioaof a paramyxovirus. Genome and
antigenome are shown encapsidated by nucleocapeteip subunits.The vertical lines
indicate the gene junctions. The polymerase comfiek complex) transcribes the genome
to yield capped and poly A-tailed mRNAs. When stiént amount of viral protein levels are
achieved, the viral polymerase switches from igmdcription mode to replicative mode to
produce antigenome, which serves as the templatéh& synthesis of the progeny viral

genome.
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2.7 Reverse genetics

Reverse genetics is a method which is used fortigemanipulation of viruses by usirthe
cloned cDNA of the viral genome that allows the gration of infectious virug vitro. In
nonsegmented negative-strand RNA viruses, the nainimit that is able to initiate infection
inside the host cell is genomic or anti-genomic Rbi#mplexes with the viral RNA
polymerase. Therefore, introduction of a reverseegies system by transfecting plasmids
expressing viral accessory proteins such as NmdPLaalong with full length antigenome
plasmid have made it possible to recover geneficatigineered virus (Fig 6)Genetic
manipulation of a negative strand-RNA virus wastfiade possible in 1990 for the
segmented influenza-A virus using biological actiweal RNP complexes that were reconstitirte
vitro (made of synthetic RNA and purified nucleoproteind apolymerase protein) and then
transfecting the complex into cells previous indectvith a fullyfunctional, helper, virus (Enami et
al., 1990)Subsequently, recovery of several other virusash as the vesicular stomatitis
virus(Lawson et al.,, 1995; Whelan et al., 1995)iamvirus 5(He et al., 1997), human
respiratory syncytial virus (Collins et al., 19%8ndai virus(Garcin et al., 1995), rinderpest
virus(Baron and Barrett, 1997), parainfluenza \ibusbin et al., 1997; Hoffman and
Banerjee, 1997) and measles virus(Radecke et%@5)lhave been achieved. The recoveries
of infectious NDVs from cDNA using reverse geneticsteyn were first reported ih999
(Peeters et al., 1999; Romer-Oberdorfer et al.9L9urrently reverse genetisgstems are
available for lentogenic strain LaSota (Peeteral t1999; Romer-Oberdorfer et al., 1999)
B1 (Nakaya et al., 2001), mesogenic strain Beaeddlt (Krishnamurthy et al.,
2000)(Krishnamurthyt al, 2000) and velogenic strain Hert/33 (de Leeuwl ¢t2005). The
availability of a reverse genetics system for ND¥ vaell as other viruses has provided

essential information and tools to study the umalecular mechanism in greater detail.
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Plasmids encoding for antigenome full length cDNAP, P and L mRNA were co-
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promoter. The T7 RNA polymerase is provided byrgmmbinant vaccinia MVA/T7 strain.
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Krishnamurthyet al, 2000.
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Chapter 3

3.1 Title
Coordinated deletion of N-glycans from the heptgukats of the F protein of

Newcastle Disease Virus affects virulence (Samal.e2012)

3.2 Abstract

The role of N-linked glycosylation of the NDV fusigrotein in viral replication and
pathogenesis was examined by eliminating poteatiakptor sites using a reverse genetics
system for the moderately pathogenic strain Beasdet (BC). The NDV-BC F protein
contains six potential acceptor sites for N-linkggcosylation at residues 85, 191, 366, 447,
471, and 541 (sites Ngl1-6, respectively). The siiedlg2 and Ng5 are present in heptad
repeat (HR) domains HR1 and HR2, respectively, g might affect fusion. Each N-
glycosylation site was eliminated individually bybstituting asparagine (N) with glutamine
(Q), and a double mutant (Ng2+5) involving the thi® domains also was made. Each
mutant was successfully recovered by reverse gmneticept for the one involving Ng6,
which is present in the cytoplasmic domain. Allleé F proteins expressed by the recovered
mutant viruses were efficiently cleaved and tramgabto the infected-cell surface. None of
the individual mutations affected viral fusogenycibut the double mutation at Ng2 and Ng5
in HR1 and HR2 increased fusogenicity >12-fold. Higgle mutations at sites Ngl, Ng2,
and Ng5 resulted in modestly reduced multi-cyclewgh in vitro. These three single
mutations also were the most attenuating in eggslagay-old chicks, and were associated

with decreased replication and spread in 2-weelebidkens. In contrast, the combination of
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the mutations at Ng2 and Ng5 yielded a virus thampared to the BC parent, replicated
>100-fold more efficientlyin vitro, was more virulent in eggs and chicks, replicateate
efficiently in chickens with enhanced tropism ftyetbrain and gut, and elicited stronger
humoral cell responses. These results illustraeetfects of N-glycosylation of the F protein
on NDV pathobiology, and suggest that the N-glycanslR1 and HR2 coordinately down

regulates viral fusion and virulence.

3.3 Introduction

Newcastle disease virus (NDV) is a major avian pgém affecting many species of
birds and it causes severe economic losses torpandiustry worldwide (Alexander, 1997).
NDV isolates cause a broad spectrum of diseaseingnigom fatal to asymptomatic
infection. NDV strains are grouped as highly vinilgvelogenic), moderately virulent
(mesogenic) and low virulent (lentogenic) basedpathogenicity in chickens (Alexander,
1997). NDV is a member of the gen@gulavirusin the familyParamyxoviridagR. Lamb,
2005). The genome of NDV is a single-stranded, segmented, negative-sense RNA of
15,186 nucleotides (de Leeuw and Peeters, 1998hKamurthy and Samal, 1998; Nagai et
al., 1989; Phillips et al., 1998). The genomic RN@ntains six genes that encaateleast
seven proteins (Chambers et al., 1986a; Wilde, 198M®V initiates infection after
attachment to susceptible cells and subsequent naambusion process directed by two
virion glycoproteins associated with the enveloffee hemaglutinin-neuraminidase (HN)
protein and the fusion (F) protein (Lamb, 1993a)e HN protein mediates attachment by
binding to sialic acid receptor and has neuramsedactivity and plays a role in fusion
promotion, whereas the F protein is responsiblerfembrane fusion and penetration through

the host cell membrane (Lamb, 2007). The NDV Ferotoes not require the acidic pH of
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endosomes for the activation of fusion processtauwhuse of this acidic pH independence,
infected cells fuse with adjacent cells to form @sgtia, a process very similar to virus-cell

fusion (Baker et al., 1999). Although the triggezahanism for F mediated membrane fusion
is still unknown, it is postulated that interactibatween the HN and F proteins stimulate
conformational changes in the F protein that drivesger of viral and host cell membranes
(Lamb et al., 2006).

The NDV F protein is a trimeric type | integral mierane protein that is synthesized
as an inactive precursor, 66 kDa) which is post translationally cleaved bgyst cell
proteases into two disulfide-linked subunits, Nwigral F, (12.5kDa) and C-terminal
Fi(55kDa)(Nagai et al., 1989). A stretch of hydropileaimino acids at the N terminus of the
F1 subunit form a fusion peptide (FP) that interacthwhe host cell membrane, thereby
initiating the fusion process. The NDV F proteashwo HR motifs in the ;JFsubunit; HR1
is adjacent to the fusion peptide, and HR2 is ajato the transmembrane (TM) domain.
Crystal structure of fusion proteins of differergr@myxoviruses revealed that these heptad
repeats assemble to form conserved six helix busadethis assembly is tightly coupled to
membrane fusion (Baker et al., 1999; Chen, 200fjukeuand Russell, 2007; Swanson et al.;
Yin et al., 2006; Yu et al., 2002; Zhu et al., 2802hu et al., 2003b). Subsequent structural,
biochemical, and functional studies of fusion piotef paramyxoviruses have led to the
hypothesis that, prior to interaction of F proteirth the host cell, the F protein is believed to
fold in a pre-fusion, metastable conformation, \ihis then activated to undergo a large
conformational rearrangement needed to accomplesmimrane fusion (Lamb, 1993a; Lamb
and Jardetzky, 2007; Lamb et al., 2006). HoweVes,hechanistic details of the extensive

conformational rearrangements of fusion proteinsaitenot clear.
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The F glycoprotein of NDV undergoes N-linked glyglagion in rough endoplasmic
reticulum of host cells, in which N glycan chain® attached covalently to asparagines
residues at the consensus sequence motif Asn-X4{8er(Baker et al., 1999; Braakman,
2000; Collins and Mottet, 1991; Doms et al., 19@¢@)ere “X” can be any amino acid except
proline). N-glycans of viral envelope glycoproteim® involved in many functions, such as
promoting efficient expression, transport, foldinginding to cell surface receptors,
facilitating fusion and infectivity (Aguilar et al2006; Bagai and Lamb, 1995; Braakman,
2000; Collins and Mottet, 1991; Eichler et al., @0Goffard and Dubuisson, 2003; Panda et
al., 2004a). On the other hand, N-linked glycarso &ct in shielding the virus against
antibody neutralization as reported in HIV, Hepsatig and influenza viruses (Kniskern et al.,
1994; Vigerust et al., 2007; Wei, 2003).

The F glycoprotein of NDV contains six potentialliNked glycosylation acceptor
sites at residues 85, 191, 366, 447, 471 and 54dhvelne conserved in all strains (de Leeuw
and Peeters, 1999; Paldurai et al.)(Fig.7). A mnewvistudy has predicted that four of these
sites present at residues 85,191,366 and 471 actidoally active (McGinnes et al., 2001).
Two of these residues at positions 191 and 47 prasent within the heptad repeats HR1 and
HR2, suggesting that N-glycosylation at these sneght play an important role in the fusion
promotion. The previous study demonstrated the obIB-linked glycosylation of NDV F
protein in the biological activity and protein sidp using a plasmid transfection system
(McGinnes et al., 2001). However, the contributtdiNDV F protein N-linked glycosylation
on virus replication, pathogenesis and virulencéénatural host is unknown.

In the present study, a reverse genetics systemused to generate a panel of

recombinant viruses with mutations in the N-glydasgn sites of the NDV F protein. These
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mutations eliminated each of the six N-glycosylatsites individually (Ng1, Ng2, Ng3, Ng4,
Ng5 and Ng6) and in combination (Ng2 and Ng5). Ehesutant viruses allowed us to
determine the usage of each N-glycosylation si® stndy the role of each N-glycan on
functional activity of F protein and its effect wiral replication, pathogenesis, virulence and
immunogenicity in chickens. We demonstrate that NB¥rotein with deglycosylation of
each N-glycan site remains completely functionabwidver, deletion of N-glycosylation

sites in viruses modulates the viral pathogenesistious extents.

3.4 Materials and Methods
3.4.1. Cells and viruses.

Chicken embryo fibroblast cell line (DF1) and humepidermoid
carcinoma cell line (HEp-2) were grown in Dulbesaohinimal essential
medium (DMEM) with 10% fetal bovine serum (FBS) amwhintained in
DMEM with 5% FBS. The African green monkey kidneerd cells were
grown in Eagle’s minimal essential medium (EMEMntaning 10% FBS
and maintained in EMEM with 5% FBS. The modifiecc@aia virus strain
Ankara (MVA) expressing T7 RNA polymerase was kingrovided by Dr.
Bernard Moss (NIH, Bethesda, MD) and propagategrimary chicken
embryo fibroblast cells in DMEM with 2% FBS. The devately pathogenic
(mesogenic) NDV strain Beaudette C (BC) and itomdzinant derivatives
were grown in 9-day-old embryonated specific-padmiiee (SPF) chicken
eggs.After 2 days, the allantoic fluid was harvestiad the virus was plaque

purified using our standard procedure (Krishnamuethal., 2000).
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3.4.2 Construction of plasmids and recovery of muta viruses

The construction of plasmid pNDVfl carrying the lfulength
antigenome cDNA of the NDV strain BC has been desedr previously
(Krishnamurthy et al., 2000). In the present stualyinique Pacl site was
created in the downstream untranslated region (UdR)he M gene. To
introduce mutations into the F gene of pNDVfl, acPdlul fragment
containing the F gene was amplified using each yagylation mutant
forward and reverse primers with desired mutati¢fiable 1). The PCR
product was cloned into pCR 2.1-TOPO vector (lmgan, USA). The inserts
bearing N-glycan mutation were released by digastith Pacl and Mlul and
then cloned into the full length cDNA of BC. A pard N-glycosylation F
mutants were generated. A double F mutant, Ng2+&s also createby
eliminating N-glycosylation sites 2 and 5. This wd@ne bysubjecting the
Ng2 mutant to a second round of mutagenesis to vermy5. All mutant
cDNAs were sequenced in their entirety to confin@ presencef the desired
mutations. Transfection and recovery of recombindBVY mutants were
performed by using reverse genetics technique described quehy
(Krishnamurthy et al., 2000).
3.4.3. RT-PCR and sequence analysis.

The recovered F mutant viruses were passaged ay®id SPF
chicken embryos for five times. From each passaig¢ RNAs were
isolated from mutant NDV-infected allantoic fluid ®-day-old SPF chicken

embryos, usin@RIzol reagent (Invitrogen, USA). Reverse trandwipPCR
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(RT-PCR)was performed using the Thermoscript RT-PCR kivi{ingen).
The amplified cDNA fragmentsvere then sequenced using the BigBye
Terminator v3.1 cycle sequencing kit (Applied Bisgms Inc, USA) in ABI
313l genetic analyzer twonfirm the presence of the introduced mutations in
the recoverediiruses. The HN gene from each recovered virus alas
sequenced with available primers from our labosator
3.4.4. Production of anti NDV-F antisera

Three synthetic peptides were custom synthesizedtrdgen): C-
terminal tail (30 residues), corresponding to amawmds 524 to 553 of
cytoplasmic tail of the F protein; peptide A (1&Gidries), corresponding to
amino acids 27 to 36; and peptide B (10 residuamyesponding to amino
acids 67 to 76. One rabbit was injected subcutasigomith 1 mg of KLH
conjugated C-terminal tail peptide and another italés injected with 0.5 mg
of each of KLH conjugated peptide A and peptidenBFreund’s complete
adjuvant to raise anticfy and anti-lwerm antiserum, respectively. After 2
weeks, a booster immunization was given with 0.5 pegtide in Freund’s
incomplete adjuvant and 2 weeks later the hyperimeraera were collected.
Western blot analysis was performed using NDV itddccell-lysates to

confirm the specificity of the two antisera to N?protein.
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Table 1. Primers used in this study*

Primer Nucleotide sequence

Ngl Forward
Ngl Reverse

Ng2 Forward

Ng2 Reverse..

Ng3 Forward

Ng3 Reverse.

Ng4 Forward

Ng4 Reverse..

Ng5 Forward

Ng5 Reverse.

Ng6 Forward
Ng6 Reverse

Ng7 Forward

Ng7 Reverse...

........... S’ATGCATACCAGAGGACATTGACCACTTTGCTCACCCC3’
i A AATGTCCTCTGGTATGCATCCAAGGGGGCTTTCGCACS
...... S’ACCAATTTCAGAAAACAGCTCAGGAATTAGGCTGCATCAGS
ieeen . D'AGCTGTTTETGAAATTGGTCATTAACAAACTGCTGS
........... 5'GGCAGACATCGGCCTGTATGTACTCAAAGACCGT
ciieenn. ... D’CAGGCCGATAITGGCCGCTCAAGCAGGAATAAATACCS
............ CAGAAGCAGATCTCAATACAAGATTCTCZ
ieee D TATTGAGATTGCTTCTGATAAGTTGCATCGS’
..... S'GAATGTCCAGAACTCGATCAGTAATGCTTTGAATAAGTTAGS
ciienn .. D’GAGTCTGGACATTCCCAAGCTCAGTTG 3
............ S'ATTATGGCTTGGGAGAATACCCTAGATC3’

............ S'CTAGGGTATOTGCCCAAGCCATAATAAGGTCS
............ 5" ATTATGGCTTGGBATAATACCCTAGATCZ

ceeenn. O'CTAGGGTATATTICCCAAGCCATAATAAGGTCS

*Bold and underline indicates mutations.
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3.4.5 Western blot analysis and PNGase F digestion

Vero cells were infected with each mutant virusatMOI of 1.0 and
incubated for 1 h at 3C. Cells were washed with phosphate-buffered saline
(PBS) and overlaid with 2% DMEM. After 36h postention (PI), the cells
were washed with PBS and were divided into twoualtq. From one aliquot
proteins were extracted using cell lysis buffer (BIdsciences, USA) and the
second aliquot was treated with denaturing bufféevwf England Biolabs,
USA). 40ul of cell lysates from first aliquot wedduted in Laemmli sample
buffer (Bio-Rad Lab, USA) in the presence of redgcagent and loaded onto
10% polyacrylamide gels. 40ul of cell lysates framcond aliquot were
digested with PNGaseF (New England Biolabs). Byjdfifected cell extracts
were denatured at 180 for 10 min. The reaction mixture was put on ice5
min, and PNGaseF (2U) and 10x reaction buffer &dfid NP40 supplied by
manufacturer were added to equal amounts of cedatés from each
recombinant virus in 40 pl reaction buffer and inated overnight at 3.
The digestion was stopped by boiling and sample® widuted in Laemmli
sample buffer in the presence of reducing agent laaded onto 10%
polyacrylamide gels along with equal amount of gedited cell lysates. After
electrophoresis, the gels were equilibrated insfiembuffer and transferred
onto nitro cellulose membrane. The membrane waskbbtb with blocking
solution (5% skimmed milk in PBS) for 2 h at roommiperature and
incubated with primary antibody (1:100 dilution)tiaR.,: overnight at 4°C.

Membranes were washed three times in washing eal(®.05% Tween-20 in
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PBS) and then incubated in secondary antibody;rahbit IgG antibodies
diluted (1:5000) in dilution buffer for 1 h at rootamperature. Membranes
were washed extensively and bound antibody wasctbeteusing the ECL
Western blotting detection reagent system (Amerst&a).
3.4.6 Cell surface expression of the F proteins ®f-glycosylation mutant
viruses

Cell surface expression of the F proteins of N-gbydation mutants
viruses were quantitatively determined by flow cytdry. Briefly, DF1 cells
were infected with each recombinant virus at an MOO0.1. After 24 h the
cells were detached with PBS containing 5 mM EDT# &entrifuged at
500 xg for 5min at 4 °C. Cells were then incubated witfe anti-Ferm
antiserum (1:10 dilution) for 30 min at 4 °C. Sulpsently, cells were washed
with PBS, and incubated for 30 min on ice with 00Xiluted Alexa Fluor
488 conjugated goat anti rabbit immunoglobulin Gikadies. Cells were
analyzed by using a FACSRIA Il apparatus and Flosgdtware (Becton
Dickinson Biosciences).
3.4.7 Fusion assay and syncytia formation of N-glgsylation mutant
viruses

The ability of each N-glycosylation mutant virusfesm syncytia was
determined according to a procedure described biinK{Kohn, 1965).
Briefly, Vero cells in 6-well plates were infected with eaofus at an MOI of

0.1.Cells were maintained in 5% MEM at 37°C under 5% CKDirty six h
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Fusion peptide

Ng1(85) \l/ Ng2(191) Ng3(366)Ng4(447) Ng5(471) Ng6(541)
BC A A A A A
NH, HR3 4 HR1 HR2 ™
<>
I:2 Fl

Figure 7. Linear diagram of the NDV F proteiaé

Ngl to Ng6, with the amino acid position of the Assidue in parentheses. Grey boxes,

indicateggutial N-glycosylation sites

heptad repeats; light box, transmembrane (TM) domai
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Pl, themedium was removed and the cells were washed vidth, fixed with
methanofor 20 min at room temperature, and stained witindtexylin-eosin.
The fusion index of each mutant virus was calcdldtg observing 10 fields
per well in duplicate. The fusion index is the @atf the total number of
nuclei to the number afells in which these nuclei are present (i.e.,rttean

numberof nuclei per cell).

3.4.8 Growth characteristics of N-glycosylation mudnt viruses

The growth kinetics of N-glycosylation mutant viesswere evaluated
by multiple-step growth assays. DF1 cells in dwgibowellsof six-well plates
were infected with each virus at an MOI of 0.01teAfl hour of adsorption,
the cells were washed with PBS and overlaid withED#containing?% FBS
at 37°C. Supernatant was collected espdaced with an equal volume of fresh
medium every 8-h intervaimtil 64-h PI. The titer of virus in the sample was
guantified by plaque assay on DF1 cells. All plagasaysvere performed in
six-well plates. Briefly, monolayers of DEklls were infected with 0.2 ml of
10-fold-diluted fresh virus infected allantoic ftbiAfter 1 h of adsorption,
cells were covered with DMEM containi@8o FBS and 0.8% methylcellulose
and then incubated at 37°C. Six days later, this eedre fixed with methanol
and stained with crystal violet. The syncytia fotima in DF1 cells was
determined in duplicate weltd six-well plates infected with each virus at an
MOI of 0.01. Cells were maintained in 5% DMEM at°G7under 5% C@

Twenty four h Pl thenedium was removed and the cells were washed with
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PBS, fixed with methandbr 20 min at room temperature, and stained with
hematoxylin-eosin.
3.4.9 Pathogenicity studies

The pathogenicity of the N-glycosylation mutant ugies was
determined by mean death time (MDT) test in 9-dayemnbryonated chicken
eggs and the intracerebral pathogenicity index i@t in 1-day-old chicks
(Alexander, 1997) and in 2-week-old chickens. THBTs the mean time in
hours for theminimum lethal dose to kill all inoculated embrydsor ICPI
test, 0.05 ml (1:10 dilution) of fresh infectivdaadtoicfluid of each virus was
inoculated into groups of 10 1-day-&dPF chicks via the intracerebral route.
ThelCPl is the mean score per bird per observatiom thee8-dayeriod.

The pathogenicity of the F mutant viruses was enélvaluated in 2-
week-old chickens by a natural route of infectiBniefly, 2-week-old SPF
chickens in groups of 10 were inoculateith 10° PFU (50ul in each nare and
eye) of each virus per chicken via the occulonasate. The birds were
observed daily for clinical signs of diseagetil 14 days PIl. In order to
determine the replication efficiency of the mutamtises, another 2-week-old
chickens in groups of 5 were inoculated wittff BIFU of parental and each
mutant virus per chicken via the occulonasal roAte3 day PI, 3 birds from
each group were sacrificed and organs (brain, nadaihate, lungs, and gut)
were collected. The virus titers in these organsewdetermined by plaque
assay in D-cells. The extra 2 birds in each group were prietse

accommodate possible losses due to infection, wiechirred in the rNg2+5
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3.5 Results

group.
3.4.10 Measurement of humoral response of N-glycdagyion mutant
viruses by enzyme-linked immunosorbent assay (ELISA

Four-week-old chickens in groups of 5 were inoadawith 16 PFU
of wild type and N-glycosylation mutant viruses gd@rd via occulonasal
route. Serum samples were collected on tffe &' and 14 days PI.
Commercial NDV ELISA kits (Synbiotics Corporatican Diego, CA) were
used to detect antibodies against the NDV antig€hs. assay was designed
to measure NDV antibody bound to NDV whole antigeated plates. Serum
samples were diluted 1:100 in dilution buffer (Symigs Corporation) added
to the plates, and incubated for 1 h at room teatpeg. The plates were
washed three times with plate-washing solution fsyics Corporation) and
incubated for 1 h with an isotype-specific secogdantibody, namely,
horseradish peroxidase (HRP)-conjugated goat antken IgG. The plates
were washed three times and developed with ABT2 -&zjnobis [3-
ethylbenzothiazoline-6-sulfonic acid]-diammoniunitlsaeroxidase substrate
solution (Synbiotics Corporation), development w&spped by the addition
of peroxidase stop solution, and analysis was pad at 405 nm using an

ELx800 ELISA plate reader (BioTek, Winooski, VT).

3.5.1. Generation of recombinant NDVs containing miations that

eliminate potential N-glycosylation acceptor sites1 the F protein
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We investigated the role of N-linked glycosylatioh the NDV F
protein in viral biological activities and viral fhepgenesis using a previously-
described reverse genetics system for the mesogeaio Beaudette C (BC)
(Krishnamurthy et al., 2000). The NDV F protein lsaspotential acceptor N-
glycosylation sites as indicated in Fig.7. Eachthed six potential N-linked
glycosylation sites at amino acid sequence postim 191, 366, 447, 471,
and 541 (Ngl1-6, respectively) in the F protein wastated by overlapping
PCR to change asparagine, the first amino acidduesof the conserved
sequence NXS/T, to glutamine. Glutamine was chobegause it is
structurally similar to asparagine, differing bylypa single methylene group.
To make each mutation, the first and third posgidqunderlined) of the
respective asparagine codonAR OR AAC, depending on the particular site)
were substituted to create a codon for glutamin&G¥ Thus, each mutant
would require two nucleotide changes in order tgereto any codon
specifying asparagine, thereby reducing the likelth of direct reversion
during virus replication. A double N-glycosylatiomutant also was created at
positions Ng2 (191) and Ng5 (471) to examine tleotfof combined loss of
the two N-linked glycosylation sites in HR1 and HRA&e single-site mutants
were designated Ngl, Ng2, Ng3, Ng4, Ng5, and Ng@l the one double
mutant was Ng2+5. The sequence of each mutant &\gas confirmed in the
final cDNA clones. Recombinant viruses were recederas described
previously (Krishnamurthy et al., 2000). We werable to recover a viable

virus from the Ng6 cDNA in several attempts. Toastrgate this further, we
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changed the glutamine to asparagine in Ng6 cloneusigig primer Ng7
forward and Ng7 reverse and found that infectiomasv(Ng7 clone) could
readily be recovered. This indicated that the iiitgbio recover rNg6 virus
was specific to that mutation, implying that itsesverely debilitating or lethal.
The presence of the introduced mutations in theamutiruses was confirmed
by RT-PCR and subsequent DNA sequence analysiBeoftgene of each
virus .
3.5.2 Determination of the N-glycosylation site ugge in the NDV F
protein

We examined the F proteins encoded by the N-glyateyn mutants
to determine which of the potential N-linked glyglagion sites in the NDV-
BC F protein were utilized. Vero cells were infettgith wild type rBC and
the N-glycosylation mutant viruses. The infectelll lysates were divided into
two aliquots: one aliquot was left untreated anteptwas treated with
PNGaseF, which cleaves high mannose and complgrsalccharides from
N-linked glycoproteins (Fig.8).The relative eleghoretic mobilities of the F
proteins were examined by Western blot analysithéenpresence of reducing
agent by using rabbit antiserum raised againshthstic peptide representing
the NDV F cytoplasmic tail (anticfz antiserum). The sizes of the &d k
proteins of wild-type rBC are 66 and 55KDAa, respaty. Our results
showed that theHorotein was efficiently cleaved in wild type antdrautant
viruses.In undigested cell lysates, mutation of single Megkylation sites

resulted in faster electrophoretic migration of ami$ F protein compared to
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the wild-type k protein except rNgl, suggesting that each mutagsalted
in the loss of an N-linked glycan (Fig. 8A and 8B).case of rNgl the N-
glycan site at residue 85 is present pskbunit, hence we observed similar
migration pattern of rNg1l ;Fprotein as that of rBC. In the double mutant,
rNg2+5, the mobility shift of the Jand k proteins was greater compared to
that of F proteins of the single-site mutants, sjgg that N-glycans have
been removed from both sites 191 and 471 (Fig.8B)e F proteins of
mutants after treatment with PNGaseF co migrateth wiild-type virus,
supporting the interpretation that sites Ng1-5@sed in the NDV F protein
for N-glycosylation, and that substitution of agmne to glutamine at the
respective sites prevented N-glycosylation.
3.5.3 Cell surface expression of F proteins encodég the N-glycosylation
mutant viruses

Cell surface expression of the F proteins of thgly¢osylation mutant
viruses was quantified by flow cytometry. DEdlls were infected with each
of the mutant viruses and, 24 h PI; the cells vdetached, treated with rabbit
antiserum raised against a mixture of two synthgjatides designed from the
N-terminal region of the F protein (antisfm antiserum), treated with Alexa
Fluor-conjugated goat anti-rabbit antibodies, andlyed by flow cytometry

(Table 2).
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Figure 8. Analysis of the F proteins of the N-glycosylatiomtants by Western blotting and
PNGaseF digestion. Vero cells were infected withlwype rBC and N-glycosylation mutant
viruses at an MOI 1 and total proteins were codldafter 36 h Pl. Samples were resolved on
10% polyacrylamide gels in the presence of reduaiggnt (A) Samples from rBC, rNgl,
rNg2, rNg3 (B) rBC, rNg4, rNg5, rNg2+5 were digestvernight with PNGaseF or kept as
untreated controls, separated by 10% polyacrylaméle in presence of reducing agent, and
blotted onto nitrocellulose membrane. Western blmlysis was performed using a rabbit
antiserum raised against a synthetic peptide dedifrom the F protein cytoplasmic tail. D:

Digested;UD:Undigested.
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The results showed that the percentages of celisessing the different
mutant F proteins were similar to that of the wiyge rBC virus. The mean
fluorescence intensities of rNg3, rNg4 and rNg2abged from 15% to 25%
above the wild type rBC while cells infected witNigl and rNg2 had
decreased mean fluorescence intensity of 5 andow#rIthan wild-type rBC.
These results suggested that all the N-glycosylanatant F proteins retained
their ability to be transported efficiently to tbell surface.
3.5.4 Fusion activity of N-glycosylation mutant viuses

To determine the role of each N-glycan in the fosaxtivity of F
protein, Vero cells were infected with the mutamuses and at 36 h PI, the
cells were fixed and stained with hematoxylin-eosaimd examined
microscopically to quantify the percentage of nualeolved in syncytia as
the fusion index. The fusion indices of the rNdNg2, rNg3, rNg4, and rNg5
viruses were similar to that of the wild-type rB&us (Fig. 9). Interestingly,
the rNg2+5 double mutant virus exhibited a dranadiicincreased (>12-fold
higher) fusion index compared to the parental rBQsv(Fig. 9). Thus, the
individual elimination of N-linked glycosylationtss (including Ng2 and Ng5
in HR1 and HR2) did not significantly change theifun activity of NDV F
protein, but the dual loss of the sites in HR1 BiRP in rNg2+5 resulted in a
dramatic increase in fusion activity.
3.5.5 Growth characteristics of the N-glycosylatioomutant viruses in cell

culture
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Figure 9. Comparison of the fusogenicity of wild-type rB@&dathe N-glycosylation mutant
viruses. Vero cells were infected with the indichteruses at an MOI of 0.1, fixed at 36
h.p.i, and stained with hematoxylin-eosin. Thedusndex was calculated as the ratio of the
total number of nuclei in multinuclear cells to ttweal number of nuclei in the field. Data

were means from three independent experiments.
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Figure 10A. Growth kinetics of viruses in tissue cultuf@) Comparison of multicycle
growth kinetics of wild-type rBC and the N-glycoaitbn mutants viruses in DFhicken
embryo fibroblast cells. Cells were infected witle indicated viruses at an MOI of 0.01 and
cell culture media supernatant aliquots were haegeand replaced at 8 h intervals until 64 h
Pl. The virus titers in the aliquots were deterrdity plaque assay in DF1 cells. Values are

averages from three independent experiments.
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Thein vitro replication of the wild-type and mutant viruses&eompared in
a multistep growth experiment in DE#lls (Fig. 10A). Mutant viruses rNg1,
rNg2, and rNg5 exhibited modestly delayed and redugrowth compared to
the parental rBC virus: the yield of rNgl was @& 4 lower, whereas those of
rNg2 and rNg5 were 1 lgglower. In addition, syncytia formation by rNg1,
rNg2, and rNg5 was evident by 36 h Pl comparedith P for wild-type rBC
in DF1 cells. For mutant viruses rNg3 and rNg4,rehevas no significant
difference in growth kinetics or syncytia formatieompared to wild-type
rBC. Interestingly, the double mutant virus rNg2téplicated faster and
attained a much higher titer than the wild-typeusirSpecifically, at 64 h PI,
the titer of mutant virus rNg2+5 was 2.5 {g@igher than that of the wild-type
virus. Furthermore, the rNg2+5 virus initiated sytiec formation at 18 h Pl
compared to 24 h PI for the wild-type virus (Fig0 B). These results
demonstrated that the individual elimination of NdNg2, and Ng5 of the
NDV F protein decreased the replication of the wito various extents,
whereas the combination of two of these sites, Big@ Ng5, in the double
mutant rNg2+5 strongly increased virus replication.
3.5.6 Pathogenicity of the N-glycosylation mutantiwses in chicken eggs
and 1-day old chicks

The pathogenicity of the N-glycosylation mutantugies and their
wild-type rBC parent were evaluated by two standaathogenicity assays,
namely the mean embryo death time (MDT) assay é&ed ittracerebral

pathogenicity index (ICPI) test. MDT values wergedsined in 9-day-old
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Figure 10B. Syncytia formation of rBC and rNg2+5 in Vero an&Dcells. Vero and DF1
cells were infected in duplicate web$ six-well plates with each virus at an MOI of 0.0
Cells were maintained in 5% DMEM at 37°C under 5@, ClTwenty four h PI thenedium

was removed and the cells were washed with PB8d fixith methandior 20 min at room

temperature, and stained with hematoxylin-eosin.

47



Table 2. Cell surface expression of the F protefrtie N-glycosylation mutant viruses

Viruses % of positive cells + SD Relative mean fluorescence
intensity
rBC 99+2.4 1.00
rNgl 98+3.8 0.95
rNg2 99+4.2 0.93
rNg3 96+3.1 1.15
rNg4 97+2.2 1.20
rNg5 99+1.8 1.00
Ng2+5 99+3.0 1.25
None (Mock infected cells) 0.01

Cell surface expression of the F protein was datexdhby flow cytometry. DF1 cells were
infected with each mutant virus at an MOI of 0.urfSce expression of the F proteins was
assessed by flow cytometry at 24 hr Pl with a caitklf anti-Fy.erm antibody followed by
anti-rabbit Alexa Fluor 488 conjugated antibodi@srface immunofluorescence was
guantitated by FACS analysis. Uninfected DF1 oghse used as negative controls. Values
shown are averages of results from three indepemrdg@eriments. SD;standard deviation

(P<0.05).
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Table 3. Pathogenicity of the N-glycosylation mutaruses in embryonated eggs and chicks

Viruses MDT @ ICPI score”
rBC 59 1.52
rNgl 76 1.16
rNg2 78 1.12
rNg3 60 1.42
rNg4 56 1.48
rNg5 68 1.30

INg2+5 51 1.88

&Mean embryo death time (MDT). Theean time (h) for the minimum lethal dose of vitois

kill all of the inoculated embryos. Pathotype difom: virulent strains, <60 h; intermediate
virulent strains, 60 to 90 h; avirulent strainsp9

P Intracerebral pathogenicity index (ICPIGPI score= [(total number of sick chicks x1) +
(total number of dead chicks x 2)]/80 observatid@®I values for velogenic strains approach
the maximum score of 2.00, whereas lentogenicnstigive values close to 0.Values were mean

of three independemixperiments. P<0.05
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embryonated chicken eggs (Table 3). NDV strainscategorized into three
pathotypes on the basis of their MDT values: vehgdless than 60 h),
mesogenic (60 to 90 h), and lentogenic (greataer gtah). The MDT values
of rNgl (76 h) and rNg2 (78 h) were increased caegbdo that of the wild
type rBC parent (59 h), indicating a modest redurctn virulence. The rNg3,
rNg4, and rNg5 viruses had MDT values of 60 h, 5@rd 68 h, respectively,
which were marginally increased (i.e., attenuatempared to wild-type rBC.
In contrast, the MDT value of the rNg2+5 double amitwas 51 h, indicating
an increase in virulence compared to wild-type rB@ also evaluated the
pathogenicity of the recombinant viruses in 1-d&/ehicks by the ICPI test.
Velogenic strains give values approaching 2.0, eaetentogenic strains give
values close to 0. The ICPI values of the parer@él, rNgl, rNg2, rNg3,
rNg4, rNg5, and rNg2+5 viruses were 1.52, 1.16211142, 1.48, 1.30, and
1.88 respectively (Table 3) Thus, the results ef BPI test were consistent
with the results of MDT test: specifically, the rN@nd rNg2 mutants were
the most attenuated, followed by the rNg5 mutant] the rNg3 and rNG4
mutants were the least attenuated, compared twitdetype rBC parent. In
contrast, the rNg2+5 mutant was more virulent tH@.
3.5.7 Replication and virulence of the N-glycosylain mutant viruses in 2-
week-old chickens

We examined the effect of mutations of the N-glytaison sites of
the F protein on replication and virulence in 2-iwed chickens. Chickens in

groups of 5 were inoculated by the oculonasal rqmténicking natural
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infection) at a dose of £®FU per bird. Three chickens from each group were
euthanized on the'day PI and tissue samples of the brain, lung, Inasa
turbinates, and gut were collected. All of the biappeared to be healthy on
the 3% day Pl except in case of birds infected with tNg2+5 virus, where
two birds were found dead and one paralyzed or8theay P! (tissues were
taken only from the 3 living birds). Virus titers itissue samples were
measured by plaque assay using DF1 cells (Fig. .1Dijerences in the
presence of virus and in the virus titers in thiéedent organs were observed
between wild-type rBC and the N-glycosylation mutaituses. The rNgl
mutant virus was not detected in the brain and gud, its titers in the lung
and nasal turbinate tissue was reduced by ~50% acechpga those of wild
type rBC. The rNg2 mutant virus was not detectedunhand there was 43%,
64% and 67% reduction in titers in the lung, nasabinates and brain
compared to those of wild type rBC virus. The rNg8is replicated at similar
titers in the brain, lungs and nasal turbinatesamed to the wild type virus,
whereas the rNg5 virus was somewhat reduced andhotadetected in gut.
The rNg4 virus replicated to 7% (nasal turbinatédyo (lungs), 33 % (brain)
to 62% (gut) higher titers as compared to wild-tyB€. The double mutant
rNg2+5 virus replicated to significant higher tgen all of the sampled organs
compared to the rBC parent: specifically, ~3 logghbr titer in the gut and
brain , 65% and 33% greater in the lungs and rtasbinates, respectively.
These results are consistent with the MDT and I@&B3ts, showing that,

compared to wild-type rBC, rNgl and rNg2 were thesmattenuated,

51



followed by rNg5, whereas rNg2+5 exhibited increhseplication. We also
examined the effects of the N-glycosylation mutagicon morbidity and
mortality. Two-week-old chickens in groups of 1@r& inoculated with each
mutant virus via the oculonasal route witlf BFU of virus per bird and were
observed for 14 days for clinical signs (Fig. 11Bhe birds inoculated with
wild-type rBC showed clinical signs of depressiamtery greenish diarrhea,
drooping wings by the”@day Pl. The groups of birds infected with the &ng
site N-glycosylation mutant viruses remained norntatoughout the
observation period. In contrast, birds inoculatedhwhe double mutant
rNg2+5 virus first exhibited signs of sickness gatalysis at 2 day PI, and
deaths were observed beginning at day 3 PI. Bysthday PI, all 10 birds
inoculated with the double mutant rNg2+5 virus ldeetl (Fig. 11B).
3.5.8 Host immune responses following N-glycosylafh mutant virus
infection

N-glycosylation of viral proteins can influence imanogenicity. In
order to examine the effect of loss of N-linkedaglys from the F protein on
the immune response to NDV, 4-week-old chickengyioups of 5 were
inoculated via the occulonasal route wittf BFU per bird of wild type and
mutant viruses. Sera were collected on days 3nd, 1a Pl and antibody
levels were measured by an NDV-specific ELISA. Aswn in Fig. 12, there
were no significant differences in the total ND\Wesfic serum antibody
responses elicited by wild type rBC or the mutdnises on the'3PI. On the

7" day PI, chickens inoculated with the rNg2+5 virus
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Figure 11A. Virus replication in the indicated organs. Two-k«xd chickens in groups of 5
were inoculated with TOPFU of virus per bird by the oculonasal route, nokirig natural
infection. Three chickens per group were sacrifiBed.p.i and samples of the brain, lungs,
trachea and gut were collected (more birds wereulabed than were sacrificed to allow for
attrition). Virus titers were determined by placassay in DF1 cells. Values were averages

from the results of three independent plague asspgriments. * (p<0.05).
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Figure 11B. Two-week-old chickens in groups of 10 were inotedawith 16 PFU of virus
per bird and observed for 10 days for signs ofafiseand for mortality. Note that all of the

birds survived in the rBC, rNg1, rNg2, rNg3, rNgXg5 groups.
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exhibited slightly higher antibody titers than tber groups, and on the'14

day PI there was a significantly higher mean amlybater in the rNg2+5

group as compared to the other groups includingvthe-type rBC group.

This correlates with our earlier findings that eased replication of mutant

virus rNg2+5 resulted in enhanced antibody proadwcti
3.6. Discussion

N-glycosylation has been shown to have a key ml&ifal glycoprotein folding,

proteolytic processing, and function, and also I@sn shown to influence viral infectivity,
tropism and the immune response (Aguilar et alQ62Eichler et al., 2006; Goffard and
Dubuisson, 2003; Lin et al., 2003; McGinnes et 2001; Oostra et al., 2006; Panda et al.,
2004a). In the present study, we examined the oblé&-glycosylation of the NDV F
glycoprotein in the context of infectious virusngireverse genetics to construct mutants that
were then analyzed in cell culture and, importgntiythe natural chicken host using standard
pathogenicity tests in eggs and 1-day-old chicksyell as inoculation of 2-week-old and 4-
week-old chickens by the oculonasal route to mimatural infection. Analysis of N-
glycosylation site usage in NDV-BC F protein showtdt five of the six potential N-
glycosylation acceptor sites are utilized, oneha £ subunit and four in the ;FSubunit.
Previously, it was reported that the sixth N-glydason site of NDV strain AV, which
corresponds to site 541 (Ng6) in NDV-BC and is tedan the cytoplasmic domain in both
strains, was not utilized as an acceptor site fdmked glycosylation (McGinnes et al.,
2001). In the present study, we were unable tovescuirus bearing the N541Q mutation,

and the deleterious effect of this mutation wadicmed by the ability to rescue virus in
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Figure 12. NDV-specific serum antibody responses in chickefected with wild-type rBC
and the N-glycosylation mutants. Four-week-old kbits in groups of 5 were inoculated
with 10° PFU of virus per bird via the occulonasal routeraSwere collected on days 3, 7,
and 14 Pl and analyzed by an NDV-specific ELISAagis®ata represent mean absorbance
values * standard deviatiosy . The mean valughrNg2+5 group was taken for 3 animals

because 2 birds died by day 14 and were not indlidéhe analysis? values were <0.0001
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which the assignment had been restored to thaildftype virus. Taken together, these data
suggests that this site probably does not norntalhtain a sugar side chain, which would be
consistent with its location in the cytoplasmic dom but that the assignment of N at
position 541 is important for some function(s) bé tcytoplasmic tail that is essential for
virus replication. It was of particular interesattboth previous and present studies indicated
that sites Ng2 and Ng5 are utilized for N-glycosigha, since these sites are located in HR1
and HR2, respectively, and thus have the potetttiaffect fusion.

One of the important functions of N-glycans in glgeooteins is to facilitate protein
processing and folding (Ellgaard, 1999). Our reswhowed that deletion of single or
multiple N-glycans in the F glycoprotein in the text of whole virus had little effect on cell
surface expression of the F protein. The resulismfthe present study are similar to the
findings reported previously for the respiratoryeytial virus F protein, where deletion of
multiple N-glycans did not affect F protein trangption to the cell surface (Collins and
Mottet, 1991; Zimmer et al., 2001). These resuliggest that no single N-glycan (nor Ng2
and Ng5 together) was essential for NDV-BC F proteansport to the cell surface. In
addition, none of the mutations significantly aftést the efficiency of F protein cleavage.
Biophysical and crystallographic studies of seveadamyxovirus F proteins have revealed
that the F protein is present in the virus partiola metastable state that, upon viral contact
with the target cell, undergoes a conformationdlt $b insert the fusion peptide present at
the N-terminus of the F1 subunit into the targetmbeane. The F protein then make the
transition to a post-fusion structure driven byoagstion of HR1 with HR2, which brings the
transmembrane domain and fusion peptide into gwegimity resulting in the merger of

viral and host cell membranes. Thus, one of theomanmt phases of the fusion process is the
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formation of coiled coil triple strand by the HReghich is common structural features of the
paramyxovirus, orthomyxoviruand retrovirus fusion proteins (Joshi et al., 1998; bam
1993a; Matthews et al., 2000). The presence ofydagl side chains in HR1 and HR2 thus
might influence the conformational changes involuethe fusion process. Our fusion index
assay of single N-glycan mutants showed that tingee no major differences in fusion
activity as compared to wild-type rBC. Interestingin the present study, while the
individual removal of the N-linked site from HR1 &R2 had little effect on fusion, the
removal of both sites in rNg2+5 mutant virus resdilin hyperfusogenic phenotype. This
result has some similarity with a previous studyhwNipah virus in which the removal of
multiple glycans from the Nipah virus F proteinuksed in a hyperfusogenic phenotype
(Aguilar et al., 2006). It was suggested that pmeseof N-glycans on the Nipah virus F
protein decreases the rate of six-helix bundle &tirom, resulting in slower fusion kinetics.
Similarly, for NDV, it may be that the presencetbé& N-linked glycans in HR1 and HR2
delays or otherwise reduces association between &hd1HR2, resulting in reduced fusion.
The more interesting finding was that, while thaegs mutations at sites Ng2 and Ng5 were
somewhat inhibitory to growth individually vitro, in combination they resulted in more
rapid growth and a dramatic 2.5 lggncrease in viral titer. This presumably was prifiga
due to the increase in fusion, which may increaseefficiency and rate of infection as well
as cell-to-cell spread by fusion. Evaluation of gathogenicity of the N-glycan mutants
vivo provided results consistent with threvitro growth study. The rNgl and rNg2 mutants
(and, to a lesser extent, the rNg5 mutant) werentbst attenuated based on the standard
MDT and ICPI tests. Similarly, in 2-week old chiclsg the rNgl, rNg2, and rNg5 mutants

were the most attenuated based on tissue tropisinthen magnitude of virus replication.
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Interestingly, while the Ng2 and Ng5 mutations wetedestly attenuating on their own,
when added together they resulted in a virus thplicated to substantially higher titers in
every sampled tissue, was more virulent in the Mipid ICPI assays, and converted NDV-
BC from a non-lethal virus into one that killed all the inoculated 2-week-old chickens
within 6 days. A similar observation was reportelier in neurovirulent influenza virus
strain A/WSN/33 in mice (Li S, 1993 Nov; Ward AC995) and H5N2 influenza virus in
chickens (Kawaoka et al., 1984): in both cases, tdarbohydrate from HA gene increased
the virulence of the virus. In the case of influenarus, a suggested mechanism for this
increased virulence was that the loss of carbohgdesulted in improved accessibility of the
receptor-binding site to cellular receptors. In ttese of NDV, in which the attachment
function is on the HN protein, the situation islpably different. Instead, this effect probably
reflects the increased fusogenic nature of thedtepr, which likely increases the efficiency
and rate of infection in the various tissues.

The oligosaccharide chains on the glycoproteinsaify viruses play important role
in altering immune responses. They may form a éathat shields viruses from immune
recognition (Lee et al., 2003; Li et al., 2008; W2003). Conversely, deletion of some N-
glycans in the glycoprotein of human immunodeficynrirus abrogated th@ vivo priming
of T cell recognition for a nearby epitope, indingtthat carbohydrate side chains also can
increase immunogenicity (Sjolander et al., 1996)r §tudy showed that the double mutant
rNg2+5 virus elicited the highest NDV-specific seruantibody response whereas the
attenuated rNgl and rNg2 viruses had the lowegi@ihyt responses, as measured by ELISA.
We did not extend the study beyond 14 days PI Isscafithe morbidity and mortality of the

chickens in the rNg2+5 group. It seems likely tha increased immune response was
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primarily due to the increased level of viral replion, which provided more antigenic
stimulation. It is also possible that other factars involved, such as greater exposure of
epitopes due the loss of shielding glycans, or awed antigen processing. This might be
investigated in further work by comparing the imraganicity of the rNg2+5 mutant versus
wild-type BC using UV-inactivated virus, where @ifénces in viral replication would not be
a factor.

In summary, the present study demonstrates thecingda\-glycosylation of the F
protein on NDV pathogenesis and virulence in chiské'he most striking finding was that,
whereas the individual removal of sites Ng2 and Ng5HR1 and HR2 was modestly
attenuating, removal of both in combination resiiitea hyperfusogenic phenotype that was
associated with increased replicationvitro andin vivo and converted a mesogenic strain
into a velogenic strain. The simplest explanat®rhiat the presence of N-glycans on both
HR1 and HR2 normally impedes the conformationaftsim the F protein during the fusion
process, and thus in effect reduces the efficiafdysion. The crystal structure of NDV F
published so far does not give a clear view of hlogvN-glycans have been decorated in the
F protein. It is difficult to interpret whether §lycans orientation is affecting at all the
fusion process or N-glycans are responsible for stnyctural instability from pre-fusion to
post-fusion state thus maintaining different enestpte or they are interacting with some
other host molecules. Previously, a hyperfusogetienotype also was observed with
mutants of the F protein of parainfluenza virugpg&eyiously called simian virus 5) in which
the fusion peptide was modified by glycine-to-atemnisubstitutions, suggesting that the
native glycine residues serve to reduce the effayeof fusion (Horvath and Lamb, 1992).

Wild-type Sendai virus also down-regulates itsdasactivity, in this case due to a difference
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in a transcription gene start signal that resuitseduced F gene transcription and protein
expression; and correction of this difference rssul a virus that replicates more efficiently
and is more lethal (Kato et al., 1999). A numberotiier paramyxoviruses also down-
regulate F expression (Bousse et al., 2002; RasdaParks, 1998; Spriggs and Collins,
1986).The idea that paramyxoviruses contain stractlements that reduce the efficiency of
fusion suggests that this is advantageous to thes.virhe present study, as well as the
previous study with Sendai virus, indicates thathyperfusogenic phenotype can be
associated with increased virulence and rapid détathay be that reducing the severity of
disease and prolonging the survival of the infettest may increase the opportunity for viral

spread.
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Chapter 4

4.1 Title

Role of conserved glutamine residue in the NDV Btgin fusion cleavage site.

(Samal et al., 2011)

4.2 Abstract

A key determinant of Newcastle disease virus (NDWlence is the amino acid
sequence at the fusion protein (F) cleavage site.NDV F protein is synthesized as an
inactive precursor ¢-and is activated by proteolytic cleavage betweemnna acid
positions 116 and 117 intowo disulfide-linked subunits, ;Fand F. The consensus
sequence of F protein cleavage site of virulelfR/K)-R-Q-(R/K)-R F-1''¥ and
avirulent F4G/E)-(K/R)-Q-(G/E)-R L-1'*¥ strains contains a conserved glutamine
residue (Q) at position 114. Recently, some ND\isf from Africa and Madagascar
were isolated from healthy birds and have beenrtegdo contain five basic residues (R-
R-R-K-R F-I/V or R-R-R-R-RF-I/V) at the F protein cleavage site. In this stude
have evaluated the role of this conserved glutamiesidue in replication and
pathogenicity of NDV using moderately pathogenicaidette C (BC) strain, by
replacing Q114R, K115R, and 1118V. Our results stwbwhat change of glutamine to

basic residue arginine (R) reduced the viral repionn and attenuated the virus
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pathogenicity in chickens. The pathogenicity washier reduced when isoleucine (I) at

position 118 was substituted by valine.
4.3. Introduction

Newcastle disease virus (NDV) causes a highly apots disease in chickens

resulting in severe economic losses to the pouttdystry worldwide (Alexander, 1989.).
NDV is a prototype member of famijaramyxoviridaewhich belongs to genusvulavirus
(Lamb, 2007). NDV isolates can be differentiatetb ithree clinicopathologic groups based
on their pathogenicity in chickens; low virulenterftogenic), moderately virulent
(mesogenic) and highly virulent (velogenic) (Aledan 1997). The envelope of NDV
contains two transmembrane glycoproteins, the hghloagin-neuraminidase (HN) protein
and the fusion (F) protein. The HN protein is insgad in attachment to host cell sialic acid
receptor and release of the virus and the F proteidiates fusion of the virion envelope with
the host cell plasma membrane (Lamb, 2007). The ND¥rotein is synthesized as an
inactive precursor #and is activated by proteolytic cleavage it disulfide-linked
subunits, Fand k. The amino acid sequence at the F protein cleasdgealetermines the
substrate specificity for different types of cedlulproteases (Kawahara et al., 1992). The F
protein cleavage site sequence has been showndart@or determinant of NDV virulence
(Klenk, 1994.; Lamb and Jardetzky, 2007; Nagai ket #976; Panda et al., 2004b;
Wakamatsu et al., 2006). The consensus sequertbe &f protein cleavage site of virulent
strains is'*?R/K)-R-Q-(R/K)-R F-1''® whereas the consensus sequence of the F protein
cleavage site of avirulent strains't§G/E)-(K/R)-Q-(G/E)-R L-1*® The F protein cleavage
site of virulent strains contains polybasic amiala that are the preferred recognition site

for furin R-X-(R/K)-R F, which is an intracellular protease that is pnése most cell types.
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This provides for efficient cleavage of F proteainai wide range of tissues, making it possible
for virulent strains to spread systemically, rasgltin fatal infection (Murakami, 2001.;
Nagai et al., 1976; Ogasawara, 1992.). In contastulent NDV strains have one or two
basic residues at the -1 and -4 positions relativéhe cleavage site. These cleavage
sequences are insensitive to intracellular proseeasel depend on extra-cellular secretory
proteases for cleavage. It limits the replicatidnavirulent strains to the respiratory and
enteric tracts (de Leeuw et al.,, 2003; Klenk, 19%®handa et al., 2004b). The individual
amino acids at the F protein cleavage site haven lee@mined for their requirement to
virulence. It was found that phenylalanine (F) asipon 117, arginine (R) at 116, lysine (K)
or R at 115 and R at 113 are required for virulenteNDV (de Leeuw et al., 2003).
Interestingly, glutamine (Q) is present at positil4 of F protein in both avirulent and
virulent strains but its role in NDV pathogenesss ot been evaluated (de Leeuw and
Peeters, 1999; Paldurai et al.; Peeters et al9)18&cently some NDV strains from Africa
and Madagascar were reported to contain five basicdues (R-R-R-K-RF-1/V or R-R-R-
R-R F-1/V) at the F protein cleavage site but were asadl from apparently healthy,
unvaccinated poultry birds (Servan de Almeida et a009; Snoeck et al., 2009).
Furthermore, some of these strains contain valf)a{ position 118 instead of isoleucine ()
at fusion cleavage site, which is present in mastlent and avirulent NDV strains. This
finding does not agree with our current understagdhat the number of basic amino acid
residues at the F protein cleavage site deterntimeesirulence of NDV. Therefore, this study
was undertaken to examine the role of Q at theokepr cleavage site in NDV pathogenicity
by using reverse genetics. We have also evaluhtetbte of V118 in conjunction with Q114

in NDV pathogenesis.
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4.4. Materials and Methods
4.4.1. Cells and viruses.

Chicken embryo fibroblast cell line (DF1) and humepidermoid
carcinoma cell line (HEp-2) were grown in Dulbesaohinimal essential
medium (DMEM) with 10% fetal bovine serum (FBS) amwhintained in
DMEM with 5% FBS. The African green monkey kidneerd cells were
grown in Eagle’s minimal essential medium (EMEMntaning 10% FBS
and maintained in EMEM with 5% FBS. The modifiecc@aia virus strain
Ankara (MVA) expressing T7 RNA polymerase was kingrovided by Dr.
Bernard Moss (NIH, Bethesda, MD) and propagategrimary chicken
embryo fibroblast cells in DMEM with 2% FBS. The devately pathogenic
(mesogenic) NDV strain Beaudette C (BC) and itomdzinant derivatives
were grown in 9-day-old embryonated specific-padmiiee (SPF) chicken
eggs in an enhanced BSL-3 containment facility ifoedt by the USDA
following the guidelines of IACUC, University of M@and After 2 days, the
allantoic fluid was harvested and the virus wasqpéa purified using our
standard procedure (Krishnamurthy et al., 2000).

4.4.2 Construction of plasmids and recovery of muta viruses

The construction of plasmid pNDVfl carrying the lfulength
antigenome cDNA of the NDV strain BC has been dksedr previously
(Krishnamurthy et al., 2000). In the present stuidyr NDV F cleavage site

mutation clones were constructed as described ibleTd. Site-directed
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mutagenesis was used to introduce individumino acid substitutions into a
cDNA of the F gene of mesogenic NDV str&8eaudette C (BC). The F gene
of full length cDNA clone on BC antigenome was theplaced with each
mutagenized F gene. These clomee transfected into HEp-2 cells, and
mutant viruses were recoveras previously described (Krishnamurthy et al.,
2000). These viruses were designated as rNDV-Q1IMEY (**’R-R-R-K-
R F-v19, INDV-Q114R, K115R, 1118V Y{*R-R-R-R-R F-V**¥. rNDV-
Q114R M'R-R-R-K-R F-1"9 rNDV-Q114R, K115R *°R-R-R-R-R F-I''9
and The F genes from recoveradises were sequenced which confirmed the
presence of eaghtroduced mutation and the lack of adventitioudatians in
the F gene. To determine the stability of each Raftran, the recovered
viruses were plaque purified and passaged five sinme 9-day-old
embryonated chicken eggs. Sequence analysis oF thene in the mutant
viruses after five passages showed that the introduced trooga were
unalteredAll infectious virus research was performed in i8DA approved
enhanced biosafety level 3 (BSL-3+) containmentitgc
4.4.3 Surface expression of mutant F proteins

The surface expression of F protein of each mutanis was
determined by Flow cytometry in infected chickenbeyo fibroblast (DF1)
cells and was found similar to that of wild type Bitus (rNDV) (Table. 4).
Briefly, DF; cells were infected with each recombinant viruaraMOI of 0.1.
After 24 h the cells were detached with PBS comgirb mM EDTA and

centrifuged at 500 g for 5 min at 4 °C. Cells were then incubated vitip
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NDV anti-Ryerm specific antibodies (1:10 dilution) for 30 min 4dt°C.
Subsequently, cells were washed with PBS, and ateabfor 30 min on ice
with 1: 500 diluted Alexa Fluor 488 conjugated goanti rabbit
immunoglobulin G antibodies. Cells were analyzedubing a FACSRIA I
apparatus and Flowjo software (Becton DickinsorsBiences).
4.4.4 Pulse-chase experiment

DF1cells were infected at a MOI of 10 for 24 h af@7Cells were
washed and incubated in medium lacking methionime eysteine for 1 h.
Infected cells were pulse labeled with 100pCi of lRESS®S (Perkin Elmer)
for 30 min and then chased in nonradioactive medagntaining excess
methionine and cysteine for 0, 30, 60 and 90 miguat amounts of cell
lysates were immunoprecipitated with polyclonal iserum against the
cytoplasmic tail of NDV F protein followed by incation with
Staphylococcus aureysotein A. The precipitated proteins were analybagd
10% SDS-PAGE in the presence of reducing agentareled proteins were
visualized by autoradiography.
4.4.5. Growth kinetics of mutant viruses

The growth kinetics of mutant viruses were evaldate multiple-step
growth assays. DF1 cells in duplicate welfssix-well plates were infected
with each virus at an MOI of 0.01. After 1 houraufsorptionthe cells were
washed with PBS and overlaid with DMEM containi2dgp FBS at 37°C.
Supernatant was collected aeglaced with an equal volume of fresh medium

every 8-h intervalauntil 64-h PIl. The titer of virus in the sample was
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4.5 Results

guantified by plaque assay on DF1 cells. All plagasaysvere performed in
six-well plates. Briefly, monolayers of DEklls were infected with 0.2 ml of
10-fold-diluted fresh virus infected allantoic ftbiAfter 1 h of adsorption,
cells were covered with DMEM containi@8o FBS and 0.8% methylcellulose
and then incubated at 37°C. Six days later, this eedre fixed with methanol
and stained with crystal violet.
4.4.6 Pathogenicity studies

The pathogenicity of the N-glycosylation mutant ugies was
determined by the intracerebral pathogenicity in@d€el) test in 1-day-old
chicks (Alexander, 1997), intracerebral growth kiceein 1 day-old-chickens
and by natural route of infection in 1-day-old &tscFor growth kinetics in
brain of groups of 10 one-day-old chicks were inat@d intracerebrally with
10° PFU of virus/chick. Two birds were sacrificed eatdy after infection:;
brains were collected and homogenized, and vitueted by plague assay in
DF1 cells. For pathogenicity test of wild type aRdprotein cleavage site
mutants of NDV in one-day-old chicks inoculated wui&ra-nasal and intra-
ocular route. Groups of five one-day old chicksavieoculated with 170PFU
of virus per bird and observed daily for signs &fedse and mortality for 8

days.
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4.5.1 Generation of recombinant NDV mutants contaiimg cleavage site

mutations.

Previously, recovery of recombinant NDV from aneictious cDNA
clone (pNDVfl) derived from a mesogenic strain dd¥ BC, was reported
from our laboratory (Krishnamurthy et al., 2000).this study, the established
reverse genetics system was used to determine dlee af conserved
glutamine on the biological activities of NDV. Taolaeve this goal, the Pacl-
Mlul subclone containing the F gene derived from filll-length clone of BC
(PNDVTfl) was mutated by site-directed mutagenesisiascribed in Table.4.
To ensure the presence of the introduced mutattbesentire F cDNA clone
was sequenced. Recombinant viruses expressingyp&land mutant viruses
were recovered by transfection of HEp-2 cells wati-length mutant F
cDNA clones and support plasmids and amplificabbriruses in DF1 cells.
Recovered viruses were subjected to RT-PCR, and Rhgenes were
sequenced in their entirety to confirm the presewnfethe introduced
mutations. To determine the stability of each F atiah, the recovered
viruses were passaged five times in 9- to 11-ddyevhbryonated chicken
eggs and the sequence of the F gene was determingdises recovered at
each passage level. These sequence analyses stimw¢de introduced HN

mutations were unaltered, even after five egg gessa

4.5.2 Cell surface expression and cleavage procedyi of the F proteins of

mutant viruses
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The surface expression of F protein of each mutanis was
determined by Flow cytometry in infected chickenbeyo fibroblast (DF1)
cells and was found similar to that of wild type Bitus (fNDV) (Table. 4).
The cell surface expressions of the mutant viruga® found to be similar to

that of the wild type viruses.

To determine the F protein processivity by intradat host cell
proteases, we infected the DF1 cells with rNDV aledvage site mutants for
24 h at a MOI of 10. The infected cells were labeléth a mixture of {°S]
methionine and *S] cysteine for 30 min (pulse) and were incubated f
different times (chase) to allow the proteins topbecessed. The cells were
lysed and F proteins were immunoprecipitated, sgpdroy 10% SDS-PAGE
and subjected to autoradiography (Fig.13A & 13B)e pulse-chase analysis
revealed that after 30 min pulse both uncleavedyrser i and cleaved
were detected in both wild type and mutant viru€emin chase). In case of
wild type rNDV, after 60 min of chase period allethy proteins were
processed completely (100%) inte-F subunit. In contrast, jFproteins of
cleavage site mutants remained incompletely cleaved after 90 min chase,
suggesting slow processivity of the cleavage sitgamts Iy protein by host

cell proteases.

4.5.3 Cleavage site mutants showed slower growthte in DF1 cells

To determine than vitro growth characteristics of recombinant F

mutant viruses, we performed mutlicycle growth kicgein DF1 cells. The
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Table 4. NDV F protein cleavage site mutants,a@fexpression of F protein cleavage site

mutants of NDV, pathogenicity of F protein cleavage mutants of NDV.

Viruses Amino acid sequences at the | Cell surface ICPI score
cleavage site of F protein expressiort
112 113 114 115 1.‘16 117 118

rNDV R R Q K R F | 00.00 1.58

rNDV-Q114R,1118V R RR K R FYVY 99.8+1.5 1.33

rNDV-Q114R,K115R,[1118V R RR R R FYVY 99.7+£22 1.37
rNDV-Q114R R RR K R F | 99.6+4.1 1.33
rNDV-Q114R,K115R R RR R R F | 100+ 1.2 1.36

Location of F protein cleavage site mutations. Sthaivthe top is the wild type mesogenic
strain BC (rNDV) virulent cleavage site amino agmsition. The amino acid changes in the
mutants are in boldface and underlined. The mutamises generated from rNDV are
(rNDV-Q114R,1118V),  (INDV-Q114R,K115R,1118V), (INDQ114R),  (rNDV-
Q114R,K115R). Cleavage site is indicated as arrow.
£Shown are the cell surface expression levels abkein of cleavage site mutants relative to
the level of the rNDV . Expression of the F proteias quantitated by flow cytometry using
NDV-Fnierm Specific antibodies. All values are averages indded deviations of three
independent experiments P<0.05.

The virulence of the mutant and wild type viruseasvevaluated by ICPI in 10 1-day-old
chicks. ICPI score= [(total number of sick chickeds + (total number of dead chickens x

2)]/80 observations. P<0.05
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Figure 13A. Proteolytic processivity ofgproteins of wild type BC and cleavage site
mutants. Proteolytic processivity of protein was determined by pulse-chase radio lagpelin
and immunoprecipitation. The precipitated proteuese analyzed by 10% SDS-PAGE in the

presence of reducing agent and labeled proteins weualized by autoradiography.
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Figure 13B. Panel.13A was scanned and amount pfaid F proteins were
guantified by densitometry (using Adobe photospoggram). The amount of; fprotein as a

percentage of total F protein;(plus k) was calculated to yield the percentage of cleavag

73



results showedhat each of the F cleavage site mutant virlsesdelayed
growth compared to rNDV (Fig.14). The mutants (N 14R, 1118V) and
(rNDV-Q114R, K115R, 1118V) had 1.5-2.0 log lowernrus yieldand the
mutants (rNDV-Q114R) and (rNDV-Q114R, K115R) ha@ hglower virus
yield as compared to rNDV at 32 h post infectiof).@&en after 64 h PI, the
yield of cleavage site mutant viruses showed delaygrewth than that of the
rNDV. The virus titers of cleavage site mutant sega from 8 h to 32 h PI
were significantly different than that of the witgpe virus (P<0.05). These
results showed that not only the change of Q td Poaition 114 decreased
the replication of NDV but also the change of Vitat position 118 further
decreased the replication of NDV. Further, K115Rathan did not appear to
have an effect on the replication rate (rNDV-Q114&15R) vs (rNDV-

Q114R) or ('NDV-Q114R, K115R, 1118V) vs (NDV-Q114R18V).

4.5.4 Pathogenecity studies of cleavage site mutant
We evaluated the effect of these F cleavage sitatroasin vivo by

performing intracerebrgdathogenicity index (ICPI) test in 1-day-old chicks
(Alexander, 1989.). Each virus was inoculated odrabrallyinto groups of
10 one-day-old chicks. The birds were obseraed scored for paralysis and
death once every 12 h for 8 days, and IZilies were calculated. The ICPI
values of all the cleavage site mutants were saamtly lower than that of
rNDV (Table. 4). The day-old-chicks infected witNDV showed signs of
depression and paralysis at 24 h Pl, whereas th®ldachicks infected with

cleavage site mutants showed the same signs aP48To further compare
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Figure 14. Multicycle growth kinetics of wild type mesogenstrain BC (rNDV) and F
protein cleavage site mutants of NDV in chicken gralibroblast (DF1) cells. DFgells in
six well plates were infected in duplicates withrggdal and mutant viruses at a multiplicity
of infection (MOI) of 0.01. Supernatants were coiéel at 8 h intervals until 64 h post
infection and virus titers were determined at etwte points by plaque assay. Values are

averages from three independent experiments. Baioshows the standard deviation.
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the replication of the mutant viruses in neuromsdue, groups of 10 one-day-
old chicks were inoculated with 50 of phosphate buffer saline (PBS)
containing 16 PFU of each mutant virus/chick via the intraceaéboute.

Two birds from each group were sacrificed everyhlRl,and brain
tissue samples were collected and snap-frozen gncdrThe brain tissue
samples were homogenized, and the viitgss in the tissue samples were
determined by plaque assayDF1 cells (Fig.15A). The cleavage site mutants
exhibited marked decrease in their replication @mpared to rNDV. The
mutant (rNDV-Q114R, K115R) had 1.0 log lower andN@V-Q114R,
1118V), (rNDV-Q114R, K115R, 1118V), (rNDV-Q114R) Hal.5-2.0 log
lower virus yield compared to rNDV at 48 h PI. Thesult corroborated with
our earlierin vitro results of slower growth replication rate of mutamuses
compared to rNDV in DF1 cells. To further evalugibte pathogenicity of
cleavage site mutants through natural route oftctida, groups of 5 one-day-
old chicks were infected by natural (oculonasalteowith 100 L of PBS
containing 18 PFU of each mutant virus per bird. The chicks inhegroup
were observed for clinical signs of disease untda®s Pl and the survival
percentage were calculated (Fig. 15B). All the dindoculated with rNDV
showed clinical signs of depression, watery grdediarrhea, drooping wings
on 29 day PI and died by"™day PI, whereas the cleavage site mutants
exhibited the same clinical signs off day PI. In case of mutants (rNDV-
Q114R, K115R, 1118V), (INDV-Q114R), (rNDV-Q114R, K3R) all the

birds died by 7 day Pl and in case of ((NDV-Q114R, 1118V) all tieds
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Figure. 15A. Growth kinetics of rNDV and and F protein cleavage mutants of NDV in
the brain of one-day old chicks. Groups of 10 oag-dld chicks were inoculated
intracerebrally with 19 PFU of virus/chick. Two birds were sacrificed eadhy after
infection; brains were collected and homogenized, arus titrated by plaque assay in DF1
cells. Virus titers are shown as lggFU/gm of brain tissue. Values are averages frameth

independent experiments. Error bar shows the stdrtdsviation.

77



100

- DV

80- B (NDV-Q114R,1118V
g —— NDV-Q114R,K115R, 118V
% 60- ~¥- INDV-Q114R
; - NDV-Q114R,K115R
) 40-
et
[¢b)
o 20-

C 1) L)

0 5 6 7 8

Days

Figure 15B. Pathogenicity of wild type and F protein cleavage mutants of NDV in one-
day-old chicks inoculated via intra-nasal and wttcallar route. Groups of five one-day old
chicks were inoculated with {®FU of virus per bird and observed daily for sighslisease

and mortality for 8 days. Percentage survival walsutated.
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died by & day PI.

4.6 Discussion

In summary, we have examined the role of Q114 448 in the F protein cleavage
site motif in NDV pathogenesis. The precursor eopelglycoprotein §of virulent strains of
NDV are processed within the trans-Golgi networknmammalian cells to produce the
disulphide linked EF, active protein. The cleavage recognition sequeBasic-X-Basic-
Basic represents a preferred substrate for thelaelenzyme furin (Durell et al., 1997,
Klenk, 1994.; Nagai et al., 1976; Ortmann et @94). Structural modeling of human furin
and the crystal structure of mouse furin suggeshed the catalytic domain of furin is
surrounded in and around with abundant negativegrged amino acids in the substrate
binding region. This explains the stringent reguieat of positively charged basic amino
acid present in substrate for furin proteolytichatt (Henrich et al., 2003; Schechter and
Berger, 1967). The profusely distributed negativelyarged amino acids in the furin
substrate binding pocket are supposedly ideal fopgr electrostatic bond formation with
positively charged amino acid residues presentibstsate. However, in our study, Q114R
mutation reduced the viral pathogenicity. Furthemmthe attenuation is more pronounced in
(rNDV-Q114R, 1118V) and (rNDV-Q114R, K115R, 1118Which in addition to Q114R
mutations also have 1118V mutation. It should beedothat, in the hypothetical two
dimensional model of furin substrate binding siten@ins, enzymatic sub-domain of furin
which interacts with glutamine and also with valime not a distinct site and the substrate
points away from the enzyme towards the solvengreds the enzyme sub-domains that
interact with basic residues of viral substrates\eary much distinct and form a well-defined

pocket (Roebroek et al., 1994; Siezen et al., 199d)proposed that the presence of a strong
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positively charged amino acid R at position 114the NDV F cleavage site might be
disturbing the conformational stability of furinnigiing site thus influencing the host cell
enzyme activity. It could be one of the reasong thany viral glycoproteins like human
immunodeficiency virus gpl60 (KR AV), avian influenza virus A hemagglutinin
(KREKR GL), sindbis virus gpE2 (GBKR SV), human parainfluenza virus type 3 F
(PRTKR FF) , ebola virus Zaire strain envelope glycoprotéRRTRR EA) which are
processed by furin protease maintain a neutralcati@aamino acid in the X position of
consensus R-X-(R/K)-R) furin cleavage site motialllenberger et al., 1992; Klenk, 1994.;
Nagai et al., 1976; Nakayama, 1997; Wool-Lewis Bates, 1999). In addition, 1118 might
also be playing a role in conformational dependighénd stability of furin protease for its
processivity. It will be interesting to explore floer the effect of conserved acidic or neutral
amino acids flanking mono or dibasic residues irachge site motif in other viral
glycoproteins where furin is the major proteolytiocessor. Although it has been known that
the presence of paired basic amino acids residuagrerequisite for proteolytic processing
and infectivity of F protein of paramyxoviruseswias evident from our study that NDV also
needs to maintain a neutral amino acid (Q) at auese114 residual sites for efficient
proteolytic processing by host cell proteases. dlteervation that substitution of V118 along
with Q114 further attenuates the virus indicates dependence of proteolytic activation on
the overall catalytic domain structure. Our prestatly gives a new insight in understanding
how NDV maintains a conserved residue for effectioteolytic processing of F
glycoprotein thus modulating pathogenesis. In fittive role of Q114 and V118 can be

further exploited to produce a safe live attenuatsctine.
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Chapter 5

5.1 Title

Mutations in the cytoplasmic domain of the Newaaflisease Virus Fusion Protein

confer hyperfusogenic phenotypes modulating veglication and pathogenicity

5.2 Abstract

The Newcastle disease virus (NDV) fusion proteih rffediates fusion of viral and
hosts cell membranes and is a major determinaNDdf pathogenicity. The cytoplasmic tail
(CT) of the NDV F protein is 31 residues long (amigcid 523 to 553), and studies with
transfected plasmids have indicated the role offHrCfusion. In the present study, we used
reverse genetics to investigate the effects of timns in the F protein CT in the context of
complete infectious virus, using the moderatelyhpgenic NDV strain Beaudette C (BC).
Out of a series of progressively longer C-termutelktions in the CT, we were able to rescue
recombinant viruses lacking two or four residue2(and r 4). We further generated and
rescued mutants with individual amino acid subBths at each of these four terminal
residues (rM553A, rK552A, rT551A, rT550A). In addit, the NDV F CT has two
conserved tyrosines (Y524 and Y527) residues addleucine motif at position 536-537
(LL536-537). In other paramyxoviruses, these ressdwere shown to affect fusion activity
and are central element in basolateral targetiggass thus modulating viral pathogenesis.

We successfully rescued recombinant viruses wibistsution of tyrosine residue (rY524A
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and rY527A), but could not recover virus with mugas in the di-leucine motif. With the
exception of one mutant (rT550A) that closely reska wild-type virus (rWT), rest of these
mutant viruses exhibited increased cell surfaceresgioon of the F protein, were
hyperfusogenic, and had increased replication awdeased pathogenicity in 9-day-old
embryonated chicken eggs, 1-day-old chicks, ande@kwold chickens. We conclude that
these residues in the F CT have the effect of dagodating fusion and virulence. These
mutations may assist in the development of NDV asmecine vector and as an oncolytic

agent.

5.3 Introduction

Newcastle disease virus (NDV) is a highly prevalamian pathogen that infects
essentially all species of birds and is of majayneenic importance to the poultry industry
(Alexander, 2000; Samal, 2011b). The disease varieggree of severity, ranging from an
inapparent infection to outbreaks of severe regpiyaand neurologic disease that can have
100% mortality. NDV belongs to the gen&sulaviruswithin the familyParamyxovirdaga
family of enveloped, non-segmented, negative s&i¢a viruses (Lamb, 2001). The entry
and spread of Paramyxoviruses was regulated byvirab surface glycoproteins HN and F
(Chen et al., 2001; lorio et al., 2001). HN medsategal attachment by binding to sialic acid
cellular receptors, an activity that also promatesnbrane fusion mediated by F (Crennell et
al., 2000; Yuan et al., 2011). The F protein medigbH-independent fusion of the viral
membrane with the host cell plasma membrane, reguib viral penetration, and also

mediates fusion of the membranes of adjacent tellerm syncytia (Baker et al., 1999).
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Fusion involves a series of major coordinated conétional changes in the F protein that
bring together and merge the opposing membranesn(€hal., 2001; Lamb, 1993b).

The NDV F protein is synthesized as an inactivexprsor (66 kDa) that is cleaved
post-translationally by host cell proteases into whsulfide-linked subunits, N-terminab F
and C-terminal E(Morrison, 2003; Nagai et al., 1989). The NDV Ftein is a class | fusion
protein that has structural and functional charasties that are highly related to those of the
F proteins of other paramyxoviruses including pdtaenza type 5 (PIV5),measles virus,
respiratory syncytial virus (RSV), and Nipah andnH viruses, and also has general
similarity to gp41 of human immunodeficiency typeilus (HIV), the hemagglutinin (HA)
of influenza virus, and GP2 of Ebola virus (Bakeak, 1999; Carr and Kim, 1993; Collins
and Mottet, 1991; Dutch, 2010; Joshi et al., 1988jssenhorn et al., 1998; Zhu et al., 2002).

Several reports on virus type | fusion glycopnage(retrovirus, lentivirus, herpes
virus, and other paramyxoviruses) have indicatedrtile of the cytoplasmic tail (CT) in
regulating viral entry and facilitating conformatel changes that can affect F protein
cleavage and fusogenicity (Aguilar et al., 2007g&aand Lamb, 1996; Emerson et al., 2010;
Fan et al., 2002; Neyt et al., 1989; Oomens e2806; Saha et al., 2005; Tong et al., 2002;
Vzorov et al., 2007; Yao and Compans, 1995). lremégears, tyrosine-containing signals,
especially Y-X-X-aliphatic/aromatic consensus nmgtih the CT of viral membrane proteins
have been also found to be associated with targetetkin delivery (Ball et al., 1997,
Brewer and Roth, 1991; Weise et al., 2010). A sddgpe of signal, a di-leucine (LL) motif,
has similarly been shown to mediate processes dirguinternalization and targeting to
intracellular compartments and to the basolatendhse of polarized epithelial cells (Bello et

al., 2001; Hunziker and Fumey, 1994). Mutagenekiyrosine and di-leucine motifs in the
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CT of several viral envelope glycoproteins provigsttence that they can affect fusion and
infectivity (Dylla et al., 2008; Javier, 2008; Rueket al., 2009).

The NDV fusion protein CT is 31 amino acids loagn{no acid positions 523 to 553,
Fig. 15A) that is highly conserved among differstrains of NDV (de Leeuw and Peeters,
1999; Dolganiuc et al., 2003; Krishnamurthy et 2000; Paldurai et al., 2010). It has been
previously reported that deletions in the NDV F @ieatly reduced syncytia formation
(Sergel and Morrison, 1995). In the present studyhave demonstrated the possible effects
on CT of F protein in NDV infectivity, spread, apathogenicity. In addition, the NDV F
protein CT has tyrosine residues at positions 5#1527 and a di-leucine motif at 536-537,
and their possible roles in fusion and viral paggity were not known. We have further
investigated the potential role(s) of the tyrosiaed di-leucine motifs in CT in viral
replication and pathogenicity. Using reverse gesetive rescued eight NDV mutant viruses
with truncation or point mutations in the CT inviolg conserved signals or possible motifs.
The mutant viruses were characterized for intratailprocessing,surface expression of F,
membrane fusion and replicatiam vitro andin vivo in 1-day-old chicks and 2-week old
chickens. Our results showed that truncation oé@inal amino acids and substitution of
CT tyrosine residues in F protein resulted in hfymogenic phenotypes with increased

spread and pathogenicity in chickens.

5.4 Material and Methods
5.4.1 Cells and viruses.
The chicken embryo fibroblast DF1 cell line and lamrepidermoid

carcinoma HEp-2 cell line were grown in Dulbeccaotsnimal essential
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medium (DMEM) with 10% fetal bovine serum (FBS) amwhintained in
DMEM with 5% FBS. The African green monkey kidnegrd cell line was
grown in Eagle’s minimal essential medium (EMEMntaning 10% FBS
and maintained in EMEM with 5% FBS. The modifiecc@aia virus strain
Ankara (MVA) expressing T7 RNA polymerase was kingrovided by Dr.
Bernard Moss (NIAID, Bethesda, MD) and propagatedpiimary chicken
embryo fibroblast cells in DMEM with 5% FBS. The devately pathogenic
(mesogenic) NDV strain Beaudette C (BC) and itomdzinant derivatives
were grown in 9-day-old embryonated specific-padmiiee (SPF) chicken
eggs in an enhanced BSL-3 containment facility ifoedt by the USDA
following the guidelines of IACUC, University of M@and After 2 days, the
allantoic fluid was harvested and the virus wasqpéa purified using our
standard procedure (Krishnamurthy et al., 2000)ud/stocks were grown in
9-day —old embryonated eggs, as above, and titers determined by plague

assay.

5.4.2 Construction of plasmids

The construction of plasmid pNDVfl carrying the Ifldngth
antigenome cDNA of NDV strain BC has been descri@éviously
(Krishnamurthy et al., 2000). The mutations thatevmtroduced into the F
protein CT are summarized in Fig.16. Their intradutwas facilitated by the
presence of the unique restriction enzyme site$ &at Agel located in the

untranslated regions (UTRs) flanking the F and HRF® in the NDV cDNA.
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The Pac I-Age fragment containing the F-HN gene was mutagenized w
primers containing the desired mutations. The eypgihg PCR was used to
generate the ~ 4kb Pacl-Agel fragment containingldsered mutation, which
was cloned into TOPBXL vector (Invitrogen, USA). The inserts bearirgt
desired mutation were cloned into the full-lengthigenomic cDNA of strain
BC. The rule of six was maintained in all of thetamis. All mutanf cDNAs
were sequenced in their entirety to confirm theseneeof the desired

mutations.

5.4.3 Recovery of mutant viruses
Plasmid transfection and recovery of recombinaniNButants were
performedas described previously (Krishnamurthy et al., 2080diefly, HEp-
2 cells were transfected with three plasmids imtligily encoding the N, P,
and L proteins (3.0g, 2.0 g, and 1.0 g per single well of a six-well dish,
respectively) and a fourth plasmid encoding thélargth antigenome (5.0
g) using Lipofectamine (Invitrogen, Carlsbad, CA)dasimultaneously
infected with vaccinia MVA expressing T7 RNA polyrase at a multiplicity
of infection (MOI) of 1 PFU/cell. Two days afteatrsfection, the cell culture
medium supernatant was harvested and inoculatedhatallantoic cavities of
9-day-old SPF embryonated chicken eggs. Recoverythef virus was
confirmed by hemagglutination assay using 1% cimcked blood cells
(RBCs). The sequences of the F and HN genes irreb@vered chimeric

viruses were confirmed by RT-PCR and nucleotideuseging. In cases
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where virus was not recovered, at least three ienlggnt transfections were
performed in parallel with the wild type (WT) cDN&s a positive control
before considering the construct negative for vieovery. To assay genetic
stability, the recovered CT mutant viruses weresagsd in 9-day-old SPF
chicken embryos for five times. From each passat@ RNAs were isolated
from NDV-infected allantoic fluid of 9-day-old SRfhicken embryos, using
TRIzol reagent (Invitrogen, USA). Reverse trandwipPCR (RT-PCRyas
performed using the Thermoscript RT-PCR kit (Invigen) with specific
forward and reverse primers to amplify the F gehlee amplified cDNA
fragmentswere then sequenced using the BigByBerminator v3.1 cycle
sequencing kit (Applied Biosystems Inc, USA) in ABL3Xl genetic
analyzer taonfirm the presence of the introduced mutationhérecovered
viruses. The HN gene from each recovered virus ass sequenced with

available primers from our laboratory.

5.4.4 Metabolic labeling and immunoprecipitation.

Vero cells in 6-well plates infected with rWT ankdet CT mutant
viruses at an MOI of 1.0 and incubated al@7At 24 h post infection (Pl),
the cells were starved for 1 h in Met- and Cys-ftlddEM and then were
labeled with 100uCi per ml per well of a mixture [37S] methionine and
cysteine for 30 min (pulse), washed, and incub&ded®5 min in complete
medium (chase). The cells were lysed using RIPAeb(fTris 50mM, Nacl

150mM, SDS 0.1%, Na.Deoxycholate 0.5%, Triton X186, 1mM PMSF)
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and the F proteins were immunoprecipitated usifpitaanti-Fcyt antiserum

(raised against a 30-amino acid synthetic peptefgesenting amino acids
524-553 of the F protein, representing nearly thmmete CT) as described
previously (Samal et al., 2011). The precipitatestgins were denatured and

reduced, separated by 10% SDS-PAGE, and subjextaddradiography.

5.4.5 Cell surface expression of the CT mutant viiges.

Cell surface expression of the F proteins of then@ifant viruses was
quantified by flow cytometry. Briefly, DF1 cells wee infected with each
mutant virus at an MOI of 0.1. After 24 h the cellere detached with PBS
containing 5 mM EDTA and centrifuged at 50@ *or 5 min at 4°C. Cells
were then incubated with rabbit antidim antiserum (1:10 dilution) for
30 min at 4°C. This antiserum was raised against synthetic peptides
representing F amino acids 27-36 and 67-76, asqugly described (Samal
et al., 2011). Subsequently, cells were washedn®dgi with phosphate-
buffered saline (PBS), and incubated for 30 mini@nwith 1: 500 diluted
Alexa Fluor 488 conjugated goat anti rabbit immuobglin G antibodies.
Cells were analyzed by using a FACSRIA Il apparatnd Flowjo software

(Becton Dickinson Biosciences).

5.4.6 Fusion assay of the CT mutant viruses

Syncytia formation was quantified as described bghiK (Kohn,

1965). Briefly,Vero cells in 6-well plates were infected with eaatus at an
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Figure 16. Schematic diagram of the NDV F protein, and matetithat were introduced
into the CT. Linear diagram of the NDV F proteindasequences of the intact WT CT and of
progressive deletion mutations)( Grey boxes: heavy shading, fusion peptide; megtate
shading, heptad repeats (HR); light shading, tramsbmane (TM) domain. Sequences of

amino acid point mutations; alanine substitutiomsia bold.
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MOI of 0.1. Cells were maintained in 5% MEM at 37°C under 5%,CO
Twenty-four h PI, thenedium was removed and the cells were washed with
PBS, fixed with methandbr 20 min at room temperature, and stained with
hematoxylin-eosinThe fusion index of each mutant virus was calcdldig
observing 10 fields per well in duplicate. The @rsindex is the ratio of the
total number of nuclei to the numberoalls in which these nuclei are present

(i.e., the mean numbef nuclei per cell).

5.4.7 Multi-cycle growth in DF1 cells

DF1 cells in duplicate wellsf six-well plates were infected with each
virus at an MOI of 0.01. After 1 h of adsorptidhe cells were washed with
PBS and overlaid with DMEM containirfi§o FBS at 37°C. The medium was
collected andeplaced with an equal volume of fresh medium &tiBtervals

until 64 h PI. Virus titers werguantified by plaque assay on DF1 cells.

5.4.8 Mean death time (MDT) and intracerebral pathgenicity index
(ICPI)

The pathogenicity of the F cytoplasmic mutant v@sugvas determined
by the MDT test in 9-day-old embryonated chicleggs and the ICPI test in
1-day-old SPF chicks. The MDT is the mean time foritheminimum lethal
dose to kill all inoculated embryos. The definigofor the NDV pathotypes
based on MDT are<60 h, velogenic strains; 60 to 90 h, mesogeniirsy

and >90 h, lentogenic strains. For the ICPI te€t5 0nl of a 1:10 dilution of

90



5.5 Results

fresh infective allantoifluid of each virus was inoculated into groups 6f1t
day-oldSPF chicks via the intracerebral route. Tirels were observed for
clinical symptoms and mortality onexery 8 h for a period of 8 days. The
ICPI is the mean score per bird per observatiom the 8-dayperiod. Highly
virulent velogenic viruses give values approach2ngnd lentogenic strains

give values close to O.

5.4.9 Replication and pathogenicity in 2-week-oldrickens

To determine the ability of rwWT and the CT mutamuses to replicate
in 2-weeks-old chicken, SPF chicks in groups ofade inoculated with 10
PFU in 200 pl per bird of each virus via the ocoalsal route (50ul in each
nare and eyeYhe birds were observed daily for clinical signgddfeaseintil
14 days PIl. To evaluate tropism and viral spreadbjir@s per group were
sacrificed on day 3 PI and selected organs (btaathea, lungs, gut and
spleen) were collected. The virus titers in thesgans were determined by

TCIDsg measurement.

5.5.1 Construction and recovery of F cytoplasmic th (CT) mutant
viruses.

Syncytium formation is the hallmark of paramyxosircytopathology
(Hernandez et al., 1996; Horvath et al., 1992; Lat¥93b). It was shown

earlier that truncations in the CT of the NDV F tein were inhibitory to
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membrane fusion (Sergel and Morrison, 1995). Int gtady, progressive
truncations in the CT indicated that a 10-aminategtretch between amino
acids 540 to 550 was important for syncytium forioratin the present study,
we created constructs with mutations in the NDWétgin CT using a cDNA
encoding the full-lengthantigenome cDNA of the moderately virulent
(mesogenic) NDV strain BC, with the rule of six mained (Krishnamurthy
et al., 2000). All mutarff cDNAs were sequenced in their entirety to confirm
the presenceof the desired mutations. Transfection and recovefy
recombinant NDV mutants was performed as descrilpgdviously
(Krishnamurthy et al., 2000). Six mutants were tamtded involving
progressive deletion of 2, 4, 6, 12, 18, or 30 anaaids from the C-terminus
(Fig. 16). However, of these six mutants, viableisicould be recovered two,
namely the 2- and 4-amino-acid deletions2(rand r 4, respectively). This
implied that deletion of 6 amino acids or more frdma CT was lethal for the
production of infectious NDV. Since the C-termidabmino acids of the CT
were dispensable for virus replication, we congegddour more mutants in
which these 4 residues were individually replacealanine.We were able to
recover all four of these mutants, designated rME5EK552A, rT551A,
rT550A.

The NDV F protein CT contains two tyrosine resid(i¢sat positions
524 and 527 and one di-leucine (LL) motif at pasis 536-537. To
investigate possible roles of these Y- and LL- msotnh regulating NDV

fusion, we mutated each of the two tyrosine resdsiagly to alanine, and
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mutated the di-leucine to di-alanine (Fig.16). Werevable to rescue only the
two viruses with substitution of tyrosine to alami(rY524A and rY527A).
The failure to recover the LL-motif mutant suggeasbtst this motif is essential
for viral viability. For each of the 8 recovered tawmts, the presence of the
introduced mutations in the recovered virus wasfiooed by RT-PCR and
sequence analysis of each F gene (data not shdwe)HN gene of each
mutant virus also was sequenced, and no advertitraitations were detected
in either F or HN gene. To determine the genetabibty of each F gene
mutation, the recovered viruses were plaque pdrified passaged five times

in 9-day old SPF embryonated chicken eggs.

5.5.2 Intracellular processing and cell surface expssion of the F proteins
of the CT mutant viruses

In order to investigate the effects of CT deletiansl point mutations
on F protein synthesis and processing, the rwTraathnt CT viruses were
used to infect DF1 chicken embryo cells. TwentyrfouPl, the cells were
incubated for 30 min with*{S] methionine and cysteine in medium deficient
in both amino acids, followed by washing and aniteatthl 45-min incubation
in complete unlabeled medium. Following lysis o tells, the glycoproteins
in the cell lysates were immunoprecipitated withi-&eyt rabbit antiserum

and resolved by SDS-PAGE.
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Figure 17. Analysis of the F proteins of the CT mutants bynumoprecipitation and SDS-
PAGE. Vero cells were infected with rWT and the @ilitant viruses at an MOI of 1.0.
Twenty-four hours Pl the cells were starved for metine and cysteine for 1 h,
metabolically labeled with*{S] methionine and cysteine for 30 min, and incutbaite
complete medium for 45 min. Cell lysates were prega and subjected to
immunoprecipitation using rabbit antijF antiserum. The samples were denatured and
reduced and subjected to SDS-PAGE on a 10% polgaoige gel followed by

autoradiography.
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under denaturing and reducing conditions, and Vi by autoradiography
(Fig. 17). The F protein of each of the mutant s&s was expressed and
cleaved efficiently, indicating normal intracelluldgransport. Note that,
because the antiserum used in this experiment pedfe to the CT, it was
very possible that some of the mutations in theaff@cted the efficiency of
immunoprecipitation with this antiserum: thus, vehill of the mutant F
proteins reacted efficiently with this antiserumistexperiment could not be
used to compare levels of expression.

The relative levels of expression of the F CT mutanuses were
measured by flow cytometric analysis of DF1l-infelcteells using anti-
FNterm rabbit antiserum. The results showed thatetficiency of infection
under these conditions, measured by the percerdbgells expressing F
protein on the cell surface, was indistinguishdblerWT and the CT mutant
viruses. However, the level of F protein expresgoem cell, measured by
mean fluorescence intensity, varied considerabapld 5). The rT550A virus
was indistinguishable from rWT, but the other CTtamiis exhibited levels of
F protein expression that exceeded that of rWT@# 10 62%, depending on
the mutant. The highest levels of expression wdrgewed with the two
tyrosine mutants, rY527A and rY524A (62% and 51%creases,
respectively), followed by the two deletion mutants2 and r 4 (48% and
27%), followed by the four viruses with point mudgis in the last 4 amino

acids of the CT, rT551A (26%), rM553A (24%), rK55286%), and rT550
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(no increase compared to rWT). These results coefir that all the CT
mutant F proteins retained the ability to be sysitted and transported
efficiently to the cell surface, and indeed show®at most of the mutants did

so more efficiently than rWT.

5.5.3. Fusion activity and CPE of the CT mutant viuses in Vero cells

To investigate possible effect of the CT mutatians the fusion
activity of F protein, Vero cells were infected withe mutant viruses at an
MOI of 0.1 and, at 24 h PI, the cells were fixed atained with hematoxylin-
eosin and examined microscopically to quantify ffexcentage of nuclei
involved in syncytia formation as the fusion ind@xg. 18A). All mutant
viruses exhibited increased (13% to 48% higherjofusndices compared to
the rWT virus with the exception of the rT550A muttawvhich was essentially
identical to rWT, and the rT551A mutant, which wasly marginally
increased. The most efficient fusion was observeith whe rY527A and
ryY524A mutants (48% and 36% increase, respectivadympared to rwWT),
which is consistent with these mutants having tlghést levels of surface
expression of the F protein (Table 5). Substanii@keases also were observed
with the r 2 and r 4 mutants (27% and 13%), consistent with the oleskrv
substantial increases in F protein surface expresr these mutants. The

rM553A and rK552A mutants also exhibited substamiereases in fusion
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Table 5. Cell surface expression of the F proteffST mutant viruses

Viruses % of positive cells + SD Relati\_/e mean fluorescence
intensity

'WT 99+2.4 1.00
r2 99+2.0 1.48
r4 99+2.2 1.27
rM553A 98+3.5 1.24
rK552A 95+1.4 1.16
I'551A 99+1.2 1.26
rT550A 99+3.0 1.00
rY524A 100+£3.4 151
rysS27A 99+1.7 1.62
None (Mock infected cells) 0.01

Cell surface expression of the F protein was deatexdhby flow cytometry. DF1 cells were
infected with each mutant virus at an MOI of 0.1lrf8ce expression of the F proteins was
assessed by flow cytometry at 24 hr Pl with a caitktf anti-Ferm antibody followed by
anti-rabbit Alexa Fluor 488 conjugated antibodi€surface immunofluorescence was
guantitated by FACS analysis. Uninfected DF1 celise used as negative controls. Values
shown are averages of results from three indepersgeriments. SD;standard deviation

(P<0.05).
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Figure 18A. Comparison of the fusogenicity and CPE of rWT dmel €T mutant viruses in
Vero cells. Relative levels of fusion obtained tbe CT mutants compared to rWT. Vero
cells were infected with the indicated virusesratMOI of 0.1, fixed at 24 h PI, and stained
with hematoxylin-eosin. The fusion index was cadtet as the ratio of the total number of
nuclei in multinuclear cells to the total numbermaiclei in the field. 10 fields were counted
per condition. Fusion levels were normalized to AtT100%. Data shown are averages *

standard errors from three independent experiments.
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Figure 18B.Photomicrographs of cells infected and treatech46ig.18A), except that the

cells were fixed 36 h post-infection.
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activity (32% and 27%) that were proportionatelynswvhat greater than the
observed increases in F protein surface expre¢$anle 5).

The CPE caused by rWT and the CT mutant viruse¥aro cells was
evaluated following infection at an MOI of 0.1. &mY524A and rY527A
viruses produced the most extensive CPE, with Hetaat of cells at 36 h PI.
The r 2, r 4, r553A, and r552A viruses also produced more @Ria the
r'WT virus, whereas the rT550A and rT551A were samtb rWT. Fig. 18B
shows photomicrographs of cells that were fixed B3ost-infection and

stained with hematoxylin-eosin.

5.5.4. Multicycle growth and CPE of the CT mutant wuses in DF1 cells
The multi-step growth kinetics and magnitude oflicgpion of the CT
mutant viruses were determined in DF1 cells (Fig.®l of the viruses
replicated exponentially until ~40 h PI, after whicbplication was at a
plateau. The magnitude of replication was simi@ar fWWT and the rT550A
and rT551A viruses, but was substantially higher tfee other CT mutant
viruses. The highest viral titers were seen with tyrosine mutant viruses
rY524A and rY527A, followed closely by the 2, rM553A, rK552, and r4
viruses. For example, the titer of the rY527 vinwas 1.0 logy higher
compared to rWT at 16 h Pl and 2.04¢lggher compared to rwWT at 40 h PI.
The CPE associated with the CT mutant viruses ih €d#fls was evaluated
following infection at an MOI of 0.1 PFU/cell. Timutant viruses (12, r 4,

r553A, r552A, rY524A, rY527A) initiated syncytia 48h Pl and consistently
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Figure 19A. Comparison of the multicycle growth kinetics &@E of rwWT and the CT
mutant viruses in DFghicken embryo fibroblast cells. (A) Comparisomailticycle growth
kinetics. Cells were infected with each virus ah@I of 0.01, and cell culture media
supernatant aliquots were harvested at 8-h interwatil 64 h PI. The virus titers in the
aliquots were determined by plaque assay in DH%.deata shown are averages of three

independent experiments.
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Figure.19B.CPE of rWT and CT mutants in DF1 cells. DF1 celése infected with each
virus at an MOI of 0.1. Twenty-four h PI thells were fixed with methanahd visualized
by microscopy. rWT (A), r2 (B), r 4(C), rM553A(D), rK552A(E), rT551A(F), rT550A(G),

rY524A(H), rY527A (I).
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induced more rapid and extensive syncytia as coedp@a rWT virus, which
produced syncytia by 24 h Plin DF1 cells. The r0A&%nd rT551A viruses
were similar to the rWT virus. Fig. 19B shows phoicrographs of cells that
were fixed 24 h post-infection.
5.5.5 Analysis of fusion activity at different pernissive temperatures

The paramyxovirus F proteins, like other classahMusion-mediating
glycoproteins, are present on the surface of iecells or virions as trimers
that are trapped in a metastable (high energy)ocordtion (Colman and
Lawrence, 2003; Lamb et al., 1999; Weissenhornl.et1899). To evaluate
whether the hyperfusogenic mutants observed instinidy had differences in
the energy threshold needed to trigger fusion, wapared the r2, r 4,
rY524A and rY527A mutants with rWT virus in a fusiassay that was
performed at different permissive temperatures,aig25'C, 3¢°C, 33C and
37°C (Fig.20). None of the viruses had detectableofusit 28C. The fusion
activity of rwT at 38C and 38C was 24% and 39%, respectively, as
compared to 3 as 100%. In comparison, at’@) the r 2, rY524A, and
rY527A viruses were 30%, 30%, and 28% as compar&¥'C; and at 3%
the r 2, rY524A, and rY527A viruses were 45%, 54%, anélo5¥s compared
to 37C. Thus, the hyperfusogenic mutants were marginaltye fusogenic
than rWT at reduced temperatures versu¥C3but the differences seemed
marginal. This suggested that the hyperfusogenior@iant viruses did not
exhibit a substantial change in the energy threkhol trigger fusion, as

compared to rWT virus.
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5.5.6. Pathogenicity of the CT mutant viruses in embryonagd chicken
and 1-day old chicks

We evaluated the effect of the CT mutations onl\pathogenicity
using two standard pathogenicity assays, namelyng@n embryo death time
(MDT) assay and the intracerebral pathogenicityemndICPI) test. MDT
values were determined in 9-day-old embryonatedkeim eggs (Table 6).
NDV strains are categorized into three pathotypeshe basis of their MDT
values: velogenic (less than 60 h), mesogenic OO h), and lentogenic
(greater than 90 h). The MDT value of the rT550Atama (59 h) was
essentially identical to that of rWT virus mutanid)je MDT of the other
mutants were reduced to varying extents comparedM®, suggestive of
modest increases in virulence. The greatest dift@®e were observed with the
MDT of the rY527A (51.5 h), Y524A (52 h) and2 (54 h) mutants, which
had values that were up to 15% less than that df wkus. The other viruses
had intermediate values.
The pathogenicity of the CT mutant viruses also ewaluated by the ICPI
test in 1-day-old chicks (Table 6). Velogenic stsagive values approaching
2.0, whereas lentogenic strains give values close The ICPI values of the
CT mutants were increased compared to rWT viruschvis indicative of
increased pathogenicity, although the increases wmdest. The differences
in ICPI values compared to rWT virus (1.51) wereagest with the rY527A

(1.78), rY524A (1.70), and 2 (1.68) viruses, whose values were up to 18%
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Figure 20.Temperature dependence of the hyperfusogenic rYZ2winY527A CT mutant
viruses. The fusion assay was performed in Veng esl described previously except that
replicate cultures were incubated at the followiempperatures: 28, 30C, 33C, and 37C.
The fusion indices were determined and normalipettiat of rwWT at 37C as 100%. Results

are means of three independent experiments.
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greater than that of rWT virus. The ICPI valuestlod other viruses were
intermediate. Thus, the results of the ICPI testeve®nsistent with the results
of MDT test, and in particular the two tyrosine @miis, rY527A and rY524A,

and the deletion mutant 2, were the most virulent.

5.5.7.Replication, tissue tropism, and pathogenicity of T mutants in 2-
week old chickens

We further evaluated the effects of the CT mutaiamn viral
replication and virulence in 2-week-old chickensidkens in groups of 10
were inoculated by the oculonasal route (mimickiregural infection) at a
dose of 1OPFU per bird. Three chickens from each group watkamized on
day 3 PI and tissue samples of the brain, lunghta, gut and spleen were
collected and processed for virus titration by ting dilution. The birds were
observed daily for 10 days PI. In the groups irddcwith the rY524A and
rY527A viruses, the chickens showed the clinicghsiof paralysis of limbs
and increased morbidity, and there was one moytalithe rY527A group.
There were no apparent clinical signs in any ofatier groups of chickens.
Virus replication was detected in each of the saahglssues (brain, lung,
trachea, gut and spleen) for each of the virusedyding rwT (Fig. 21). The
titers for the rT550A mutant were very similar twose of rWT, while the
titers for the other viruses generally were inceglasThe highest virus titers
were with the rY524A and rY527A viruses in the braiungs, trachea and

gut. The increase in titer for these two virusesngared to rWT was,
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respectively: brain ~ 10 and 50 fold; lungs ~ 100 28d fold; trachea ~ 100
and 150 fold; and gut ~0.5 and 10 fold. The inductd paralysis in chickens
infected with rY524A and rY524A virus is most likedue to increased
replication of these mutants in brain tissues,caitfh the overall titer in the
brain for the rY524A virus was not obviously mucigtrer than for several
other mutants. The mutants 2, rM553A, rK552A, rT551A also grew to
relatively high titers in the brain, trachea, luagd gut (Fig. 21). None of the

viruses recovered from the brain had reversiortloeraunintended mutations.

5.6 Discussion

The CTs of the several paramxyovirus F proteinsehbgen shown to play an
important role in modulating membrane fusion anddeeare a significant determinant in the
replication of these viruses (Bagai and Lamb, 1¥@nigan et al., 2006; Cathomen et al.,
1998). Various studies on the CTs of several wraleloped proteins have been shown to
harbor critical residues required for intracellutaafficking, virus assembly and budding
(Ball et al., 1997; Popa et al., 2011; Seth et 2003; Waning et al., 2004; Weise et al.,
2010). In the present study, we have evaluatectffieet of truncations and point mutations
in the CT of F protein on NDV replication and pajkaoesis. Previous work has shown that
deletion of entire CT of the NDV F protein resulted no syncytia formation whereas
deletions of different lengths of CT reduced synowt formation to various extents (Sergel
and Morrison, 1995). In our study, using infectimlenes we were able to assess effects of
mutations on CT on viral replication, fusion infedl, tropism, and pathogenesis vivo in

a natural host. We attempted to recover viruses @iterminal deletions of up to 30 amino
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acids from the 31-amino acid CT of the NDV F proteiHowever, we were only able to
recover virus with the two smallest deletions, a2l 4 amino acids. Thus, while infectious
NDV can readily tolerate deletions of up to 4 amawds in the F protein CT tail, longer
deletions apparently were lethal. Deletion of thetf2 and 4 amino acids from the CT
resulted in mutant virus that had a hyperfusogphenotype, with higher levels of F protein
expression. Apart from the higher levels of surfagression, these mutations did not
appear to affect moderatley in F protein procesaimd stability. These results suggest that a
slightly smaller CT has the effect of enhancingrbt@n expression and membrane fusion.
These deletion mutants also exhibited increasedl growth in vitro and in vivo, and
increased virulence in 1-day-old chicks and 2-welkekehickens. This was especially evident
with the r 2 virus. In case of HIV-1, SIV and HSV-1, truncatsoof C-terminal CT of
envelope proteins also resulted in increased asibh (Fan et al., 2002; Vzorov et al., 2007;
Wyss et al., 2005; Zingler and Littman, 1993).

We further investigated the role of these C-terinfoar amino acids in the fusion
phenotype and in viral replication and pathogenbgisndividually substituting them with
alanine. We found that the M553A (e.g., the C-taahresidue) and K552A (the penultimate
residue) substitutions resulted in phenotypes aimtib those of the 2 and r 4 deletion
viruses: increased surface expression of the Feprgwvithout any other apparent effects on
processing, stability and cleavability), hyperfusoigity, increased viral replication in vitro
and in vivo and increased virulence in 1-day-olick$ and 2-week-old chickens. Of the
other two mutants, rT550A was generally very simiarWT virus, whereas rT551A was

intermediate between rWT and the rK552A/rM553A ses.
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Table 6. Pathogenicity of the N-glycosylation matanuses in embryonated chicken eggs and 1-

day-old chicks

Viruses MDT? ICPI score”
rWT 60 1.51
r2 54 1.68
r 4 56 1.65

rM553A 55 1.60

rk552A 54.8 1.53

rT551A 56 1.53

rT550A 59 1.53

rY524A 52 1.70

rY527A 51.2 1.78

& Mean embryo death time (MDT).

PIntracerebral pathogenicity index (ICPI).
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The mechanism by which truncations or point mutetiof the C-terminal four amino
acids of CT mediated these effects is unclear.ebsxd surface expression of the F protein
appeared to an important factor. This could cootabto increased fusion, which in turn
could contribute to increased viral replicatiarvitro andin vivo and increased pathogenesis.
For example, among these two deletion mutants and dubstitution mutants, the mutants
with higher levels of F protein surface expressigiative to rwT tended to have the highest
relative fusion indices. Thus, the small deletimrssubstitutions involving the last four
residues of the CT may have conferred increasedezfty of synthesis or transport to the
cell surface, resulting in higher levels of F pmtsurface expression that in turn mediated
increased fusion. However, the increases in F pret@face expression and fusion index
were not always proportional. For example, thetrnedaevels of surface expression for the
r 4, rM533A, and rT551A viruses were nearly identicaP7, 1.24, and 1.26, respectively),
but these viruses had substantial differencesair tielative fusion indices (1.13, 1.32, and
1.06, respectively). Thus, other factors may hawetributed to the increases in fusion.
Possible effects might include increased incorpanainto virus particles or effects on the
fusion process. For example, in case of PIV5/SWg, E CT is implicated in regulating
fusion pore formation (Dutch and Lamb, 2001).

While the full mechanistic details are not knowtrisiclear that C-terminal residues in
the NDV F protein CT, and in particular the twontémal residues, have the effect of down-
regulating F protein surface expression, fusioplicationin vitro andin vivo, tropism, and
pathogenesis. The virus presumably could readiltataito lose expression of these terminal
residues by the introduction of missense or noresemgtations, but this apparently does not

confer a selective advantage because the overaNiw$ population retains the WT

110



EA Brain

EZ3 Trachea
1.0 1012 BE Lungs
@ Spleen
1.0 1020 Gut
~~
IS
> 1.0 10098
3
o) Y=
— 06 HH
O 1.0 10 g
l_ -
~— -
04 -
5 1.0 10 £ 3 9
= H 4 7
" g Iy ’
1.0 1002 g 1 é
1HE 111 . £ N 1.
& ' HH fﬁ %
glElElEls B HH %1% %
1.0 1090 B N A B B B | {
VR A A IR AU R N S IR KN S S SRR S S SR LR N S\
QL DN AN SSPANANNSEN XA OV AN
< VeV D L L 200001 O 8 L2707 00 O 8 D000Vl O 0 L ou0v 000V
SLELLL SELELL SFELLLL SELLLL SLELLL

Figure 21.Virus titration from the indicated tissues hareesbn day 3 following infection

of 2-week-old chickens with rWT and the CT muta@bkickens were inoculated by the
oculonasal route. Three chickens for each virugwacrificed on day 3 PI, and the indicated
organs were harvested and the titers of NDV weterdened by limiting dilution assay on

DF1 cells. Titers are expressed in{ggC1Dso per gram of tissue with SEM indicated.
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sequence. It may be that the increase in virugcamn conferred by these mutations is
offset by some other factor such as the increageterce observed in the present study, or
some other factor that was not examined here sacthe physical stability of the virus
particle.

The CT of NDV F harbors two tyrosine residues ané di-leucine motif that are
highly conserved among strains and have the paleiatibe signals involved in processing
and transport. In the present report, we also biyeted the possible roles of these residues
in viral replication and pathogenesis. We were ableecover virus in which either of the
tyrosine residues was substituted with alanine. i@aipility to recover the LL-motif mutants
even after several attempts suggests the importainte- motif in F protein function and
viability of virus.

The two recovered tyrosine mutants Y524A and Y52%Aibited phenotypes similar
to those of the truncation and substitution mutaddgscribed above, including increased
surface expression of the F protein (without anlgeptapparent effects on processing,
stability and cleavability), hyperfusogenicity, reased replicatiomn vitro andin vivo, and
increased pathogenesis. Indeed, of the mutantsadearzed in the present study, these
phenotypes were the most pronounced for the tyeommtants, In particular, 2-week-old
chickens infected with the tyrosine mutants exhbibbiparalysis and, in one case, death, that
were not observed with rWT virus or with the othantants. The most widely used tyrosine-
based motif is YXX (where Y is tyrosine, X is any amino acid ands an amino acid with
bulky hydrophobic group). In the NDV F CT, Y524 aw@i27 are both present in the motif

YLMY, and Y527 also is present in the motif YKQKhUs, neither of these conforms to the
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YXX  motif. Whether these two tyrosines are involvedairsignal, and whether these
mutations have any effect on the trafficking of Ehprotein is presently being investigated.

In conclusion, our results provide evidence thdetitns or substitutions involving
the terminal 2 amino acids of the NDV F proteinsabstitutions involving the two tyrosine
residue found in the CT, resulted in increased étgom expression on the cell surface,
increased fusion, increased replication and pathegjs. Effects on the surface expression of
the F protein appeared to play an important rdlés Feasonable to suggest that increased
surface expression of F was an important deterninérthe hyperfusogenic phenotype
observed for these mutants, although, as notedeted of expression of F was not always
proportional to the level of fusion. Thus, othecttas may also contribute. It also is
reasonable to suggest that increased fusion playedmportant role in the observed
increased replicatioim vitro andin vivo and increased pathogenesis. These results show tha
the NDV F protein has features that restrain tlsd@enic phenotype. Since mutations to the
terminal residues and to the tyrosine resides weeb-tolerated and presumably could
readily occur and be selected for in nature, tlagngarently is a lack of selective advantage
for these mutations in nature. This study has ss®d our understanding of NDV virulence
mediated by the F protein, but also has raised quegtions about the mechanism by which
the CT restrains fusion. These hyperfusogenic ggusay be useful in developing NDV as a

vaccine vector and as an oncolytic agent.
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Chapter 6

6.1 Title

The Conserved Cysteine Residues in Newcastle iséass Fusion protein are

essential for virus infectivity

6.2 Abstract

Newcastle disease virus (NDV) fusion protein (Fytains 13 cysteine residues, 11 of
which are conserved across the member of the fam@yamyxoviridae The cysteine
residues are critical for proper folding and stoual stability of the fusion protein. In this
study we have determined the individual contributid conserved cysteine residues present
in the F protein at positions 76,199,338,347, 362,394,399,401,424 and 523 on NDV
infectivity and pathogenicity using reverse gergetiechniques. Site-directed mutagenesis
was employed to replace each cysteine residue bwlamne and the mutations were
introduced into a full length clone ofraoderately pathogenic NDV strain Beaudette C (BUe
were able to rescue only three mutants at posifE882A, C370A and C523A. Mutation of
cysteine residues at positions C362A and C370Altexsun highly debilitated viruses with
significantly impaired biological functions. The tants rC362A and rC370A replicated in
embryonated chicken eggs but failed to replicatghér in cell culture. The mutant virus
rC523A showed reduced fusogenicity and delayed tiréametics compared to the wild type
virus. The pathogenicity of the rC523A mutant vimas moderately decreasedvivo. To

assess the effect of cysteine residues on proxgression, 293T cells were transfected with
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plasmids encoding the parental and cysteine mutatgateins. Mutations of C76A, C199A
C347A, C362A, C370A, and C401A did not react with antibody prepared against the
cytoplasmic tail of F protein, suggesting profowgifibcts on protein conformation. Mutations
at C338, C394A, C399A, C424A and C523A showed wifie levels of protein expression.
These results suggest that the conserved cystesidues in NDV F protein play a critical
role in structure and function of F protein thuguiating NDV infectivity. Further analysis
of the polypeptides of rC362A and rC370A showedrall migration patterns of F protein,
nucleoprotein (NP) and matrix (M) protein in 10% SPAGE. Sequence analysis of NP and
M genes of rC362A and rC370A showed compensatortations thus changing the open

reading frames (ORF) of NP and M genes.

6.3 Introduction

Newcastle disease is a contagious and highly fatal disease, affecting most
species of birds and leads to severe economic doss¢he poultry industry worldwide
(Alexander, 2000). The disease has a wide spectfuatinical signs ranging from a mild,
inapparent infection to 100% mortalitfthe aetiological agent Newcastle disease virus
(NDV) belongs to the genudvulavirus in the family Paramyxoviridae and has a
nonsegmented, negative-sense RNA genome consgtih§, 186nucleotides (Lamb, 2001;
Samal, 2011a). Strains of NDV are classified thit@e major pathotypes, depending on the
severity of disease produced in chickens. Avirulesttains are termed lentogenic,
intermediately virulent strains are termed mesogesund highly virulent strains are termed
velogenic (Lamb, 2001). The envelope of NDV corgamglycoproteins hemagglutinin-

neuraminidase (HN), a receptor binding protein tigatresponsible for attachment to
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sialoglycoconjugates at the cell surface and fupratein (F) which upon activation initiates

the fusion of the viral and target membranes (La2d1; Lamb et al., 2006).

The F protein is well conserved among NDV strais eeuw and Peeters, 1999;
Krishnamurthy et al., 2000; Paldurai et al., 20403 has common structural features with
other paramyxovirus F proteins (Baker et al., 1998en et al., 2001; Lamb et al., 1999).
The NDV F protein is a type | homotrimeric integnadembrane glycoprotein with a
monomer length of 553 amino acids for most straide Leeuw and Peeters, 1999;
Krishnamurthy et al., 2000; Paldurai et al., 2010he F protein is synthesized as a
biologically inactive precursor (Fthat must be cleaved by host cell proteasesgestiular
or intracellular proteases) to form an active faspyotein (Morrison, 2003). The cleavage
which takes place at a fusion peptide sequencesrgtng two subunits ;H{55kDa) and f
(14kDa) that remain covalently linked by at leasé aisulfide bond. Upon fusion activation,
the F protein is thought to undergo major conforomatl changes that mediate fusion of the
viral and cellular membranes (Dutch, 2010; Lamt83L). Similar to other paramyxoviruses
the mature F protein of NDV contains 13 cysteirmdes, 11 of which are conserved across
the F proteins of familfParamyxoviridagChen et al., 2001; Day et al., 2006; McGinnes and
Morrison, 1986; Morrison, 2003; Paldurai et al.1@p) Two of these cysteine residues at
positions 76 and 199 have been assigned to formalfidis bond thus linking #F;
polypeptide chains and hence form the fusion coemgeactive protein (Morrison, 2003;
Scheid and Choppin, 1977). The cysteine residuepoattions 338,347,362,370, 394,
399,401 and 424 form four disulfide bonds on thgrdtein head region (Chen et al., 2001).
A single cysteine residue is present in the cytapia tail (CT) of NDV F protein at position

523. The cysteine residues present in the CT ofrdes viral envelope glycoproteins have
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been shown to be the targets for palmitoylationictvlis necessary for the association with
membrane lipid rafts (Bhattacharya et al., 2004bhallaro et al., 1998; Veit et al., 1989).
However, it has been suggested that palmitoyladfddDV F cytoplasmic tail is not required
for lipid raft association (Dolganiuc et al., 2003je strict conservation of cysteine residues
of NDV F protein is suggestive of their criticallegplayed on structure and functions of F
protein. Further, the cysteine residues are apuesite for the formation of conformational

dependent antigenic epitopes necessary for ND\ttivigy and virulence.

The individual contribution of conserved cysteiesidues in NDV F protein to virus
infectivity and pathogenesis has never been ewvadudn this study, we have employed
reverse genetic techniques to evaluate the rokeaoh conserved cysteine residue on virus
recovery, fusion, replication and pathogenesis. f@gults demonstrate that eight cysteine
residues at positions 76,199,338,347,394,399,401 42v are indispensable for virus
recovery. However, three cysteine residues at iposit362,370 and 523 were found to be
tolerated for the recovery of NDV. The biologicdiatacteristics and replication of the
mutant viruses with cysteine substitution at posgi C362A, C370A and C523A were
evaluatedin vitro andin vivo. The mutant virus rC523A showed reduced fusionviggt
delayed replication in cell culture and moderaterease in pathogenicity compared to the
wild type (WT) virus; whereas, the mutant virus€s362A and rC370A grew only in
embryonated eggs but showed complete abolishmdnsmin activity and replication in cell
culture, whereas Our results demonstrated thatdmserved cysteine residues of NDV F
protein are indispensable for virus infectivity ept the cysteine residue in the cytoplasmic

domain which is not essential for virus infectivityhe role of each conserved cysteine
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residue on structure and functions of F protein Washer evaluated using a plasmid

transfection system.

6.4 Materials and Methods

6.4.1 Cells and viruses

The chicken embryo fibroblast DF1 cell line and lamrepidermoid
carcinoma HEp-2 cell line were grown in Dulbeccatsnimal essential
medium (DMEM) with 10% fetal bovine serum (FBS) ammhintained in
DMEM with 2% FBS. The African green monkey kidné&se¢o) cell line was
grown in DMEM containing 10% FBS and maintainedDMEM with 2%
FBS. 293T cells were grown at°&7in a humidified atmosphere of 5% €0
and maintained in 2% DMEM. The modified vacciniausgi strain Ankara
(MVA) expressing T7 RNA polymerase was kindly paesd by Dr. Bernard
Moss (NIAID, Bethesda, MD) and propagated in primahicken embryo
fibroblast cells in DMEM with 5% FBS. The wild tyd@/T) mesogenic NDV
starin Beaudette C (BC) and its recombinant ddkigatwere grown in 9-day-
old embryonated specific-pathogen-free (SPF) cimokggs in an enhanced
BSL-3 containment facility certified by the USDAlmwing the guidelines of
IACUC, University of MarylandTwo days after infection the allantoic fluid
was harvested and the virus was plaque purifieaigusur standard procedure
(Krishnamurthy et al., 2000).
6.4.2 Construction of plasmids

The construction of plasmid pNDVfl carrying the Ifldngth

antigenome cDNA of NDV strain BC has been descri@éviously
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(Krishnamurthy et al., 2000). The mutations thatevmtroduced into the F
protein are summarized in Fig 22. Their introductivas facilitated by the
presence of the unique restriction enzyme site$ &t Mlul located in the
untranslated regions (UTRs) flanking the F and HRFS in the NDV cDNA.
The Pacl-Mlulfragment containing the F-HN gene was mutagenizéd w
primers containing the desired mutations and cldneal TOPG-TA vector
(Invitrogen, USA). The inserts bearing the desmagtation were then cloned
into the full-length antigenomic cDNA of strain BGhe total number of
nucleotides was adjusted to maintain the ‘ruleixfia all full length cDNAs
(Krishnamurthy et al., 2000; Peeters et al., 208@l)mutantF genes on full
length clones were sequenced in their entiretyotafion the presencef the
desired mutations.

For construction of F expression in plasmids, th& #hd cysteine
mutant F genes were amplified from TOPO-TA cloned were introduced
into plasmid pCAGGS expression vector provided byMiazaki (Osaka
University,Japan.

6.4.3 Recovery of mutant viruses

Recovery of recombinant NDV mutants were perforragaiescribed
previously (Krishnamurthy et al., 2000). BrieflyEH-2 cells were transfected
with three plasmids individually encoding the NaRd L proteins (3.0g, 2.0

g, and 1.0 g per single well of a six-well dish, respectivebnd a fourth
plasmid encoding the full-length antigenome (5d) using Lipofectamine

(Invitrogen,USA) and simultaneously infected witliceinia MVA expressing
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T7 RNA polymerase at a multiplicity of infection M) of 1 PFU/cell. Two
days after transfection, the cell culture mediumesoatant was harvested and
inoculated into the allantoic cavities of 9-day-@&F embryonated chicken
eggs. Recovery of the virus was confirmed by herudiggtion (HA) assay
using 1% chicken red blood cells (RBCs). The segeerof the F and HN
genes in the recovered chimeric viruses were coefir by RT-PCR and
nucleotide sequencing. In cases where the virusneasecovered, at least
three independent transfections were performedanaliel with the parental
(WT) cDNA as a positive control before considerihg construct negative
for virus recovery. To assay the genetic stabitity, recovered mutant viruses
were passaged three times in 9-day-old SPF chiekebryos. From each
passage total RNAs were isolated from NDV-infectdidntoic fluid using
TRIzol reagent (Invitrogen, USA). RT-PCR was pearied using the
Thermoscript RT-PCR kit (Invitrogenyith specific forward and reverse
primers to amplify the F gene. The amplified cDNagmentswere then
sequenced using the Bighiy@erminator v3.1 cycle sequencing kit (Applied
Biosystems Inc, USA) in ABI 3130 genetic analyzer toonfirm the presence
of the introduced mutations in the recovevedses. The HN gene from each
recovered virus was also sequenced using availpblmers from our
laboratory.
6.4.4 Expression of fusion proteins

To evaluate the expression of WT and mutant F pret&/ero cells in

6-well plates infected with rwT and the mutant sea at an MOI of 1.0 and
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incubated at FC. Twenty-four hours after infection the cells weysed
using cell lysis buffer (Clontech,USA) and the Fotgins were
immunoprecipitated using rabbit anti-Fcyt antiseras described previously
(Samal et al., 2011) or HN monoclonal antibody dknprovided By Ron
lorio, University of Massachusetts Medical School), NAMopolyclonal anti-
peptide antibody. The proteins were separated I BDS-PAGE, and
subjected to autoradiography. To confirm F prot@Rrpression using
plasmids, 293T cells in six-well plates were traeséd with 2 pg of plasmids
expressing either WT F proteins, the panel of eystenutants or a vector
only control. Twenty-four hours after transfectiocells were lysed and
immunoprecipiated as described above.

The cell surface expression of WT and cysteine nidtgproteins was
evaluated by flow cytometry. Briefly, DF1 cells weimnfected with each
mutant virus at an MOI of 0.1.After 24 h the celsre detached with PBS
containing 5 mM EDTA and centrifuged at 50@ %or 5 min at 4°C. Cells
were then incubated with rabbit antidim antiserum (1:10 dilution) for
30 min at 4°C as previously described (Samal ¢p8lL1). Cells were washed
3 times with PBS, and incubated for 30 min on ia#hvi: 500 diluted Alexa
Fluor 488 conjugated goat anti rabbit immunoglabuB antibodies. Cells
were then fixed in 2% paraformaldehyde and analymedsing a FACSRIA
Il apparatus and Flowjo software (Becton DickinsBiosciences). The
expression of F protein in surface of 293T cels$fected with mutant and

wild type F protein plasmids were quantitated loyflcytometry as described
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above.
6.4.5 Cell fusion assays

Syncytia formation was quantified as described bghiK (Kohn,
1965). Briefly,Vero cells in 6-well plates were infected with eattus at an
MOI of 0.1. Cells were maintained in 5% MEM at 37°C under 5%,CO
Twenty-four hours after infection, thmedium was removed and the cells
were washed with PBS, fixed with methafal 20 min at room temperature,
and stained with hematoxylin-eosifihe fusion index of each mutant virus
was calculated by observing 10 fields per well upletate. The fusion index
is the ratio of the total number of nuclei to thenber ofcells in which these
nuclei are present (i.e., the mean nundjenuclei per cell). To evaluate cell
fusion activity of WT and mutant F proteins, 2934lle were co-transfected
with pCAGGS vector-F (wild type or mutants) and p&AS vector-HN. The
fusion assays were conducted as described above.
6.4.6 Growth characteristics of wild type and mutanviruses

The growth characteristics of rWT and mutant visueere evaluated
by multicycle growth kinetics. Briefly, DF1 cella duplicate well®f six-well
plates were infected with each virus at an MOI o®10 After 1 h of
adsorption,the cells were washed with PBS and overlaid with EN/
containingg% FBS at 37°C. The medium was collected i@pdaced with an
equal volume of fresh medium at 8-h intervatsil 64 h PI. Virus titers were

guantified by plaque assay on DFL1 cells.
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6.4.7 Mean death time (MDT) and intracerebral pathgenicity index
(ICPI) tests

The pathogenicity of the F cysteine mutant virusas determined by
the MDT test in 9-day-old embryonated chicleggs and by the ICPI test in
1-day-old SPF chicks (Alexander, 2000; Samal, 2D1AH studies were
conducted under enhanced biosafety level (EBSL-@)ditions at the
University of Maryland. The MDT is the mean timehaurs for theninimum
lethal dose to Kkill all inoculated embryos. Thetemia for classifying the
virulence of NDV isolates are: <60 h, virulent 15 60 to 90 h, intermediate

virulent strains; and >90 h, avirulent strains.

For ICPI test, 0.05 ml (1:10 dilution) of fresh ective allantoidluid
of each virus was inoculated into groups of 10 §-ola SPF chicks via the
intracerebral route. ThECPI is the mean score per bird per observationr ove
the 8-dayperiod. Highly virulent velogenic 1 viruses giveliwes approaching

2 and avirulent or the lentogenic strains give galalose to 0.

6.4.8 DNA sequencing and analysis

Viral RNA was isolated from infected allantoic fusing RNeasy kit
according to the manufacturer's instructions (QIAGBJUSA). Reverse
transcription (RT) was performed using Supersdii®T (Invitrogen) and an
oligo dT primer. The resulting first strand cDNA sv® CR-amplified. PCR
products were gel purified and were sequenced ttirec were cloned into
the TOPO TA cloning vector (Invitrogen) and posstiedones were sequenced

using M13 forward and M13 reverse primers. DNA sming was
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6.5 Results

performed in a 3130 genetic analyzer (Applied Biosystems Inc, USA)
according to the manufacturer's instruction. Thier@mmenome sequence was
determined at least three timé&equence analysis and prediction of ORFs
were carried out using the SegMan and EditSeq progy and PCR primers
were designed using the PrimerSelect program in BNAR Lasergene 8

(software suite for sequence analysis, versior2@l8) 412).

6.5.1 Each conserved cysteine residue in the NDV Protein is
indispensable for virus infectivity

There are eleven conserved cysteine residues iR pretein of NDV
(Day et al., 2006; Krishnamurthy et al., 2000). kamine the effects of these
conserved cysteine residues on virus infectivityd goathogenesis, we
performed site-directed mutagenesis by substituitmtividual cysteine (C)
residue by alanine (A) to construct a series ofamuf genes (Fig.1). Each
mutagenized F gene was then inserted into a fatre cDNA clone of the
BC antigenome. These clones were transfected ifip2Hcells and mutant
viruses were recovered using reverse genetics asiopsly described
(Krishnamurthy et al., 2000). We were unable tmvec infectious virus with
cysteine substitutions at positions76, 199, 338, 3P4, 394,399,401 and
424, suggesting that these cysteine residues aemted for virus recovery.
However, the substitutions of three cysteine ressdat positions C362A,
C370A and C523A did not affect the virus recover@iday-old embryonated

chicken eggs, indicating that these residues arernoial for virus viability.

124



76) (199) (338) (347) (362) (370)  (394) (399) (40124} (523)

" E'Eii ¥ Y9849 $ 9499 !>COOH
5> Fusion F1
peptide

C76A : Not recovered
C199A: Not recovered
C338A: Not recovered
C347A: Not recovered
C362A: Recovered

C370A: Recovered

C394A: Not recovered
C399A: Not recovered
C401A: Not recovered
C424A: Not recovered
C523A: Recovered

Figure 22. Schematic representation of NDV F protein andtiooa of conserved cysteine
residues were marked with an arrow. Mutations epoead to the cysteine residues to alanine

in F protein and clones recovered or not recoveedable virus listed below.
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The sequence analysis of the F genes from recowangses confirmed the

presence of each introduced mutation.

6.5.2 Effect of cysteine mutation on expressi®f F proteins

To evaluate the expression of F protein in cystemdant viruses,
DF1 cells were infected with recombinant wild ty&VT) and mutant
viruses. Twenty-four hours after infection cell xts were collected and F
protein expression was determined by Western I5lm.Z3A panel A). The
expression level of F protein of rC523A mutant simas similar to that of the
r'WT virus and in presence of reducing agent, batlark€d F proteins were
detected. Whereas, in case of the mutant viruS862A and rC370A the
synthesis of F protein was not detected by Wedbtdoh To confirm viral
protein synthesis in those two mutant virusesytastern blot experiment was
repeated using a HN monoclonal, a NP polyclonalMmablyclonal antibody.
Our results did not show synthesis of any of thessd proteins, confirming
absence of rC362A and rC370A replication in DF1sc@tig.23A panel B, C
and D). The cell surface expression of rC523A mutBnprotein was
determined by flow cytometry. We observed that itingtant F protein was

expressed at 72% of wild type level (Table 7).

To further characterize the mutant F proteins, 2938dls were
transfected with expression plasmids encoding WTd amutant F
proteins.Twenty-four hour after transfection cettracts were analyzed by

western blot using an anti F-cyt polyclonal antip¢8amal et al., 2012).
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Figure 23AWestern blot analysis of WT and cysteine mutantdtgins (A) Vero cells in 6-
well plates infected with rWT and the cysteine mutairuses at an MOI of 1.0 and
incubated at 3. At 24 h post infection (P1), the cell lysatesrav@recipitated with anti-
Fcyt antibody or HN monoclonal antibody or NP pédy@l or M polyclonal antibody and
analyzed by 10% SDS-PAGE. Panel A: F antibody; PBnedN antibody; Panel C: NP

antibody; Panel D: M antibody.
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Mutation of cysteine residues at C338A, C394A, G8%nd C424A showed
reduced expression levels of F protein comparetha of WT F protein

(Fig.23B). The F protein of mutant plasmid C523Aswexpressed at wild-
type level. In contrast, we were not able to detest expression of F protein
in C76A, C199A, C347A, C362A, C370A, and C401A nmisa These results
suggest that either these mutations are affechiedranslation and/or stability
of F protein or these mutations are changing th@acmation of F protein

thus leading to failure of binding to anti-Fcyt iliodies. To determine cell
surface expression of the cysteine mutant F prete93T cells were
transfected with plasmids encoding WT or mutantrétgns. Twenty-four

hours after transfection, cells were analyzed loyvfcytometry using anti-
Fnterm @ntiserum as described previously (Samal et @L2R The cell surface
expression of mutations at C424A, C338A, C394A, &899A were 6%,

14%, 28% and 32%, respectively, of the WT F protewel (Table.7). The

cell surface expression of C523A F protein was @%e WT F protein.

6.5.3 Effect of cysteine mutations on fusion actityi of F protein

To assess the fusion activity of the mutant viru$esion assay was
performed in Vero cells. The fusion activity of Z3A was reduced by 37%
of the rWT virus. The mutant viruses rC362A and #GA8 showed no fusion
activity or growth in Vero cells (Fig.24A and 24B)Ve then determined the
fusion activity of the mutant F proteins expresfedn transfected plasmids,

by performing syncytium assay in 293T cells as deed in Methods. Mutant
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WT M C338A  C394A C399A CA424A C523A

Figure 23B. Western blot analysis of 293T cells were trangféavith the plasmids
and after 24 h PI cell lysates were collected amipitated with anti-Fcyt antibody

and analyzed by 10% SDS-PAGE.
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Figure 24A. Cell fusion assay (a) Photomicrographs of Verdsaefected with the
indicated viruses at an MOI of 0.1, fixed at 24 Ihdhd stained with hematoxylin-

eosin.
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Figure 24B.Relative levels of fusion obtained for the mutainises compared to rWT. The
fusion index was calculated as the ratio of theltotmber of nuclei in multinuclear cells to
the total number of nuclei in the field. 10 field®re counted per condition. Fusion levels
were normalized to WT at 100%. Data shown are @esrat standard errors from three

independent experiments.
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Figure 24C.Relative levels of fusion obtained for the mutardteins compared to WT-F
proteins. 293T cells were co-transfected with pC/A3@&ctor encoding mutant proteins and

pCAGGS-HN protein and fusion index were calculasdlescribed above.
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proteins that failed to express matured conformagtable proteins (C76A,
C199A, C362A, C370A, C399A, C401A) did not show sytium formation.
However the F protein expressed from plasmid C5&3dwed 28% reduction
in syncytia formation compared to that of the Wprbtein. The mutants F
proteins of C338A, C394A, C399A and C394A showeadnminimal
syncytium formation activity (Fig.24C).
6.5.4 Role of cysteine residues on virus infectiyit

We have shown that three of the eleven cysteinemwtiruses were
rescued in embryonated chicken eggs and all theethmutant viruses
produced high levels of HA titer as the rWT viru€362A and rC370A;
HA:2" and rWT and rC523A; HA: ). We then sought to determine the
ability of these mutant viruses to grow in cell tové. In vitro growth
characteristics of cysteine mutant viruses wereluatad in DF1 cells
(Fig.25A). The mutant rC362A and rC370A virusede@ito grow in DF1
cells. The rC523A virus showed a delayed growthettas and had lower
virus yield (1.5 to 2.0 log U lower) than that WT virus. The size of the
plaques produced by the mutant virus rC523A wags slightly smaller than
that of rWT virus (Fig.25B). There were no pladgeemation by mutant
viruses rC362A and rC370A. These results suggestthtie cysteine residues
at postions 362 and 370 are essential for viruecinfity in cell culture.

We further determined the effect of cysteine maotai on the
pathogenicity of NDV in embryonated chicken eggsl dnday-old chicks

(Table.8). The effect of the cysteine mutation loa pathogenicity of NDV in

132



[e)
]

—=— rWT
—— rC523A

(e2}
1

Virus titer (Log ;oPFU/mML)
n T

o

) )
8 16 24 32 40 4 56 64
Hour

o

Figure 25A. Comparison of the multicycle growth kinetics of Tvend the mutant viruses in

DFlcells.
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rC370A r362A r'WT

CONTROL rC523A

Figure 25B.Plaque morphology in DF1 cells by parental andesgst mutant viruses 4 days

Pl.
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Table 7. Cell surface expression were measuretblaydytometry in 293T cells

Plasmids Cell surface expression (%)
WT 100
C338A 14
C394A 28
C399A 32
C424A 6
C523A 78
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Table 8. Cell surface expression, MDT and ICPI galu

Virus Cell surface MDT(h) ICPI
expression (%)
r'WT 100 58 1.56

rC362A 0 More than 7 days; No death
No Death

rC370A 0 More than 7 days; No death
No Death

rC523A 72 71 1.40

Cell surface expression of the F protein was datexdhby flow cytometry. DF1 cells were
infected with each mutant virus at an MOI of 0.lirf&ce expression of the F proteins was
assessed by flow cytometry at 24 hr Pl with ralipiti-Fy.erm antiserum followed by anti-
rabbit Alexa Fluor 488 conjugated antibodies. Stefanmunofluorescence was quantitated
by FACS analysis. Uninfected DF1 cells were usedeggmative controls. Values shown are
averages of results from three independent expatsnéalues are expressed as % relative to

parental F protein.

Mean embryo death time (MDT). The mean time (h)tfier minimum lethal dose of virus to
kill all of the inoculated embryos. Pathotype dgfam: virulent strains, <60 h; intermediate

virulent strains, 60 to 90 h; avirulent strainsp39

Intracerebral pathogenicity index (ICPI). ICPI ssof(total number of sick chicks at each
observation x1) + (total number of dead chicksaaheobservation x 2)]/80 observations.
ICPI values for velogenic strains approach the mamn score of 2.00, whereas lentogenic

strains give values close to 0.Values were medhre€ independent experiments.
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1-day-old SPF chicks was also determined by intedwal pathogenicity
index (ICPI) test (Alexander, 2000). The MDTs vabfgC362A and rC370A
were greater than 120h and ICPI values were Or@iicating that they are
completely avirulent. In case of rC523A mutant githe MDT value was 71h
compared to 58h for rWT virus and ICPI value wat)lcompared to 1.56 for
rWT virus. These results suggested that the delay®avth kinetics of

rC523A virus probably resulted in a moderatelyraitged phenotype.

6.5.5 Effect of cysteine mutations on incorporatiorof viral proteins into

envelope of virions

To analyze the incorporation of the mutant F prateinto the
envelope of virions, the rWT and mutant viruses evérarvested from
allantoic fluid and were partially purified through30% sucrose cushion. The
viral proteins separated on a 10% SDS-PAGE,werectll by Coomassie
blue staining (Fig.5). The rC523A mutant virus pios migrated at same rate
of the rWT virus proteins. Densitometry analysistod rC523A mutant virus
proteins showed there was no difference in ratibsnotant virus proteins
compared to ratios of rWT virus proteins. Surpgbm the migration pattern
of NP and M proteins of mutants rC362A and rC370#&rev different
compared to the migration pattern of the respeqgtiageins of rWT virus in
10% SDS-PAGE (Fig.5). The NP protein of mutant s migrated faster
than the NP protein of rWT virus. The M proteinmfitant viruses migrated

slower than the M protein of rWT virus.
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6.5.6 Sequence analysis of cysteine mutant viruses

The stability of cysteine mutations was confirméerathree passages
in 9-day-old embryonated chicken eggs. Sequenclysamaf the F gene of
the mutant viruses at each passage showed thatttbduced mutations were
unaltered (data not shown). To determine whethegrethwere any
compensatory mutations in other viral proteins, ¢cbenplete genome of the
recovered mutant viruses were sequenced and cadifroam uncloned and
cloned RT-PCR products of allantoic fluid. The ssaees were compared
with rWT virus genome sequence. No change in gerseneence was found
in the rC523A mutant virus (data not shown). Howewe mutant viruses
rC362A and rC370A, compensatory mutations in NP &hdyenes were
found. In rC362A virus there were 15nt changeshdéne and 24 nt changes
in M gene and in rC370A virus there were 12 nt ¢esnin NP and 21 nt
changes in M gene. There were no compensatory iomnsain other viral
genes. Sequence analysis showed that these mataawe changed the ORF
of the NP and M proteins of rC362A and rC370A vasiswhich resulted in
not only change in the length of the proteins s @mino acid composition
of the two proteins. In both the rC362A and rC370kuses there were
introduction of new stop codon at position 313 \khiaight be resulted in
decrease in length of ORF of NP. There was 4.8%rdant (rC362A) and
5.6% divergent (rC370A) in M ORF as compared to RFOof rWT. These

results suggest that probably mutations of NP arngrdtein of rC362A and
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Figure 26. Expression of viral proteins of wild type and &t mutants. Equal amounts of
proteins from wild type and mutant purified virusesre analyzed by SDS-PAGE. The
migration and protein stability of the viral pratsifrom each virus were examined after
Coomassie blue staining. A protein molecular maaskar was also run along with the

purified viral samples to assess the viral protei@sed on their molecular masses.
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rC370A viruses have occurred to suppress the sft#atysteine mutations at
positions 362 and 370 of F protein.
6.6 Discussion

The entry of paramyxovirus into the host cell isdméed by F protein, which upon
activation undergoes major structural rearrangesientacilitate membrane fusion (Baker et
al., 1999; Chen et al., 2001; Dutch, 2010; Lamhlgt2006; Morrison, 2003). The cysteine
residues present in the F protein have been showe essential for its biological functions
in diverse paramyxoviruses (Day et al., 2006; Ivedtal., 1994; Segawa et al., 1998; Wild et
al., 1994). The F protein of NDV has 13 cysteingidees, out of which 11 are conserved
across the F proteins of paramyxovirus family aretensuggested to form disulfide linkage
thus is essential for trafficking, membrane bindiagd conformational stability (Chen et al.,
2001; McGinnes and Morrison, 1986; Morrison et H987).

To analyze the effects of the cysteine residueshen NDV F protein on virus
infectivity and pathogenesis, we generated a sefieysteine mutants by substituting each
cysteine residue with alanine. Eight of the cystai@sidues were found to be indispensable
for the viability of NDV. The failure to recoverdbe eight cysteine mutant viruses indicated
that these residues play an important role in Regmofolding and conformation, hence
critical for survival of the virus. We were able tecover three cysteine mutants C362A,
C370A, and C523A. Two of the cysteines, C362A aBd@A, form a disulfide linkage in
the head region (Chen et al., 2001). These cystaeu@ant viruses replicated in 9-day-old
embryonated chicken eggs as shown by HA test an®@®H, however, they failed to infect
cell culture and 1-day-old chicks indicating contelénhibition of virus replication. The

disulfide linker between C362A and C370A also hgsbtential N-linked glycosylation site
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at residue 366. Previous studies have reportedé¢hadval of this N-glycosylation site has a
moderate effect on the biological functions of Btpins and slightly attenuated the wild type
virus (McGinnes et al., 2001; Samal et al., 20T2erefore, removal of the disulfide linker
might be disrupting the F protein conformation aestricting virus fusion and replication.
The mutant viruses rC362A and rC370A further shodiigérent migration patterns of NP
and M proteins in SDS-PAGE. The complete genomaiesmps of the mutant viruses
revealed compensatory mutations only in NP and Negdeading to change in the ORFs of
these genes. It has been earlier reported that nammlglycoproteins (HN and F) of NDV
interact with M protein and M protein interacts vlIP protein in virus assembly (Kim et al.,
2009; Pantua et al., 2006). Therefore, it is pdssibat the mutation only in NP and M
proteins were induced by the virus to suppres®ffext of cysteine 362 and 370 mutations
in F proteins. It was interesting to observe howWDBan quickly adapt to survive by
inducing extragenic mutations in NP and M genesuppress the deleterious effect of a
cysteine mutation in F gene. Our results suggestsaible role of these cysteine residues in
F protein in virus assembly by regulating F-M-NRenactions.

The mutant rC523A had the ability to produce syrcit cell culture; however, the
fusion activity was slightly decreased as compatedihe wild type virus (Fig.24A).
Although the mutation C523A had little effect orpeassion and cleavability of the F protein
(Fig.2 and Table.1a), it delayed the replicatiortheff virus in cell culture thus producing a
slightly attenuated phenotype (Fig.25 and Tablel8 cysteine residue C523 is present in
the F protein cytoplasmic tail. In previous studigth other paramyxoviruses, this residue is
suggested to undergo fatty acid acylation and hemdulating fusion activity (Arumugham

et al., 1989; Caballero et al., 1998; Veit et 8889). However, in NDV F protein, removal
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of the palmitate site had no effect on virus assgam with lipid rafts (Dolganiuc et al.,

2003). In our study, we have observed a moderateedse in fusion activity and delayed
viral replication. It is possible that the subdita of cysteine with an alanine might be
disrupting the overall cytoplasmic tail conformatiof NDV F protein and thus affecting its
interaction with the M protein in virus assembly.

To further investigate the role of cysteine resglue F protein expression and
trafficking we generated F expression plasmidssindied the expression of mutant cysteine
proteins after transfection in 293T cells. Our &yt antibody recognized only five mutants
that were expressed to various levels in cell cel(frig.23B). These results suggested that
mutations at residues 76,199,347,362,370,401 hawdified the folding of F protein
affecting the conformational epitopes. Furthermae, mutations at residues 338, 394,399,
401 have significantly reduced cell surface expogsand fusion activity when co-expressed
along with NDV HN protein, indicating defect in Fgbein trafficking.

In summary, mutational analysis of the conservedeiye residues of NDV F protein
suggests that these residues play a key role dinfpl trafficking and maturation of the F
protein and are indispensable for virus infectivithese residues might be contributing to
the viral protein-protein interactions during asbgnthus regulating virus infectivity and
pathogenesis. It will be interesting to explore thiee the rC523A mutation can be used to

generate attenuated NDV strains for vaccine purpose
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Chapter 7

7.1 Title.

Conclusion and Future prospects

7.2 Conclusion and future prospects

Newcastle disease (ND) is an avian viral diseassezhby Newcastle disease virus
(NDV) that causes infection in over 8000 speciebiafs, including domestic and wild-type,
thus resulting in substantial losses to the pouhidustry worldwide. Newcastle disease is
sufficiently serious disease to be included in LAstof the Office Internationale dese-
epizooties (Ol NDV is an enveloped, negative-sense, single s&@nBNA virus,
belonging to the genuavulavirusand family Paramyxoviridaefamily and (Lamb, 2001;
Samal, 2011a). The famigaramyxoviridaelsoincludes some important human pathogens,
such as Mumps virus, Measles virus, and Respiragngytial virus and some important
animal pathogens, such as Rinderpest virus, catisiemper virus, and recently emerging

Nipah and Hendra viruses

The highly virulent form of Newcastle disease i® @f the most important poultry
diseases worldwide, which can cause morbidity andatity rates up to 100%. Outbreaks of
virulent Newcastle disease have a tremendous impadiackyard chickens in developing

countries, where these birds are a significanta®uof protein and income. This disease is

143



endemic in Asia, Africa, Central and South Ameri¥accination can protect birds from
clinical signs but does not necessarily prevenisvireplication and shedding. Understanding
of the biology of NDV can serve as an importantdguior future research on the molecular
principles that determine its virulence and it wiklp further to develop highly effective

NDV vaccines.

Reverse genetic techniques allow the introductiosite-specific mutations into the
genomes of viruses. This revolutionary technique crsicial for the study of the
structure/function relationships of viral genes, ifovestigation of viral pathogenicity, and for
development and manufacture of novel vaccines.t@éblenique has significant implications
in understanding and preparing for infectious disgaandemic. With the help of the reverse

genetics, we have investigated the role of F pnateNDV pathogenesis.

The studies summarized in this project have indataéihe importance of the F protein
in NDV in virus pathobiology. Our results on N-gbgylation of NDV F protein
demonstrated that N-linked carbohydrates are drdémiathe fusion function, and this may
provide important clues for the development of lateenuated vaccines. By deletion of N-
glycans together from HR1 and HR2, we generated/@erfusogenic phenotype which
showed increased spread of the virus and infegtivihe F protein is the main target for
immune response and possesses significant immuitogesperty. The result of this study
can be useful to design effective vaccine straingwan paramyxovirus vaccine vectors
(Kumar et al., 2011; Subbiah et al., 2011; Xiaalgt2012) by increasing the fusion activity

of the vaccine virus which can increase replicaiod immunogenicity. Similarly it can also

144



increase the replication of the NDV vector. NDVasts have wide spectrum of virulence in
chickens from completely avirulent to highly viroteand also there is variation in tissue
tropisms (viscerotropic, neurotropic, and someirssrare restricted to only respiratory tract).
In our study we have used the BC strain which islenately pathogenic and the infection is
restricted mostly to the brain and respiratoryttrelowever, in our study on N-glycans the

( rNg2+5) hyperfusogenic phenotype had shown anifgsgnt spread in gut tissues; this
gives an new insight to understand how N-glycan®bV F protein possibly modify the
structure and function thus influencing virus regtion and tropism. Additional studies of N-
glycans of other velogenic and lentogenic straiils pwovide better understanding towards

the critical role of F protein in NDV pathogenesis.

The wide variation in NDV pathogenicity is primgridue to differences in the
cleavage site sequence within the F protein. Trogem is synthesized as a precursor (FO) in
non-functional state, which then is cleaved by hmstteases into two functionally active
polypeptides (F1 and F2). However, recently thd gaale of sequence analysis and studies
on NDV virulence factors have demonstrated thatleice of NDV is a multigenic trait. Our
studies on cleavage site of NDV F protein have teoirout the importance of the conserved
glutamine residue on the F protein cleavage sitehave given a plausible explanation why
many field isolates can harbor virulent straind\®@V without showing clinical signs, and
that it consequently may act as silent carrierss Study can be extended in future to other
strains of NDV and other avian paramyxovirusesridasstand the role of cleavage site and

to generate more genetically stable live attenule® vaccines.
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The paramyxovirus F protein is a class | viral mesmke fusion protein which
undergoes a significant refolding transition duruagis entry. The availability of the crystal
structures of two surface glycoproteins, F and BINYDV has allowed us to understand the
complex mechanism by which these viruses initiafeation (Chen, 2001; Crennell et al.,
2000; Swanson et al.). The exact molecular mechmabis which the F protein mediates the
critical steps of fusion process is still unknoviRecombinant NDVs serve as an excellent
model natural for understanding paramyxovirus pgénesis, because pathobiology of NDV
can be measured on a quantitative basis in itsradatwost chickens. Our studies on
cytoplasmic domain and conserved cysteine residu®&DV F protein have broadened our
understanding on the requirement of conserved amands in F protein functions. In the
future, more detailed studies on this can have drigimplications to understand the

mechanism of paramyxovirus fusion and for stratetpeprevent viral entry.

NDV has inherent oncolytic potential for the treatrh of human cancers. NDV
replicates selectively in human cancerous cellsrispanormal cells and activates
programmed cell death program in cancer cellss [lemonstrated that NDV selectively
replicates in tumor cells and induces death wipkriag normal cells. Due to this property,
NDV has been exploited as a potential anti-canggm@in humans. A previous study
demonstrated that recombinant NDV expressing hidgh$pgenic F protein has enhanced
oncolytic property (Vigil et al., 2007). For a sessful virotherapy, virion production rates in
the infected tumor cells must outstrip the grovdterof healthy tissue. Our studies on NDV
F protein has demonstrated how various domainscanderved residues play a critical role

in generating hyper or hypo fusogenic phenotypestha possible interactions of F protein
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with HN and other internal proteins. These studias help in improvement of therapeutic
index of recombinat NDV strains as oncolytic agefrighe future, more detailed studies of
NDV F protein will provide us with more knowledge increase the oncolytic property of
NDV.

An important application of reverse-genetic teches is the generation of
recombinant viruses for use as vaccine vectorsofbmant NDV is an excellent vaccine
vector expressing foreign proteins for both humad animal diseases (DiNapoli et al.,
2007; Khattar et al., 2010; Khattar et al., 201igoXet al., 2011) . Our study can be further
exploited to increase the efficacy of the NDV asvaccine vector. The HN and F
glyocproteins of the paramyxoviruses are knowndadsponsible for initiation and progress
of the infection process and thus are the potentunogenic candidates. Our studies can be
explored further to enhance the immunogenicity pfétein.

In summary, our studies on NDV F protein provide Hasis for further investigation
to understand overall F protein in NDV virulencewill be interesting to explore further

whether F protein determines NDV tropism and virast interactions.
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