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YLMY Tyrosine Residue within the Cytoplasmic Tail of Newcastle
Disease Virus Fusion Protein Regulates Its Surface Expression to
Modulate Viral Budding and Pathogenicity

Yawen Bu,? Qingyuan Teng,® Delan Feng,? Lu Sun,? Jia Xue,® ' Guozhong Zhang?
2Key Laboratory of Animal Epidemiology of the Ministry of Agriculture, College of Veterinary Medicine, China Agricultural University, Beijing, China

ABSTRACT Newcastle disease virus (NDV) fusion protein mediates the virus's fusion ac-
tivity, which is a determinant of NDV pathogenicity. The ectodomain of the F protein is
known to have a major impact on fusion, and several reports have also indicated the
role of the cytoplasmic tail (CT) in viral entry, F protein cleavage, and fusion, which are
regulated by specific motifs. We found a highly conserved tyrosine residue located in
the YLMY motif. The tyrosine residues at positions 524 and 527 have different roles in
viral replication and pathogenicity and are associated with F protein intracellular proc-
essing. Tyrosine residues mutants affect the transportation of the F protein from the
endoplasmic reticulum to the Golgi apparatus, resulting in different cleavage efficiencies.
F protein is subsequently transported to the cell surface where it participates in viral
budding, a process closely related to the distinctions in pathogenicity caused by the ty-
rosine residues. In addition, the different mutations all led to a hypofusogenic pheno-
type. We believe that the highly conserved tyrosine residue of the YLMY motif uses a
similar mechanism to the tyrosine-based motif (YXX®) to regulate F protein transport
and thus affect viral replication and pathogenicity.

IMPORTANCE The amino-terminal cytoplasmic domains of paramyxovirus fusion gly-
coproteins include trafficking signals that influence protein processing and cell sur-
face expression. This study clarified that tyrosine residues at different positions in
the YLMY motif in the cytoplasmic region of the F protein regulate F protein trans-
portation, thereby affecting viral replication and pathogenicity. This study has
increased our understanding of how NDV virulence is mediated by the F protein and
provides a fresh perspective on the role of CT in the virus's life cycle. This informa-
tion may be useful in the development of NDV as an effective vaccine vector and
oncolytic agent.

KEYWORDS NDV, fusion protein, cytoplasmic tail, transporting and processing, cell
surface, virus budding, virulence

ewcastle disease (ND) is caused by the Newcastle disease virus (NDV), a highly epi-
demic and prevalent pathogen among avian species that causes high economic

losses in worldwide poultry industries (1). NDV is a nonsegmented, single-stranded, Editor Peter Pelka, University of Manitoba
negative-sense RNA virus (2). The two surface glycoproteins of NDV, the hemaggluti- Copyright © 2021 Bu et al. This is an open-
nin-neuraminidase (HN) protein and the fusion (F) protein, interact with each other to access article distributed under the terms of
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accomplish viral entry (3). The F glycoprotein allows entry of the viral genome into the Iicigiiensl eanse
cytoplasm by fusing the viral membrane to the plasma membrane (4). Before partici- Address correspondence to Guozhong Zhang,
pating in fusion, the F protein is initially synthesized by NDV as the inactive precursor zhanggz@cau.edu.cn.

F,, which has to be cleaved to become the disulfide-bonded F, protein and F, active The authors declare no conflict of interest.
Received 9 November 2021

complexed form (5). The F, subunit contains two hydrophobic regions, the fusion pep- Accepted 19 November 2021
tide (FP), which resides at the new N-terminal after cleavage, and the transmembrane Published 22 December 2021
(TM) domain, which anchors the protein to the membrane of a virus or target cell, as
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well as two heptad repeat (HR) regions, HRA and HRB (6). All of these protein architec-
tures are ectodomains, which are known to be important structural features of the F
protein ectodomain. The FP initiates the process of fusion by penetrating the infected
cell (7), triggering the HR1 and HR2 domains to undergo conformational changes that
are reportedly necessarily for fusion (8). Thus, the FP may affect viral infectivity, replica-
tion, and pathogenicity (9). Several studies have shown that the TM domain also func-
tions in protein folding, stability, and fusion (10, 11). Of these features belonging to
ectodomains, the role of the cytoplasmic tail (CT) is the least well-understood.

The NDV fusion protein CT is 31 amino acids long, and as for other type | fusion gly-
coproteins, has been proven to play roles in regulating viral entry, F protein cleavage,
fusion, and virion production. Mutational studies into human immunodeficiency virus
type 1 (HIV-1), in which truncations and deletions of various lengths were introduced
into the CT of gp41, have indicated that this region is important for infectivity and is
associated with the incorporation of glycoproteins into virus particles (12-14). Deletion
of the SARS-CoV-2 spike protein CT increased the virus's infectivity in pseudovirus neu-
tralization assays (15). Studies on other paramyxoviruses, including simian virus (SV5),
parainfluenza virus 3 (PIV3), measles virus (MV), and parainfluenza virus 2 (PIV2),
reported that the role of the F protein cytoplasmic domain in fusion varies with the F
protein. Deletion of the entire domain from the PIV2 F protein and the MV F protein
had no effect on cell surface expression and fusion activity, while F protein deletion
from PIV3 affected protein folding and surface expression. In addition, the CT domain
also influences the folding of the F protein ectodomain. Deletion of the carboxyl-termi-
nal half of the NDV F protein cytoplasmic domain results in defective syncytium forma-
tion. The domain of the SV5 F protein is involved in later stages of fusion related to
pore expansion (8, 16-20).

Paramyxovirus glycoproteins are synthesized in the endoplasmic reticulum (ER) and
trafficked through the secretory pathway to the plasma membrane. Proper trafficking
is needed for their incorporation into budding virions or fusion activity. Substantial
amounts of evidence indicate CT has an important role in this process, and trafficking
of viral glycoproteins has been demonstrated to involve certain motifs in CT, especially
the Y-X-X-aliphatic/aromatic consensus motif. For instance, the CTs of Nipah (NiV) and
Hendra (HeV) F proteins contain a YXX® motif that is required for the internalization of
the protein by cells. NiV F proteins expressed from plasmid DNA are located primarily
at the basolateral surface of epithelial cells, and this location depends on the YXX®
motif in the CT of NiV F, and mutation of the Sendai virus TYTLE motif in the CT of the
fusion protein deeply affects viral assembly and particle production (21-23).
Additionally, such tyrosine-based motifs are often associated with endocytosis signals.
Reportedly, replacement of tyrosine, analogous to the substitutions shown to abolish
HIV polarized budding in epithelial cells, results in decreased endocytosis and the accu-
mulation of lymphocytes at the surface of cells infected with either HIV-1 or simian im-
munodeficiency virus (24, 25). Most S proteins of alphacoronaviruses and gammacoro-
naviruses contain this motif in their CT. A previous study demonstrated that the YXX®
motif is responsible for the intracellular retention but not the endocytosis of the TGEV
S protein by cells (26, 27). The sorting signal is recognized by adaptor protein (AP)
complexes (28-30), and selection of cargo proteins by the AP complexes requires the
recognition of specific motifs found in the CT of transmembrane cargo. Recognition of
the YXX® signals within retroviral structural proteins by AP2M1 and AP1M1 has been
shown to be involved in mediating the intracellular trafficking of the Gag protein and
infectious virus production and release (31). The YXX® motif also mediates HCV core
binding to AP2M1 and HCV assembly (32, 33).

Through sequence alignment, we found a highly conserved tyrosine residue in the
YLMY motif of the CT of the NDV F protein that is similar to a residue in the YXX® motif
that has been previously demonstrated to be involved in fusion and apical and basolat-
eral transport. In this study, we investigated the potential roles of the tyrosine residue
of the YLMY motif in viral replication and pathogenicity. The effect of tyrosine residues
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FIG 1 Construction and rescue of YLMY motif tyrosine residue mutant viruses. (A) Sequence alignment of F protein CT from
different NDV genotypes. Putative key positions related to the function of the CT are marked with black arrowheads; strictly
conserved residues are depicted with a gray background. (B) Schematic diagram of rSG10* and the location of mutations in the
viruses. Tyrosine residues at different positions were mutated and marked in red or blue. The insertion position of the restriction
site is indicated with a black arrowhead.

on F protein intracellular processing was analyzed by an Endo H and glycopeptidase F
digestion assays. By exploring the connection between F protein cell-surface expres-
sion and subsequent viral budding, we further clarified the specific mechanisms of
how the tyrosine residue regulates viral replication and pathogenicity. This is a new
discovery of a highly conserved tyrosine residue in the YLMY motif that also appears in
known typical YXX® motifs yet regulates viral replication and pathogenicity by affect-
ing F protein expression on the cell surface. Our findings have broadened our perspec-
tive on the mediation of NDV virulence by the F protein CT and provide a reference for
other paramyxovirus studies.

RESULTS

Construction and rescue of YLMY motif tyrosine residue in mutant virus.
Sequence alignment of different NDV genotypes demonstrated that the YLMY motif is
conserved between different NDV strains, with two tyrosine residues at positions 524
and 527 (Fig. 1A). Several viral membrane proteins have been proved to contain tyro-
sine (YXX®)-based targeting motifs. To verify the function of these Y motifs in the NDV
life cycle, a progressive mutagenesis strategy was employed in which the Y-based
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FIG 2 YLMY tyrosine residue plays an essential role in viral replication and protein expression. (A) Multistep (MOl = 0.01) growth curves of the four
recombinant viruses in BSR-T7/5 cells. Asterisks indicate the significance of the difference between the recombinant viral titer and that of rSG10*. (B) Viral
and mRNA synthesis in rSG10*- and YLMY-mutant infected cells. BSR-T7/5 or DF-1 cells were infected with different viruses at MOl = 0.1, and total RNA was
purified from infected cells at the indicated times. Levels of RNA corresponding to the nucleoprotein segments were measured by quantitative real-time
PCR. RNA levels were normalized to those of GADPH. (C) BSR-T7/5 cells were infected with different viruses at MOI = 0.1, The expression level of each NP
protein was determined by Western blotting using anti-NP antibodies. NP protein expression levels are expressed as percentages of the levels for rSG10*,

which were set at 100%. Scale bars represent 100 um. P values were calculated by a two-way ANOVA. Statistical significance was set as follows: *,

P =0.01-0.05; **, P = 0.001-0.01; ***, P = 0.0001-0.001; n = 3.

motif was mutated along the F protein CT (Fig. 1B). The mutant viruses named rSG10%,
rSG10*-FY524A, rSG10*-FY527A, and rSG10*-FYY524 + 527AA, were successively res-
cued using BSR T7/5 cells and embryonated eggs.

YLMY motif tyrosine residue mutants show difference in viral replication and
protein expression. The multistep growth kinetics of YLMY mutants were determined in
BSR T7/5 cells (Fig. 2A). The single tyrosine mutant rSG10*-FY524A showed obviously de-
fective replication during the entire infection process, while rSG10*-FY527A and dual-
mutation rSG10*-FYY524 + 527AA replication was substantially faster than rSG;,* until 36
hpi, after which the replication plateaued. We next investigated the RNA levels in those
mutant viruses. Individually, the levels of genomic RNA and mRNA of rSG10*-FY527A and
rSG10*-FYY524 + 527AA were persistently and significantly higher than those of rSG,,*;
however, those of rSG10*-FY524A were constantly at an extremely low level, and this phe-
nomenon had no cell specificity (Fig. 2B). To further confirm whether there was a similar
trend in viral protein expression, we next tested for NP protein expression during the dif-
ferent periods of viral infection. We found rSG10*-FY527A and rSG10*-FYY524 + 527AA
possessed higher NP protein expression during the whole infection process, while that of
rSG10*-FY524A remained at a low level (Fig. 2C). Together, these results demonstrated
that the tyrosine 527 mutation significantly promoted viral replication and protein expres-
sion, while the tyrosine 524 mutation resulted in the opposite.

YLMY motif tyrosine residue demonstrates adverse role in viral pathogenicity.
We investigated the function of the YLMY motif in NDV pathogenesis using two standard
pathogenicity assays, the mean death time (MDT) and the intracerebral pathogenicity index
(ICPI). When we compared the mutant’s MDT, they were all =60 h, and the viruses had ICPI
scores of between 1.5 and 2.0, which meant they were still virulent. The specific pathogenic
features seen during the ICPI experiment are shown in a histogram in Figure 3A The virus
titers showed that all mutants exhibited excellent reproductive performance in the embryos
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FIG 3 YLMY motif tyrosine residue mutants have adverse role in viral pathogenicity. (A) Specific pathogenesis during the ICPI observation. The average
score was calculated according to the following criteria: 0, flexible activities and no phenomenon of ataxia; 1, paralyzed and lying on the ground,
excepting sluggish chickens; 2, dead. (B) Clinical scores of rSG10* and YLMY mutant groups. Clinical signs were scored daily based on 10 birds per group
(0, healthy; 1, sick; 2, wing drop/paralysis/torticollis/incoordination; 3, prostration; 4, dead). The daily mean scores for each group are shown. (C) Survival of
3-week-old SPF chickens inoculated with parental and chimeric viruses based on 10 birds per group. (D) Replications of rSG10* and mutants in 3-week-old
chickens. The inoculated birds were sacrificed at 1, 3, 5, 7 dpi, the indicated tissues were collected, and virus loads determined by RT-PCR. (E) Gross lesions
and tissue histopathology. Birds were sacrificed at 5 dpi, and tissues were fixed with formalin, sectioned, and stained with hematoxylin and eosin. The
trachea had exfoliation of tracheal mucosa epithelium (black triangles). The duodenum had intestinal villi necrosis (white arrow). The cecal tonsil showed
hemorrhage (white triangle), lymphocyte necrosis (white arrow), absence of lymphoid follicles (black arrow), and shedding of mucosal epithelial cells (black
triangle). The proventriculus showed hemorrhaging (white triangle) and shedding of mucosal cells (white arrow).

and BSR T7/5 cells. It is worth noting that rSG10*-FY527A achieved a higher virulence score
and better virus titer compared with rSG,,* and the other mutants (Table 1).

We then further evaluated the pathogenicity of the mutants. All mutant viruses began
to show clinical symptoms at 4 days postinoculation (dpi); the peak period for rSG10*-
FY527A lasted from 4 dpi to 8 dpi, and the mortality rate was 90%; while rSG,,* and
rSG10*-FYY524 + 527AA exhibited a similar course of morbidity during 4 dpi to 7 dpi, but
rSG10*-FYY524 + 527AA showed more severe clinical symptoms after 7 dpi. The mortality
of 1ISG10* and rSG10*-FYY524 + 527AA were 40% and 70% respective. However, rSG10*-
FY524A did not induce obvious clinical symptoms or mortality throughout the observation
period, only slight depression during 4 dpi to 7 dpi (Fig. 3B and C). We tested the relative
expression of total NP RNA to represent the amount of viral replication in the organs, and
rSG10*-FY527A possessed an increased replication ability in many tissues during the sam-
pling interval, especially in the target organ. Whereas rSG10*-FY524A presented a similar
viral load to rSG10* in various organs at 3 dpc and 5 dpc but showed an obviously lower
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TABLE 1 Pathogenicity and virus titer of parental and YLMY motif tyrosine residue mutant

viruses

Pathogenicity Virus titer
Virus MDT (h)“ ICPI score® Log,, ELD,,/ml Log,, TCID,,/ml
rSG10* 60.0 1.50 8.63 7.88
rSG10*-FY524A 57.6 1.61 8.56 7.95
rSG10*-FY527A 50.4 1.71 9.17 8.50
rSG10*-FYY524 + 527AA 57.6 1.58 9.17 8.00

9Mean death time (MDT) is the mean time for the minimum lethal dose of virus to kill all inoculated embryos.
Pathotype: virulent strains, <60 h; intermediate virulent strains, 60 to 90 h; avirulent strains, >90 h.

bIntracerebral pathogenicity index (ICPI): velogenic strains,1.5-2.0; moderately virulent strains, 0.7-1.5; avirulent
strains, 0.0 to 0.7. ELD,,, median embryo lethal dose; TCID,, tissue culture infective dose.

replication ability at 7 dpc in the target organ, while viral RNA was barely detected in the
other organs. Contrastingly, infection with rSG10*-FYY524 + 527AA initially resulted in
smaller amounts of virus in the various organs, but the mutant possessed a higher replica-
tion ability at 7 dpc compared with the parent virus, which is possibly why rSG10*-
FYY524 + 527AA presented more severe clinical symptoms compared with rSG10* after
7 dpi (Fig. 3D). The necropsy and histology results showed that all viruses caused histologi-
cal changes and tissue lesions comparable with the characteristics of the virulent strain,
although rSG10*-FY527A and rSG10*-FYY524 + 527AA caused more serious damage than
the other mutants and parent virus (Fig. 3E). These data demonstrated that the different
tyrosine sites of YLMY play opposing roles in viral pathogenicity.

YLMY motif tyrosine residue has no function in clathrin-mediated endocytosis.
NDV can enter host cells through the fusion of its capsule membrane to the cytoplas-
mic membrane, but it can also use endocytosis to infect the host directly, especially
clathrin-mediated endocytosis (CME), which largely depends on a tyrosine-based con-
sensus motif present in the CT of the F protein. To identify whether changes in the
YLMY motif affect NDV's ability to use CME to enter cells, a specific chemical inhibitor
(chlorpromazine, CPZ) was used to block the CME pathway. A cytotoxicity test showed
that 10 uM CPZ had no effect on the viability of the BSR-T7/5 cells (Fig. 4A). The
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FIG 4 YLMY motif tyrosine residue does not function in clathrin-mediated endocytosis. (A) The cytotoxicity of chlorpromazine (CPZ). (B, C) BSR-T7/5 cells were
pretreated with 10 um CPZ at 37°C for 1 h and incubated with viruses for 1 h. DMSO was used as a negative control. The cells were collected at 6 hpi for
qRT-PCR and Western blot to test the invasion efficiency of viruses. Results are presented as the mean * SD of data from three independent experiments.
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internalization rates of the mutants after CPZ treatment were quantified by qRT-PCR
and Western blotting at 6 hpi. The qRT-PCR results showed that NDV invasion was
inhibited by CPZ, by approximately 15%-25%, but there was no significant difference
between the parental and mutant viruses (Fig. 4B). The same results were observed on
the Western blot (Fig. 4C). Collectively, these data suggest that NDV can enter cells
through the CME pathway, but the tyrosine residue of the YLMY motif does not func-
tion in CME.

YLMY motif tyrosine residue mutants leads to discrepancies in F protein
expression but confers hypofusogenic phenotypes. To investigate the effects of
changes in tyrosine residues on F protein synthesis, the mutant viruses were used to
infect BSR-T7/5 cells, and the results analyzed by Western blotting. The data show that
F protein expression of rSG10*-FY527A and rSG10*-FYY524 + 527AA was higher than
that of rSG,,*, especially in the early stages of viral infection, while the same expression
by rSG10*-FY524A was continuously lower than that of rSG,,* during the whole infec-
tion. The same trend was observed for HN protein, meaning the function of the YLMY
motif is not specific to the F protein (Fig. 5A). The F protein facilitates viral entry into
cells by fusion. To investigate the significance of tyrosine changes in F-protein-medi-
ated cell-cell fusion, we measured the fusion indices (number and size) of rSG,,* and
mutant viruses with Vero cells. The syncytia induced by the viruses with YLMY motif
changes were markedly smaller and fewer (approximately 50% decrease, respectively)
than those induced by rSG,,* (Fig. 5B). This indicated that the tyrosine residues of the
YLMY motif modulate F protein expression and cell-cell fusion.

Intracellular processing of the F protein of YLMY motif tyrosine residues
mutants. The NDV F protein is synthesized in the ER and then activated by proteolytic
cleavage during transport within the Golgi organelle. Given the above results, we
wanted to uncover whether and where those mutants have some discrepancy in F pro-
tein transportation and intracellular processing. The cleavage efficiency was measured
by the ratio of F, to F,. According to the results, the F, protein was expressed and
cleaved to F,-F,, but the extent of cleavage varied among the YLMY mutant viruses. In
the rSG10*-FY527A and rSG10*-FYY524 + 527AA mutants, there was a higher percent-
age of F,/F, especially in the early infection stages, indicating the enhanced processivity
of the F protein. While in the rSG10*-FY524A, both F, and F, were detectable; however,
the cleavage efficiency (F,/F,) was lower than rSG10* (Fig. 6A). Given that this process
happens in the Golgi, we used the Endo H enzyme, which can only digest the glycopro-
tein trapped in the ER and cannot digest protein in the Golgi, and peptide N-glycosidase
F (PNGase F) to compare the glycan status of the mutants. The glycosylated precursors
of all the virus genotypes shifted by a similar kDa of protein bands when treated with
Endo H or PNGase F, suggesting that all the virus precursors contained similar protein
modifications, but a difference in the processing time was seen. The results showed that,
at 24 hpi, the Endo H-resistant protein band could still be detected for rSG10*-FY527A
and rSG10*-FYY524 + 527AA mutants, while only the Endo H-sensitive protein band
was recorded for rSG,,*(red arrow). As for rSG10*-FY524A, there were no obvious bands
detected. At 36 hpi, the Endo H-resistant Golgi processed mature F protein band was
prominent in most viruses except for rSG10*-FY524A, which only showed a slight Endo
H-sensitive protein band (red arrow, Fig. 6B). The results revealed that the tyrosine 527
mutant enabled the F protein to be rapidly transported to the Golgi, thereby promoting
the processivity of the F protein, especially in the early infection stage. Whereas this pro-
cess was obviously slower for the tyrosine 524 mutant.

The F protein expression on the cell surface of YLMY motif tyrosine residue
mutants. After synthesis in the ER and processing in the Golgi, the F protein is traf-
ficked to the plasma membrane; thus, we wanted to understand the specific expres-
sion pattern of F protein on the cell surface. First, we detected the dynamic changes in
F protein expression on the cell surface during infection using Western blotting. The
results indicated that the F proteins of the mutants were all transported and assembled
at the cell surface but to different degrees of success. The rSG10*-FY527A and rSG10*-
FYY524 + 527AA mutants induced significantly more F protein expression at the cell
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FIG 5 The expression and fusion activity of YLMY motif tyrosine residue mutants. (A) Western blot analysis of F YLMY mutants expressed in BSR-T7/5 cells.
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margins. (B) Conventional syncytium formation assay was induced by viral infection of Vero cells. After infection by mutant viruses, the cells were fixed
with Giemsa solution. Syncytia were counted using a microscope. Each column and error bar represent the mean =+ SD of syncytia for three independent

experiments.

surface compared with rSG,,*, but the intracellular expression levels were similar. In
comparison, the cell surface expression of the rSG10*-FY524A F protein was quite low
(Fig. 7A). We next determined the level of F protein expression at the cellular mem-
brane by flow cytometry. The virus infection efficiency was quantified as the percent-
age of F-positive cells, and F protein expression on the cell membrane was measured
by the mean fluorescence intensity (MFI). The cell surface expression levels varied sig-
nificantly among the YLMY motif mutants, despite the relatively constant level of F
protein-positive cells, which is consistent with the trend shown by the Western blot-
ting results (Fig. 7B). Together, these results show that tyrosine 527 mutant promotes
the transportation of the intracellular synthesized F protein to the cell surface and its

prominent expression, but this ability was weakened by tyrosine 524 mutant.
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The budding procession of the YLMY motif tyrosine residue mutants. Given the
previous results, the different tyrosine sites of the YLMY motif mutants led to differen-
ces in the expression of F protein on the cell membrane. Previous pathogenicity experi-
ments also proved that the position of tyrosine has different regulatory effects on virus
pathogenicity. We speculated whether differences in F protein expression on the cell
membrane surface regulate virus pathogenicity through some mechanism. Based on
previous research, the viral glycoprotein is believed to cluster within lipid raft mem-
branes to participate in budding, and the process is directed by its CT. We hypothe-
sized that the YLMY motif mutants caused the difference in F protein expressed in the
region of the cell surface where the lipid rafts are concentrated and subsequently par-
ticipated in the virus budding process. To verify our assumptions, we first aimed to
understand the role of the YLMY motif in virus budding. All viruses were assessed for
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whole-cell expression by Western blotting, and the levels of protein incorporated into
viral particles were determined by sucrose cushion ultracentrifugation. The results
showed that rSG10*-FY527A and rSG10*-FYY524 + 527AA had similar NP and F protein
expression levels in the cell lysate to rSG,,* but obviously higher levels in the superna-
tant. Owing to the low protein expression of rSG10*-FY524A, it was difficult to detect
the bands corresponding to the virions, and we were not sure of the function of tyro-
sine 524 in viral budding (Fig. 8A). To rule out the effect of viral particle incomplete-
ness, we tested the extracellular RNA levels of the NP and F proteins. A similar trend to
protein expression was seen, and extracellular virus titers also demonstrated that the
virus released into the supernatant existed in a complete and infectious form.
Additionally, there were no obvious differences between rSG10*-FY527A, rSG10*-
FYY524 + 527AA, and rSG,,* in their intracellular virus titers, although rSG10*-FY527A
and rSG10*-FYY524 + 527AA were present at significantly higher extracellular levels,
which means that the tyrosine 527 mutation indeed promoted later viral budding. For
rSG10*-FY524A, both the intracellular and extracellular virus titers were significantly
lower than those of rSG10*; therefore, we were unsure of whether tyrosine 524 played
any role in viral budding (Fig. 8B). To visualize the morphology of the virus particles,
transmission electron microscopy (TEM) was carried out, and the mutants showed F
protein spikes on their surface similar to those on rSG,,*. Furthermore, the diameter of
the viral particles was similar to those of rSG,,* and was within the usual range for viri-
ons grown in other cell types (Fig. 8C). Combined with the above results, this indicated
that viral budding was affected by the YLMY motif, especially the residue at position
527.

In addition to the release of virus particles into the supernatant, intercellular transmis-
sion is also a mechanism of viral spreading. To rule out the rSG10*-FY527A mutation as a
cause of the enhanced viral budding at the cost of reduced intercellular transmission, we
conducted a plaque experiment, and the results were in line with our expectations, i.e.,
there was no difference in the diameter of the plaques (Fig. 8D). Membrane lipid raft
domains are thought to be sites of budding for NDV. Based on the above results, we
speculated that the rSG10*-FY527A and rSG10*-FYY524 + 527AA mutants facilitate the
transportation of the F protein to lipid rafts at the cell surface, which is beneficial for later
viral budding. We used a kit designed to extract lipid rafts, and detected the amount of
F protein expressed and bound to the rafts. The results showed no apparent F protein
expression among the mutant viruses in whole cells. In terms of the amount of protein
bound to the lipid rafts, rSG10*-FY527A and rSG10*-FYY524 + 527AA showed signifi-
cantly more than rSG,,*(Fig. 8E). Collectively, the tyrosine 527 of YLMY mutant promoted
F protein transportation to the cell surface, thereby increasing the amount of F protein
bound to the lipid rafts and promoting postviral infection budding, while tyrosine 524
weakened this capability.

DISCUSSION

Several studies have demonstrated the roles of the CT of paramyxovirus glycopro-
teins in particle formation, membrane fusion, protein folding and oligomerization, and
viral infectivity and replication. For NDV, mutations in the CT of the fusion glycoprotein
depressed syncytium formation (34). It is believed that the role of the glycoprotein CT
in paramyxoviruses depends on specific amino acid sequences or signals. Tyrosine-
containing signals, especially YXX® in the CT of viral envelope glycoproteins, have
been proven to be associated with those functions. Research has provided increasing
evidence that mutagenesis of tyrosine motifs in the CT can influence viral fusion and
infectivity (35-37). In this study, we described a tyrosine-like motif, YLMY, and discov-
ered its role in NDV replication, infectivity, and protein transportation. We compared

FIG 7 Legend (Continued)
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instructions. (B) Cell surface expression of the F protein was determined by flow cytometry. BSR-T7/5 cells were infected with each mutant virus at 0.1
MOI. Surface expression of the F protein was assessed by flow cytometry at 36 hpi. Uninfected cells were used as negative controls. Values shown are

the results from three independent experiments.
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FIG 8 YLMY motif tyrosine residues affect virus budding. (A) BSR-T7/5 cells were infected with the rSG10* and mutant viruses for the indicated times. The
cell lysates and viral particles were prepared and subjected to Western blot analysis. The band intensities were used to calculate budding indices, and all
were normalized to rSG10*. (B) Intracellular and extracellular NP RNA expression. BSR-T7/5 cells were infected at 0.1 MOI, the supernatant was collected,
and the cells washed with precooled PBS. The cells were separated by digesting with trypsin and collected using equal volumes of maintenance solution
for further qRT-PCR and titer analyses. (C) Transmission electron micrograph analysis of particle release from BSR-T7/5 cells. (D) Plaque morphologies of
rSG10* and YLMY mutants in BSR-T7/5 cells. Cells were infected with mutants and cultured at 37°C with medium containing agarose. Plaques were
identified using crystal violet staining. P values were calculated based on a two-tailed, unpaired t test (95% confidence levels). (E) Colocalization of F protein
and lipid rafts. BSR-T7/5 cells were infected with rSG10* and YLMY mutants at 0.1 MOI, and protein was collected at 36 hpi. Cell lysates were subjected to
Western blotting with the indicated protein antibodies. The F protein of cell lysate and lipid rafts were used to calculate the relative expression, which was

normalized to rSG10*.

the CT of the F protein among different genotypes of NDV and demonstrated that the
YLMY motif is highly conserved, especially the tyrosine residues at positions 524 and
527. We evaluated the effects of YLMY tyrosine mutation on NDV replication and
pathogenesis, and unexpectedly, found that tyrosine residues at different positions in
YLMY have contrary effects on viral replication and pathogenicity. The rSG10*-FY527A
and rSG10*-FYY524 + 527AA virus significantly promoted viral replication, protein
expression and pathogenicity, while the rSG10*-FY524A resulted in the opposite. In the
pathogenicity experiment, rSG10*-FY524A presented a similar viral load to rSG10* at 3
dpc and 5dpc, but viral RNA was barely detected in the target and other organ at 7
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dpc. This result might be a reasonable explanation why rSG10*-FY524A caused mild
clinical symptoms and had a 100% survival rate. The commonly used vaccine strain La
Sota could be detected only a few days after immunization just like rSG10*-FY524A,
which means those viruses could not replicate well in the tissues. This difference also
exists in bovine leukemia virus (BLV), which possesses three tyrosine motifs. Different
motifs and positions are involved in unique regulation functions in syncytium forma-
tion, Env packaging, endocytosis, and membrane binding, which suggests this motif
regulates viral lifecycles through different mechanisms (38).

The NDV F protein facilitates viral entry into cells by fusing the viral envelope with
the host cell membrane. We further investigated the role of the YLMY motif in F pro-
tein expression and fusion. The effect of this motif on F protein expression was in line
with the trends shown in viral NP expression, but all mutants showed a hypofusogenic
phenotype, in contrast with the wild type (Fig. 5). Virus-mediated cell-cell fusion is an
extremely complicated process, especially for some paramyxoviruses that require two
distinct proteins. The attachment protein binds to the receptor, while the fusion glyco-
protein needs to undergo conformational changes that drive virus-cell membrane
fusion and viral entry. The mutation of tyrosine in the three YXXL sequences of the BLV
transmembrane protein all resulted in the excessive expression of protein on the cell
surface, but only the first two mutations conveyed an increased fusion ability, thus
there was no direct correspondence between expression level and fusion ability. This
phenomenon also can be found in the DIII-DI linker region of the NDV fusion protein;
the L295A mutant showed almost abolished fusion activity, even though there was a
similar level of cell surface expression. Mutations G377S, A378D, and L379A in the DI-
DIl linker of the F protein induced much larger syncytia than the wild type, but with F
protein expression at the cell surface comparable to that of the wild type. A possible
explanation is that this mutant may have had an influence on the interaction between
HN and F (6, 39). Further experiments are needed to ascertain whether a specific mech-
anism exists through which the YLMY motifs regulate F-mediated fusion.

The NDV F protein is synthesized as a fusogenically inactive precursor form and
requires proteolytic processing, the cleavage must occur prior to virus assembly (40).
The YLMY motif mutants retained their ability to process F protein, but rSG10*-FY527A
and rSG10*-FYY524 + 527AA demonstrated enhanced processivity and rSG10*-FY524A
reduced processivity. According to the Endo H and glycosidase digestion results, the
differences in cleavage ability were mainly associated with the transportation of the F
protein to the Golgi; in rSG10*-FY527A and rSG10*-FYY524 + 527AA, the F protein was
rapidly transported to the Golgi for subsequent cleavage, while rSG10*-FY524A pre-
sented obvious hysteresis (Fig. 6B). We concluded that this process was mainly affected
by the dynamic F protein expression differences caused by the YLMY motif.

For some paramyxoviruses, specifically NDV, Mev and human parainfluenza viruses
2 and 3, data indicated that the fusion proteins co-interact following their synthesis in
the ER and, thus, are transported to the cell surface as a metastable protein complex
(41, 42). When we explored F protein expression on the cell surface, the unique expres-
sion patterns were presented for each mutation. There were no statistical differences
in F protein intracellular expression between rSG,,* and the mutants, but a significant
difference in F expression on the membrane surface was observed. The YLMY motif
thus regulates the transfer of F protein from the Golgi to the surface by some mecha-
nism that is related to the position of tyrosine in the YLMY maotif.

It is understandable that rSG10*-FY524A induced low levels of F expression on the
cell surface and thus presented a hypofusogenic phenotype, but it is confusing that the
rSG10*-FY527A and rSG10*-FYY524 + 527AA mutants both overexpressed F protein on
the cell membrane and showed reduced fusion ability. Because of the roles of CT in viral
budding, we tested the effects of the YLMY motif in the process, and we found that
rSG10*-FY527A and rSG10*-FYY524 + 527AA significantly promoted budding and did
not impair virus particle integrity. Lipid rafts are regions where virus particles are
assembled and released, and we further uncovered that the rSG10*-FY527A and rSG10*-
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TABLE 2 Effects of YLMY motif tyrosine residues discovered in this study?

YLMY functions 524 tyrosine 527 tyrosine
Protein expression

Syncytia formation
Intracellular processing
Surface expression
Colocalization with lipid raft
Budding

Pathogenicity

e e e
— > — — —>

aDirection of black arrow represents the regulation effect: upward represents an increase, downward represents
a decrease.

FYY524 + 527AA mutations led to a significantly increased F protein concentration at
the lipid rafts, resulting in improved virus budding that was ultimately reflected in the
pathogenicity. The influence of YLMY mutations on virus budding is mainly caused by
the process of F protein transportation to the cell surface, but this does not exclude the
action of YLMY on other factors to regulate F protein expression in areas of lipid raft dis-
tribution. Increasing evidence has demonstrated that the glycoprotein is needed to ei-
ther recruit M to assembly or initiate budding. This process is well characterized for the
SeV fusion protein, which depends on the TYTLE motif in the CT of the protein (23, 43).
The host cytoskeleton has been shown to play an important role in budding with several
paramyxoviruses, and mutations of some domains in F result in a significant reduction in
SeV viral particles production, which is reminiscent of certain motifs of F proteins that
bind to specific host proteins to participate in budding (44). The increased F-protein
colocalization with lipid rafts may be another reasonable explanation for the hypofuso-
genic phenotype of the rSG10*-FY527A and rSG10*-FYY524 + 527AA mutants, as F pro-
teins are concentrated where lipid rafts gather to participate in subsequent assembly
and budding, leaving less F protein available to participate in cell fusion. The distribution
of F protein expression at lipid rafts and other regions will need to be confirmed to
prove our assumption.

We clarified the role of the tyrosine residue of the YLMY motif in the NDV life cycle
(Table 2). Our results strongly indicate that the mediation of pathogenicity by the YLMY
motif mainly depends on the position of tyrosine and associated with the expression on
the cell surface. Deciphering the F protein intracellular trafficking mechanism and the
signal that controls this will undoubtedly be important to our understanding of NDV
pathogenesis, and the identification of sequences essential for viral transportation and
release may form the basis for novel antiviral therapeutics. The roles of the F protein
YLMY motif and the potential host binding factors in the transportation of F protein are
of great interest. The highly conserved nature of the motif, coupled with its sensitivity to
mutation, suggests that the YLMY motif located within CT of the F protein may conduct
Yxx® functions in order to subvert host protein sorting machinery, such as AP1 and AP2,
and further facilitate NDV release, making it a subject of interest for further research. It
will be interesting to identify potential antiviral targets common to both enveloped RNA
and DNA viruses with the intention of preventing systemic infection.

MATERIALS AND METHODS

Animal use and ethics statement. All specific-pathogen-free (SPF) chickens and SPF embryonated
eggs were purchased from Beijing Boehringer Ingelheim Vital Biotechnology Co., Ltd. (Beijing, China). All
chickens were raised in isolators at China Agricultural University throughout the experiments, with feed
and water provided ad libitum. The Beijing Administration Committee of Laboratory Animals approved
the animal experimental protocols under the auspices of the Beijing Association for Science and
Technology (approval ID SYXK [Jing] 2018-0038) and Ethical Censor Committee at China Agricultural
University (CAU approval no. 20200195).

Cell and viruses. Baby hamster kidney (BHK-21) cells stably expressing T7 RNA polymerase (BSR-T7/
5), an African green monkey kidney cell line (Vero), and a chicken embryo fibroblast cell line (DF-1) were
all grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY, USA) containing 10%
fetal bovine serum (FBS, Gibco). The recombinant NDV strain rSG10 was generated in our laboratory.
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Construction of plasmids and recovery of mutant viruses. YLMY motif mutant plasmids were indi-
vidually inserted into the full-length antigenomic cDNA of strain rSG10 in place of the corresponding
NDV F ORF by introducing the unique restriction enzyme sites Pme | and Sac Il with the Seamless
Assembly Cloning kit (Invitrogen, Carlsbad, CA, USA). Virus rescue was performed as described previ-
ously (45).

Virus growth kinetics. The growth kinetics of viruses were evaluated under multiple cycle growth
conditions in BSR-T7/5 cells. Cells in 6-wells plates were infected with viruses at an MOI of 0.01.
Supernatants were collected at 12 h intervals until 72 hpi, and the viral titers were quantified and
expressed as median tissue culture infective doses (TCID,,)/0.1 ml using the endpoint method (46).

Quantification of RNA synthesis by quantitative RT-PCR. BSR-T7/5 and DF-1 cells were collected
from virus infection assays at the indicated times, and total RNA was extracted using the Cell Total RNA
isolation kit (Foregene, Chengdu, China). The resulting RNA samples were reversed-transcribed using a
previously reported method. Quantitative (q)RT-PCR assays were performed using M5 HiPer SYBR
Primeix Estate (Mei5 Biotechnology, Beijing, China) in a LightCycle 96 (Roche, Basel, Switzerland), and
gene expression was normalized to that of the housekeeping gene B-actin.

Western blot. Total protein lysates were extracted from infected or transfected cells with ice-cold
RIPA lysis buffer. Cellular proteins were separated through 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane (Amersham
Biosciences, Freiburg, Germany). Each PVDF membrane was blocked with 5% (wt/vol) skim milk and
0.1% Tween 20 in Tris-buffered saline (TBST) and incubated with a primary antibody at 4°C overnight.
After being washed with TBST, the membranes were incubated with the corresponding horseradish per-
oxidase (HRP)-conjugated anti-chicken, anti-rabbit, or anti-mouse antibody for 1 h (Bioss Biotechnology,
Beijing, China). The presence of HRP was detected using a Western Lightning chemiluminescence kit
(CWBIO, Beijing, China). Protein bands were normalized to B-actin and quantified by densitometry using
ImagelJ software (National Institute of Mental Health, Bethesda, MD, USA).

Plaque assay. BSR-T7/5 cells were infected with viruses at an MOI of 0.001 in 6-well plates. After 1 h
of adsorption, the inoculum was removed and replaced with an overlay medium containing 2% FBS and
1% agar. Following incubation for 5 days, the cells were washed with PBS and fixed with 4% formalde-
hyde for 6 h. Then 0.1% crystal violet staining solution was added, and images were taken after the cell
layer had dried. Plaque sizes were measured using Image J (National Institutes of Health).

Cytotoxicity and drug treatment. To test the effects of inhibitors on mutant virus internalization, it
is necessary to evaluate the cytotoxicity of the inhibitors on cells. The cells were seeded into 96-well
plates, grown for 12 h, and treated with CPZ at the indicated concentration for 24 h. We used the
CellTiter-Lumi Luminescent Cell Viability assay kit (Beyotime Biotechnology, Shanghai, China) to test the
cell viability. To test the effect of CPZ on mutant virus internalization, the cells were pretreated with a
certain concentration of CPZ for 1 h, then infected with mutant viruses at an MOI of 0.1 in the presence
of drugs for 1 h. After washing with PBS, the cells were incubated in DMEM containing 2% FBS at 37°C
for 6 h and collected for gRT-PCR and Western blot analyses.

Cell surface expression of the mutant virus F proteins. A cell membrane and cytoplasmic protein
extraction kit (Beyotime Biotechnology) was used to analyze F protein expression at the cell membrane.
Briefly, the cells was lysed and centrifuged by low-speed to remove the nucleus, and then obtained cell
membrane precipitation and cell supernatant contained cytoprotein, and then using membrane protein
extraction reagents to obtain membrane protein, which not only includes cell membrane, but also the
mitochondrial, the endoplasmic reticulum and the golgi apparatus membrane. For quantification of F
protein cell surface expression levels by flow cytometry, BSR-T7/5 cells were infected with viruses at an
MOI of 0.1; then at 36 hpi, the infected cells were digested and centrifuged at 800 x g for 5 min at 4°C.
The cells were then incubated with rabbit anti-F antiserum (1:20 dilution) for 1 h at 4°C. Subsequently,
the cells were washed three times with PBS, incubated for 1 h at 4°C with 1:50 diluted FITC-conjugated
goat anti-rabbit immunoglobulin G antibodies, and analyzed using BD FACSCanto II. The percentage of
F-positive cells and MFI were analyzed by FlowJo software.

Glycopeptidase F and Endo H digestion. For glycopeptidase F digestion, total protein lysates were
extracted from infected cells following the Western blotting steps above. The protein was incubated for
10 min at 100°C, then incubated with 1% NP-40 and 1,000 U of glycopeptidase F (New England Biolabs,
Beijing, China) in a total volume of 25 ul for 1 h at 37°C. For endoglycosides H (Endo H) digestion, the
protein was adjusted to glycoprotein denaturing buffer and incubated for 10 min at 100°C, and we then
added 10 x Glycobuffer 3 and Endo H (New England Biolabs) followed by incubation for 1 h at 37°C.
The next steps were as described for the Western blotting.

Fusion assessment. The fusogenic abilities of the mutant viruses were examined using Vero cells.
The cells were seeded into 12-well plates and infected with recombinant viruses at an MOI of 0.1. At var-
jous time points, we detected the dynamic changes in the size and number of syncytia. The specific
operational steps were as follows: the cells were washed with PBS, fixed in methanol for 20 min at room
temperature, and stained with Giemsa.

Virus budding assay. BSR-T7/5 cells were grown to 90% confluence and infected with the mutant
viruses at an MOI of 0.1. At 36 dpi, the culture medium was collected and centrifuged at 5000 x g for
15 min to remove cell debris, then layered onto a cushion of 20% (wt/vol) sucrose in PBS, and subse-
quently ultracentrifuged in a SW41 Beckman centrifuge tube at 40,000 rpm for 2 h at 4°C. The viral par-
ticles pelleted at the bottom of the tubes were resuspended in STE (10 mM Tris-HCL, 100 mM Nacl,
1 mM EDTA) buffer. Samples were boiled and analyzed by Western blotting as described above. The
amounts of protein in the cell lysates and viral particles were estimated based on the density of the pro-
tein bands using Image J software, and the budding index was calculated as follows: the amount of

Volume 9 Issue3 e02173-21

&,  Microbiolos
% Spectrur Y

MicrobiolSpectrum.asm.org

15


https://www.MicrobiolSpectrum.asm.org

Buetal.

&,  Microbiolos
% Spectrur Y

protein in viral particles/the amount of protein in the corresponding lysates, both normalized to the val-
ues obtained with rSG,,* protein, which were set at 100%.
Lipid raft association with F protein. Cell monolayers were washed with PBS, and lipid rafts were
extracted using the Minute Plasma Membrane-Derived Lipid Raft isolation kit (Invent Biotechnologies,
Eden Prairie, MN, USA). The lipid raft concentration was determined with a bicinchoninic acid protein
assay kit (CWBIO, Beijing, China). The cellular proteins were separated with 10% SDS-PAGE and detected
by Western blot analysis.
Transmission electron microscopy. To prepare the virions for TEM, BSR-T7/5 cells were cultured in
6-well plates and infected with YLMY mutants at an MOI of 0.1. The culture medium was collected after
36 h, and virions were purified by ultracentrifugation through a 20% sucrose cushion. Samples were cen-
trifuged at 28,000 rpm for 2 h; pellets were resuspended in 3 ml of STE buffer; and layers containing
20% sucrose (3 ml), 35% sucrose (3 ml), and 50% sucrose (3 ml) were applied to the tops of the samples,
which were then centrifuged at 28,000 rpm for 2 h. A sample was collected from 35%-50% of the liquid,
and PBS was added to dilute the purified virus, which was then centrifuged as previously. The final pel-
lets were resuspended in 100 ul of ultrapure water; samples were absorbed onto a carbon-coated cop-
per grid, negatively stained with 1% phosphotungstic acid (pH 7.0), and analyzed under a transmission
electron microscope.
MDT and ICPI of mutant viruses. The virulences of the chimeric viruses were determined with
standard virulence tests for NDV: the MDT in 9-day-old SPF embryonated chicken eggs and the ICPIl in 1-
day-old chickens. All tests were performed according to previously published methods (46).
Pathogenicity assessment in chickens. To evaluate the pathogenicity of the mutant viruses, groups
of 20 (10 for sampling and 10 for clinical observation) 3-week-old SPF chickens were inoculated with
10*° 50% egg lethal dose (ELD,,) of viruses per bird via the oculonasal route. The birds were observed
daily and scored as follows for clinical signs at 14 dpi: 0, healthy; 1, sick; 2, wing drop/paralysis/torticol-
lis/incoordination; 3, prostrated; 4, dead. Survival was monitored until 14 dpi. Two birds from each group
were euthanized at 1, 3, 5, and 7 dpi, and the brain, trachea, lung, spleen, duodenum, and cecum were
collected for virus titration and histopathology. The virus titers were determined by gRT-PCR as
described above. For histopathology, fixed tissues were routinely embedded in paraffin wax, and 5-um
thick sections were prepared for hematoxylin and eosin staining and examined for lesions using light
microscopy.
Data analysis. All data were analyzed using Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA).
Statistical differences among different groups were assessed using the analysis of variance method fol-
lowed by Tukey's test. Statistical significance was set at *P < 0.05, **P < 0.01, and ***P < 0.001.

ACKNOWLEDGMENT
We thank Suzanne Leech, from Liwen Bianji (Edanz) (www.liwenbianji.cn/), for
editing the English text of a draft of the manuscript.

REFERENCES

1.

Volume 9

Alexander DJ. 2000. Newcastle disease and other avian paramyxoviruses.
Rev Sci Tech 19:443-462. https://doi.org/10.20506/rst.19.2.1231.

. Fawzy M, Ali RR, Elfeil WK, Saleh AA, El-Tarabilli MMA. 2020. Efficacy of

inactivated velogenic Newcastle disease virus genotype vii vaccine in
broiler chickens. Vet Res Forum 11:113-120. https://doi.org/10.30466/vrf
.2019.95311.2295.

. lorio RM, Field GM, Sauvron JM, Mirza AM, Deng R, Mahon PJ, Langedijk

JP. 2001. Structural and functional relationship between the receptor rec-
ognition and neuraminidase activities of the Newcastle disease virus he-
magglutinin-neuraminidase protein: receptor recognition is dependent
on neuraminidase activity. J Virol 75:1918-1927. https://doi.org/10.1128/
JVI.75.4.1918-1927.2001.

. Lamb RA, Paterson RG, Jardetzky TS. 2006. Paramyxovirus membrane

fusion: lessons from the F and Hn atomic structures. Virology 344:30-37.
https://doi.org/10.1016/j.virol.2005.09.007.

. Azarm KD, Lee B. 2020. Differential features of fusion activation within the

paramyxoviridae. Viruses 12:161. https://doi.org/10.3390/v12020161.

. Chi M, Xie W, Liu Y, Zhang C, Liu Y, Wen H, Zhao L, Song Y, Liu N, Chi L,

Wang Z. 2019. Conserved amino acids around the Diii-Di Linker region of
the Newcastle disease virus fusion protein are critical for protein folding
and fusion activity. Biosci Trends 13:225-233. https://doi.org/10.5582/bst
.2019.01070.

. Baker KA, Dutch RE, Lamb RA, Jardetzky TS. 1999. Structural basis for para-

myxovirus-mediated membrane fusion. Mol Cell 3:309-319. https://doi
.0rg/10.1016/51097-2765(00)80458-x.

. Morrison TG. 2003. Structure and function of a paramyxovirus fusion pro-

tein. Biochim Biophys Acta 1614:73-84. https://doi.org/10.1016/50005
-2736(03)00164-0.

Issue3 e02173-21

. LiuY, LiuY, Huang Y, Wen H, Zhao L, Song Y, Wang Z. 2021. The effect of the

hrb linker of Newcastle disease virus fusion protein on the fusogenic activity.
J Microbiol 59:513-521. https://doi.org/10.1007/s12275-021-0539-4.

. Lee M, Yao H, Kwon B, Waring AJ, Ruchala P, Singh C, Hong M. 2018. Confor-

mation and trimer association of the transmembrane domain of the parain-
fluenza virus fusion protein in lipid bilayers from solid-state nmr: insights
into the sequence determinants of trimer structure and fusion activity. J
Mol Biol 430:695-7009. https://doi.org/10.1016/jjmb.2018.01.002.

. Yao H, Lee MW, Waring AJ, Wong GC, Hong M. 2015. Viral fusion protein

transmembrane domain adopts beta-strand structure to facilitate mem-
brane topological changes for virus-cell fusion. Proc Natl Acad Sci U S A
112:10926-10931. https://doi.org/10.1073/pnas.1501430112.

. Fernandez MV, Hoffman HK, Pezeshkian N, Tedbury PR, van Engelenburg

SB, Freed EO. 2020. Elucidating the basis for permissivity of the mt-4 t-cell
line to replication of an HIV-1 mutant lacking the gp41 cytoplasmic tail. J
Virol 94:e01334-20. https://doi.org/10.1128/JVI.01334-20.

. Akari H, Fukumori T, Adachi A. 2000. Cell-dependent requirement of human

immunodeficiency virus type 1 gp41 cytoplasmic tail for env incorporation
into virions. J Virol 74:4891-4893. https://doi.org/10.1128/jvi.74.10.4891-4893
.2000.

. Alfadhli A, Staubus AO, Tedbury PR, Novikova M, Freed EO, Barklis E.

2019. Analysis of HIV-1 matrix-envelope cytoplasmic tail interactions. J
Virol 93:e01079-19. https://doi.org/10.1128/JVI.01079-19.

. Yu J, Li Z, He X, Gebre MS, Bondzie EA, Wan H, Jacob-Dolan C, Martinez

DR, Nkolola JP, Baric RS, Barouch DH. 2021. Deletion of the sars-cov-2
spike cytoplasmic tail increases infectivity in pseudovirus neutralization
assays. J Virol 95:e00044-21. https://doi.org/10.1128/JVI.00044-21.

. Popa A, Pager CT, Dutch RE. 2011. C-terminal tyrosine residues modulate

the fusion activity of the hendra virus fusion protein. Biochemistry 50:
945-952. https://doi.org/10.1021/bi101597k.

MicrobiolSpectrum.asm.org 16


http://www.liwenbianji.cn/
https://doi.org/10.20506/rst.19.2.1231
https://doi.org/10.30466/vrf.2019.95311.2295
https://doi.org/10.30466/vrf.2019.95311.2295
https://doi.org/10.1128/JVI.75.4.1918-1927.2001
https://doi.org/10.1128/JVI.75.4.1918-1927.2001
https://doi.org/10.1016/j.virol.2005.09.007
https://doi.org/10.3390/v12020161
https://doi.org/10.5582/bst.2019.01070
https://doi.org/10.5582/bst.2019.01070
https://doi.org/10.1016/s1097-2765(00)80458-x
https://doi.org/10.1016/s1097-2765(00)80458-x
https://doi.org/10.1016/s0005-2736(03)00164-0
https://doi.org/10.1016/s0005-2736(03)00164-0
https://doi.org/10.1007/s12275-021-0539-4
https://doi.org/10.1016/j.jmb.2018.01.002
https://doi.org/10.1073/pnas.1501430112
https://doi.org/10.1128/JVI.01334-20
https://doi.org/10.1128/jvi.74.10.4891-4893.2000
https://doi.org/10.1128/jvi.74.10.4891-4893.2000
https://doi.org/10.1128/JVI.01079-19
https://doi.org/10.1128/JVI.00044-21
https://doi.org/10.1021/bi101597k
https://www.MicrobiolSpectrum.asm.org

YLMY Motif Plays a Crucial Role in NDV Pathogenicity

17.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Volume 9

Johnston GP, Contreras EM, Dabundo J, Henderson BA, Matz KM, Ortega
V, Ramirez A, Park A, Aguilar HC. 2017. Cytoplasmic motifs in the nipah vi-
rus fusion protein modulate virus particle assembly and egress. J Virol 91:
€02150-16. https://doi.org/10.1128/JVI.02150-16.

. Oomens AGP, Bevis KP, Wertz GW. 2006. The cytoplasmic tail of the

human respiratory syncytial virus f protein plays critical roles in cellular
localization of the f protein and infectious progeny production. J Virol 80:
10465-10477. https://doi.org/10.1128/JV1.01439-06.

. Cathomen T, Naim HY, Cattaneo R. 1998. Measles viruses with altered en-

velope protein cytoplasmic tails gain cell fusion competence. J Virol 72:
1224-1234. https://doi.org/10.1128/JV1.72.2.1224-1234.1998.

Weis M, Maisner A. 2015. Nipah virus fusion protein: importance of the
cytoplasmic tail for endosomal trafficking and bioactivity. Eur J Cell Biol
94:316-322. https://doi.org/10.1016/j.ejcb.2015.05.005.

Weise C, Erbar S, Lamp B, Vogt C, Diederich S, Maisner A. 2010. Tyrosine
residues in the cytoplasmic domains affect sorting and fusion activity of
the nipah virus glycoproteins in polarized epithelial cells. J Virol 84:
7634-7641. https://doi.org/10.1128/JV1.02576-09.

Bhattacharya S, Dhar S, Banerjee A, Ray S. 2020. Detailed molecular bio-
chemistry for novel therapeutic design against nipah and hendra virus: a
systematic review. Curr Mol Pharmacol 13:108-125. https://doi.org/10
.2174/1874467212666191023123732.

Essaidi-Laziosi M, Shevtsova A, Gerlier D, Roux L. 2013. Mutation of the
tytle motif in the cytoplasmic tail of the sendai virus fusion protein deeply
affects viral assembly and particle production. PLoS One 8:278074.
https://doi.org/10.1371/journal.pone.0078074.

LaBranche CC, Sauter MM, Haggarty BS, Vance PJ, Romano J, Hart TK,
Bugelski PJ, Marsh M, Hoxie JA. 1995. A single amino acid change in the
cytoplasmic domain of the simian immunodeficiency virus transmem-
brane molecule increases envelope glycoprotein expression on infected
cells. J Virol 69:5217-5227. https://doi.org/10.1128/JV1.69.9.5217-5227
.1995.

Deschambeault J, Lalonde JP, Cervantes-Acosta G, Lodge R, Cohen EA,
Lemay G. 1999. Polarized human immunodeficiency virus budding in
lymphocytes involves a tyrosine-based signal and favors cell-to-cell viral
transmission. J Virol 73:5010-5017. https://doi.org/10.1128/JVI.73.6.5010
-5017.1999.

Schwegmann-Wessels C, Al-Falah M, Escors D, Wang Z, Zimmer G, Deng
HK, Enjuanes L, Naim HY, Herrler G. 2004. A novel sorting signal for intracel-
lular localization is present in the s protein of a porcine coronavirus but
absent from severe acute respiratory syndrome-associated coronavirus. J
Biol Chem 279:43661-43666. https://doi.org/10.1074/jbc.M407233200.
Hou YX, Meulia T, Gao X, Saif LJ, Wang QH. 2019. Deletion of both the ty-
rosine-based endocytosis signal and the endoplasmic reticulum retrieval
signal in the cytoplasmic tail of spike protein attenuates porcine epi-
demic diarrhea virus in pigs. J Virol 93:e01758-18. https://doi.org/10
.1128/JV1.01758-18.

Ohno H. 2006. Clathrin-associated adaptor protein complexes. J Cell Sci
119:3719-3721. https://doi.org/10.1242/jcs.03085.

Anton-Plagaro C, Sanchez N, Valle R, Mulet JM, Duncan MC, Roncero C.
2021. Exomer complex regulates protein traffic at the Tgn through differ-
ential interactions with cargos and clathrin adaptor complexes. FASEB J
35:e21615.

Arora D, Van Damme D. 2021. Motif-based endomembrane trafficking.
Plant Physiol 186:221-238. https://doi.org/10.1093/plphys/kiab077.
Batonick M, Favre M, Boge M, Spearman P, Honing S, Thali M. 2005. Inter-
action of Hiv-1 gag with the clathrin-associated adaptor Ap-2. Virology
342:190-200. https://doi.org/10.1016/j.virol.2005.08.001.

Issue3 e02173-21

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

&,  Microbiolos
% Spectrur Y

Lai CK, Jeng KS, Machida K, Lai MM. 2010. Hepatitis C virus egress and
release depend on endosomal trafficking of core protein. J Virol 84:
11590-11598. https://doi.org/10.1128/JVI.00587-10.

Counihan NA, Rawlinson SM, Lindenbach BD. 2011. Trafficking of hepati-
tis C virus core protein during virus particle assembly. PLoS Pathog 7:
€1002302. https://doi.org/10.1371/journal.ppat.1002302.

Sergel T, Morrison TG. 1995. Mutations in the cytoplasmic domain of the
fusion glycoprotein of Newcastle-disease virus depress syncytia forma-
tion. Virology 210:264-272. https://doi.org/10.1006/viro.1995.1343.

Fultz PN, Vance PJ, Endres MJ, Tao BL, Dvorin JD, Davis IC, Lifson JD,
Montefiori DC, Marsh M, Malim MH, Hoxie JA. 2001. In vivo attenuation of
simian immunodeficiency virus by disruption of a tyrosine-dependent
sorting signal in the envelope glycoprotein cytoplasmic tail. J Virol 75:
278-291. https://doi.org/10.1128/JV1.75.1.278-291.2001.

Breed MW, Jordan APO, Aye PP, Lichtveld CF, Midkiff CC, Schiro FR,
Haggarty BS, Sugimoto C, Alvarez X, Sandler NG, Douek DC, Kuroda MJ,
Pahar B, Piatak M, Lifson JD, Keele BF, Hoxie JA, Lackner AA. 2013. Loss of
a tyrosine-dependent trafficking motif in the simian immunodeficiency
virus envelope cytoplasmic tail spares mucosal Cd4 cells but does not
prevent disease progression. J Virol 87:1528-1543. https://doi.org/10
.1128/JV1.01928-12.

Qi M, Chu H, Chen X, Choi J, Wen X, Hammonds J, Ding L, Hunter E,
Spearman P. 2015. A tyrosine-based motif in the HIV-1 Envelope glyco-
protein tail mediates cell-type- and rab11-fip1c-dependent incorporation
into virions. Proc Natl Acad Sci U S A 112:7575-7580. https://doi.org/10
.1073/pnas.1504174112.

Matsuura R, Inabe K, Otsuki H, Kurokawa K, Dohmae N, Aida Y. 2019. Three
yxxl sequences of a bovine leukemia virus transmembrane protein are in-
dependently required for fusion activity by controlling expression on the
cell membrane. Viruses 11:1140. https://doi.org/10.3390/v11121140.

Bose S, Heath CM, Shah PA, Alayyoubi M, Jardetzky TS, Lamb RA. 2013.
Mutations in the parainfluenza virus 5 fusion protein reveal domains im-
portant for fusion triggering and metastability. J Virol 87:13520-13531.
https://doi.org/10.1128/JV1.02123-13.

Dutch RE, Jardetzky TS, Lamb RA. 2000. Virus membrane fusion proteins: bi-
ological machines that undergo a metamorphosis. Biosci Rep 20:597-612.
https://doi.org/10.1023/a:1010467106305.

Plemper RK, Hammond AL, Cattaneo R. 2001. Measles virus envelope gly-
coproteins hetero-oligomerize in the endoplasmic reticulum. J Biol Chem
276:44239-44246. https://doi.org/10.1074/jbc.M105967200.

Tong SX, Compans RW. 1999. Alternative mechanisms of interaction
between homotypic and heterotypic parainfluenza virus Hn and F pro-
teins. J General Virology 80:107-115. https://doi.org/10.1099/0022-1317
-80-1-107.

Fouillot-Coriou N, Roux L. 2000. Structure-function analysis of the sendai
virus F and Hn cytoplasmic domain: different role for the two proteins in
the production of virus particle. Virology 270:464-475. https://doi.org/10
.1006/vir0.2000.0291.

Takimoto T, Murti KG, Bousse T, Scroggs RA, Portner A. 2001. Role of ma-
trix and fusion proteins in budding of Sendai virus. J Virol 75:
11384-11391. https://doi.org/10.1128/JV1.75.23.11384-11391.2001.

Liu MM, Cheng JL, Yu XH, Qin ZM, Tian FL, Zhang GZ. 2015. Generation by
reverse genetics of an effective attenuated Newcastle disease virus vac-
cine based on a prevalent highly virulent Chinese strain. Biotechnol Lett
37:1287-1296. https://doi.org/10.1007/s10529-015-1799-z.

Reed LJ, Muench H. 1938. A simple method of estimating fifty percent end-
points. Am J Epidemiol 27:493-497. https://doi.org/10.1093/oxfordjournals
.aje.a118408.

MicrobiolSpectrum.asm.org 17


https://doi.org/10.1128/JVI.02150-16
https://doi.org/10.1128/JVI.01439-06
https://doi.org/10.1128/JVI.72.2.1224-1234.1998
https://doi.org/10.1016/j.ejcb.2015.05.005
https://doi.org/10.1128/JVI.02576-09
https://doi.org/10.2174/1874467212666191023123732
https://doi.org/10.2174/1874467212666191023123732
https://doi.org/10.1371/journal.pone.0078074
https://doi.org/10.1128/JVI.69.9.5217-5227.1995
https://doi.org/10.1128/JVI.69.9.5217-5227.1995
https://doi.org/10.1128/JVI.73.6.5010-5017.1999
https://doi.org/10.1128/JVI.73.6.5010-5017.1999
https://doi.org/10.1074/jbc.M407233200
https://doi.org/10.1128/JVI.01758-18
https://doi.org/10.1128/JVI.01758-18
https://doi.org/10.1242/jcs.03085
https://doi.org/10.1093/plphys/kiab077
https://doi.org/10.1016/j.virol.2005.08.001
https://doi.org/10.1128/JVI.00587-10
https://doi.org/10.1371/journal.ppat.1002302
https://doi.org/10.1006/viro.1995.1343
https://doi.org/10.1128/JVI.75.1.278-291.2001
https://doi.org/10.1128/JVI.01928-12
https://doi.org/10.1128/JVI.01928-12
https://doi.org/10.1073/pnas.1504174112
https://doi.org/10.1073/pnas.1504174112
https://doi.org/10.3390/v11121140
https://doi.org/10.1128/JVI.02123-13
https://doi.org/10.1023/a:1010467106305
https://doi.org/10.1074/jbc.M105967200
https://doi.org/10.1099/0022-1317-80-1-107
https://doi.org/10.1099/0022-1317-80-1-107
https://doi.org/10.1006/viro.2000.0291
https://doi.org/10.1006/viro.2000.0291
https://doi.org/10.1128/JVI.75.23.11384-11391.2001
https://doi.org/10.1007/s10529-015-1799-z
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Construction and rescue of YLMY motif tyrosine residue in mutant virus.
	YLMY motif tyrosine residue mutants show difference in viral replication and protein expression.
	YLMY motif tyrosine residue demonstrates adverse role in viral pathogenicity.
	YLMY motif tyrosine residue has no function in clathrin-mediated endocytosis.
	YLMY motif tyrosine residue mutants leads to discrepancies in F protein expression but confers hypofusogenic phenotypes.
	Intracellular processing of the F protein of YLMY motif tyrosine residues mutants.
	The F protein expression on the cell surface of YLMY motif tyrosine residue mutants.
	The budding procession of the YLMY motif tyrosine residue mutants.

	DISCUSSION
	MATERIALS AND METHODS
	Animal use and ethics statement.
	Cell and viruses.
	Construction of plasmids and recovery of mutant viruses.
	Virus growth kinetics.
	Quantification of RNA synthesis by quantitative RT-PCR.
	Western blot.
	Plaque assay.
	Cytotoxicity and drug treatment.
	Cell surface expression of the mutant virus F proteins.
	Glycopeptidase F and Endo H digestion.
	Fusion assessment.
	Virus budding assay.
	Lipid raft association with F protein.
	Transmission electron microscopy.
	MDT and ICPI of mutant viruses.
	Pathogenicity assessment in chickens.
	Data analysis.

	ACKNOWLEDGMENT
	REFERENCES

