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ABSTRACT

Paramyxoviridae consist of a large family of enveloped, negative-sense, nonsegmented single-stranded RNA viruses that account
for a significant number of human and animal diseases. The fusion process for nearly all paramyxoviruses involves the mixing of
the host cell plasma membrane and the virus envelope in a pH-independent fashion. Fusion is orchestrated via the concerted
action of two surface glycoproteins: an attachment protein called hemagglutinin-neuraminidase (HN [also called H or G de-
pending on virus type and substrate]), which acts as a receptor binding protein, and a fusion (F) protein, which undergoes a ma-
jor irreversible refolding process to merge the two membranes. Recent biochemical evidence suggests that receptor binding by
HN is dispensable for cell-cell fusion. However, factors that influence the stability and/or conformation of the HN 4-helix bundle
(4HB) stalk have not been studied. Here, we used oxidative cross-linking as well as functional assays to investigate the role of the
structurally unresolved membrane-proximal stalk region (MPSR) (residues 37 to 58) of HN in the context of headless and full-
length HN membrane fusion promotion. Our data suggest that the receptor binding head serves to stabilize the stalk to regulate
fusion. Moreover, we found that the MPSR of HN modulates receptor binding and neuraminidase activity without a correspond-
ing regulation of F triggering.

IMPORTANCE

Paramyxoviruses require two viral membrane glycoproteins, the attachment protein variously called HN, H, or G and the fusion
protein (F), to couple host receptor recognition to virus-cell fusion. The HN protein has a globular head that is attached to a
membrane-anchored flexible stalk of ~80 residues and has three activities: receptor binding, neuraminidase, and fusion activa-
tion. In this report, we have identified the functional significance of the membrane-proximal stalk region (MPSR) (HN, residues
37 to 56) of the paramyxovirus parainfluenza virus (PIV5), a region of the HN stalk that has not had its structure determined by
X-ray crystallography. Our data suggest that the MPSR influences receptor binding and neuraminidase activity via an indirect
mechanism. Moreover, the receptor binding head group stabilizes the 4HB stalk as part of the general mechanism to fine-tune
F-activation.

Paramyxoviruses are enveloped, nonsegmented negative-
stranded RNA viruses that cause diseases in humans and ani-
mals. Notable members of this family of viruses include parain-
fluenza viruses 1 to 5 (PIV1 to -5), Newcastle disease virus (NDV),
mumps virus, measles virus, Nipah virus, Hendra virus, respira-
tory syncytial virus (RSV), and human metapneumovirus. For
infection of cells to occur, the virus and host cell membranes fuse
atneutral pH (1-13) to deliver the viral ribonucleoprotein into the
cytoplasm. The fusion of nearly all paramyxoviruses requires the
concerted action of two viral surface glycoproteins: the hemagglu-
tinin-neuraminidase (HN [also called H or G depending on virus
type]) and a fusion protein (F). The involvement of the HN pro-
tein in receptor binding and neuraminidase (NA) activity as well
as fusion promotion has been well documented (14-18). How-
ever, the mechanistic details by which HN causes F activation
remain poorly defined. PIV5 HN binds to cell surface sialic acid,
which brings the cell and virus membrane in close proximity. It is
thought that HN binding to its ligand triggers the activation of the
fusion protein, which is kinetically trapped in a metastable state
(19-21), to undergo a large-scale irreversible refolding event that
culminates in virus-cell membrane merger (22-25).

HN is a type II membrane protein with an N-terminal stalk
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(residues 1to 117) and a globular head that contains the NA active
site (residues 118 to 565) (26-28). The ectodomain stalk com-
prises residues 37 to 118, and HN is anchored into the viral mem-
brane by the transmembrane domain. The cytoplasmic tail of HN
has been shown to play a role in fusion promotion (29-31), but
the mechanism of action is unknown.

The atomic structure of the stalk revealed a 4-helix bundle
(4HB) with an upper portion of the stalk implicated as the F-ac-
tivating region (FAR) that mediates activation (16, 17). The “pro-
vocateur” model of paramyxovirus fusion provides a compelling
explanation of how sialic acid binding by the head group of HN
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transmits the signal for F activation (15, 32). This model suggests
that in the absence of receptor binding, the FAR at the membrane-
distal end of the HN is inaccessible for F interaction. However,
upon receptor engagement the bulky head groups move to the
“up” position, relieving the steric obstruction and facilitating a
physical interaction between HN and F (18, 20, 33). It has been
shown that the HN1-117 alone (headless stalk) promotes F acti-
vation to levels commensurate with the wild-type (WT) HN and
even higher levels at elevated temperatures (2, 17, 20). Recently,
the Ig-like domain of the trimeric F protein been implicated in the
F-HN interaction (2).

For many paramyxoviruses, an interaction between F and HN,
H, or G has been shown by either coimmunoprecipitation or in-
tracellular coretention of the two proteins (34—41). However, this
has proven difficult to demonstrate for PIV5 F and HN, and it has
been postulated that an F-HN interaction is either transient or F
and HN associate weakly. Although the “headless HN stalk” pro-
motes F activation, it has been found that the length of the HN1-
117 stalk affects the level of fusion (33, 42, 43). The mechanistic
explanation for this phenomenon is not known, but presumably,
alterations in the stalk length affect its conformation or orienta-
tion or the dynamics of the FAR in a way that disfavors fusion with
its cognate F protein.

The atomic structure of PIV5 HN1-117 (residues 56 to 117)
reveals a 4-helix bundle (4HB) structure in which the membrane-
distal section of the stalk adopts an 11-mer repeat with a less coiled
conformation and the membrane-proximal part of the stalk
adopts a left-handed superhelical twist. The structure of the adja-
cent membrane-proximal stalk region (MPSR) (residues 37 to 58)
remains unsolved but has been predicted to be a-helical (44). This
region may play an important regulatory role such as in oligomer-
ization and stability of the stalk and hence govern the timely in-
teraction of F and HN. The amino acid at the purported boundary
of the PIV5 TM and ectodomain (E37) was found to regulate the
rate of internalization of HN (45). However, the role of the pri-
mary sequence in fusion promotion, receptor binding, and NA
activity has not been explored. Unlike the TM region of HN,
which is rich in hydrophobic residues, the adjoining MPSR is
mainly rich in charged residues that may be involved in stabilizing
interactions such as hydrogen bonds or salt bridges. Also, this
region may function as a molecular recognition system—for ex-
ample, to regulate protein internalization and general turnover
(45).

In this report, we investigated the structure-function role of
PIV5 HN MPSR in receptor binding, NA activity, and fusion pro-
motion. By using cysteine mutagenesis and oxidative cross-link-
ing of PIV5 HN, we show that the MPSR arrangement differs in
the headless HN from the full-length HN protein. The receptor
binding head stabilizes the stalk and regulates F activation. In
addition, we found that residues in the MPSR can modulate re-
ceptor binding and NA activity without changing the fusion pro-
motion properties of HN.

MATERIALS AND METHODS

Cells and antibodies. HEK 293T, and Vero cells were grown and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin.
BHK-21F cells were grown in DMEM containing 10% FBS and 10% tryp-
tose phosphate broth. For BSR-T7/5 cells (a BHK clone expressing T7
RNA polymerase), Geneticin G418 (500 pg/ml) was added during every
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third passage in DMEM-10% FBS. Immunoprecipitation of PIV5-HN
full-length and HN1-117 stalk was done using a combination of the
monoclonal antibodies (MAb) HN1b and HN4b or polyclonal antibody
(pAb) R471 as described previously (20).

Cloning and mutagenesis. pPCAGGS-HN and pCAGGS-F expression
constructs harboring the PIV5 (W3A) F and HN genes were used as de-
scribed previously (20). The PIV5 HN1-117 construct (HN1-117) was
created by PCR amplification of the stalk region (residues 1 to 117) from
the full-length PIV5 HN (residues 1 to 565). The PCR fragment was then
cloned into the pmEGFP-C1 vector using Sacl and Kpnl sites. Single and
triple (3X) alanine mutations as well as cysteine mutations were con-
structed using the QuikChange mutagenesis kit (Agilent Technologies,
Santa Clara, CA) according to the manufacturer’s instructions. The resul-
tant mutants were subcloned into pCAGGS vector for mammalian cell
expression. The nucleotide sequence of the entire open reading frame for
each mutant was verified using an Applied Biosystems 3100-Avant auto-
mated DNA sequencer (Life Technologies Corp., Carlsbad, CA).

Immunoprecipitation and SDS-PAGE. To examine expression of
HN WT, HN1-117, and mutant proteins, 293T cells were transfected with
pCAGGS-HN and HN mutant plasmids using a standard transfection
protocol. After 16 posttransfection (p.t.), proteins were metabolically la-
beled with **S label and immunoprecipitated as described previously (16).
Polypeptides were analyzed under reducing and nonreducing conditions
using 10% or 17.5% SDS-PAGE gel depending on the protein mass. To
determine the tetramer/dimer ratio of HN, 293T cells expressing WT HN,
HN1-117,and HN cysteine mutants were treated with copper(II) phenan-
throline (CuP) as described previously (46). Briefly, after *>S labeling, cells
were subjected to three freeze-thaw cycles followed by CuP labeling before
lysis and immunoprecipitation with MAb HN1b and HN4b for the full-
length HN and pAb R471 for headless HN.

Flow cytometry. The cell surface expression of the HN WT and HN
mutants was assessed using flow cytometry as described previously (16).
Briefly, overnight-transfected cells were washed and incubated with a
1:100 dilution of HN pAb R471 or MAb HN4b at 4°C for 1 h followed by
incubation with 1:100 dilution of fluorescein isothiocyanate (FITC)-con-
jugated goat anti-rabbit IgG or goat anti-mouse IgG (Jackson Immu-
noResearch, West Grove, PA) as the secondary antibody. Fluorescence
intensity was quantified using a FACSCaliber flow cytometer (Becton
Dickinson, Franklin Lakes, NJ).

HAd assay. To measure the receptor binding activity of both WT HN
and HN mutants, monolayer cultures of 293T cells were transfected with
pCAGGS-HN and HN mutants (1 pg plasmid DNA each). At 18 h p.t,,
cells were washed gently with ice-cold PBS+ (phosphate-buffered saline
containing calcium and magnesium) followed by incubation for 2 h with
1% chicken erythrocytes (RBCs) in PBS+ at 4°C to allow for receptor
binding (but not fusion). Cells were washed with cold PBS+ five times to
remove unbound RBCs. Bound RBCs were lysed in 0.5 ml ice-cold dis-
tilled water and rocked for 2 h at 4°C. The lysate was cleared by centrifu-
gation (5,000 rpm for 2 min), and the absorbance of the supernatant was
read at 410 nm using a Beckman Coulter DU 730 Life Sciences UV-visible
(UV-Vis) spectrophotometer (Beckman Coulter, Brea, CA). The hemad-
sorption (HAd) assay was also repeated under reducing conditions. Prior
to RBC incubation, cells were treated for 30 min at 37°C with 10 mM
tris(2-carboxyethylene) phosphine (TCEP) in PBS.

NA activity assay. 293T cells were transfected with WT HN and HN
mutants (1 wg plasmid DNA each) using the Lipofectamine LTX reagent
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
Cells were detached from the plates using 500 pl/well 530 uM EDTA in
PBS. The cells were centrifuged at 5,000 rpm for 3 min. The pellets were
washed and resuspended in PBS+ and pelleted for 3 min at 5,000 rpm at
4°C. The cell pellets were then resuspended in 100 pl of 125 mM sodium
acetate buffer (pH 4.75) containing 6.25 mM CaCl,. Twenty-five micro-
liters of 5 mM 4-methylumbelliferyl-N-acetyl-a-p-neuraminic acid (Sig-
ma-Aldrich, St. Louis, MO) was added to the reaction mixture. The reac-
tion was allowed to proceed for 30 min at 37°C with occasional mixing.
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made by mutations at the first 20 residues of the ectodomain of PIV5 headless

HN1-117 to determine its functional significance. (A) Atomic model of PIV5 headless HN1-117 showing unresolved membrane-proximal stalk region (MPSR).
F-interacting region (FAR) at the upper portion of the HN stalk is indicated. (B) Schematic diagram illustrating the PIV5 HN protein and showing the different
domains: F-interacting region (blue), membrane-proximal stalk region (green), and transmembrane (TM) domain (red). The scheme of the 3X Ala mutants is
shown. (C) Protein expression was determined using 30 min of *°S labeling followed by immunoprecipitation. Glycosylated species were digested by peptide-

N-glycosidase F ([PNGase F]) treatment. Polypeptides were analyzed by 17.5%

SDS-PAGE under reducing conditions. (D) Cell surface expression of HN1-117

and 3X Ala mutants was determined by flow cytometry. M.F.I., mean fluorescent intensity. Values are expressed as a percentage of HN1-117. Error bars represent
standard deviations from three experiments. P values were calculated using Student’s 7 test. *, P << 0.05; **, P < 0.01; otherwise, P > 0.05.

Seventy-five microliters of 20 mM sodium carbonate buffer (pH 10.4) was
added to stop the reaction. Cells were pelleted, and 180 pl of the super-
natant was transferred to a 96-well plate. Fluorescence of the cleaved sub-
strate was measured at excitation and emission wavelengths of 356 and
450 nm, respectively, using a Spectramax M5 plate reader (Molecular
Devices, Sunnyvale, CA). The assay was also repeated under reducing
conditions using 10 mM TCEP.

Syncytium formation. BHK-21F cells were transfected with
pCAGGS-F and pCAGGS-HN or HN mutant plasmids, including HN1-
117 stalk mutants (1 pg each plasmid DNA). Cells were washed with PBS
after 18 h p.t, fixed, and stained using a Hema3 staining protocol (Fisher
Scientific, Pittsburgh, PA) according to the manufacturer’s instructions.
The monolayers were photographed using an inverted phase-contrast mi-
croscope (Diaphot; Nikon, Melville, NY) connected to a digital camera
(DCS 760; Kodak, Rochester, NY).

Luciferase reporter fusion assay. To quantify the fusion of WT HN
and HN1-117 mutants, monolayers of Vero cells (70 to 80% confluence)
were transfected with 1 pug each pCAGGS-F, pCAGGS-HN, and pT7-
luciferase, a plasmid that expresses firefly luciferase under T7 polymerase
control. BSR-T7/5 cells, expressing T7 RNA polymerase, were removed
with 50 mM EDTA and overlaid on the Vero cell monolayer at 16 h
following transfection and incubated further for 6 h at 37°C. Unbound
BSR-T7/5 cells were washed with PBS. Reporter Glo lysis buffer (Promega,
Madison WI) was used to lyse the cells. Subsequently, the cell lysates were
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pelleted by centrifugation (10,000 rpm for 1 min), and 150 pl of the
cleared lysates was then added to a 96-well dish along with 150 wl of the
luciferase assay substrate (Promega). The luciferase activities of both
the WT and HN mutants were quantified using a SpectraMax M5 plate
reader (Molecular Devices). Luciferase activity was expressed as relative
light units (RLU).

RESULTS

Role of MPSR residues in fusion promotion of the headless HN
stalk. The structure and function of the MPSR of paramyxovirus
HN/H/G are largely unknown. The atomic structures of
paramyxovirus HNs do not reveal data for the MPSR (16, 18). To
investigate the function of the MPSR of PIV5 HN, Ala scanning
mutagenesis was used to generate triple (3X) Ala mutants for the
first 20 HN residues (residues 37 to 56) of the MPSR of the head-
less HN stalk, HN1-117 (Fig. 1A and B). Earlier studies have
shown HN1-117 to promote fusion of F (17, 20). Each HN1-117
3X Ala MPSR mutant was tested for its expression and fusion
promotion. Protein expression of the HN1-117 3X Ala mutants
was evaluated using >>S metabolic labeling followed by immuno-
precipitation as described in Materials and Methods. When the
immune-precipitated proteins were treated with peptide-N-gly-

September 2016 Volume 90 Number 17


http://jvi.asm.org

Fo OHN 1117
/ B '.‘;"

Paramyxovirus Hemagglutinin-Neuraminidase Stalk

=
N
o

-
o
o

©
o

(=2}
o

40

n
o

=)
-
14
~
-
N
-
4
=
e
c
i}
]
=]
S
°
(S

FIG 2 Fusogenic properties of HN1-117 MPSR 3X Ala mutants. (A) BHK cells were transfected with PIV5 F and HN1-117 or the respective triple mutants.
Formation of syncytia was observed at 16 h p.t., and the cells were stained. (B) Quantitative luciferase activity (fusion) of both HN1-117 and 3X Ala mutants.
Fusion was performed at 33°C (black bars) or 37°C (checkered bars). Luciferase activity was expressed as relative light units (RLU) of HN1-117. Error bars
represent standard deviations from three independent experiments. Statistical significance of difference between each mutant and HN1-117 was assessed using

Student’s t test. *, P < 0.05; ***, P < 0.001; otherwise, P > 0.05.

cosidase F (PNGase F) to remove carbohydrate chains, all of the
mutants were susceptible to digestion to a single species except
HN1-56, which was either not expressed or more likely not recog-
nized by the antibody (Fig. 1C). HN1-117 is predicted to contain
a single site for addition of N-linked glycosylation at residue 110,
and therefore the three gel bands most likely represent two forms
of glycosylation and unglycosylated protein. Flow cytometry was
used to quantify the levels of cell surface expression of the HN1-
117 3X Ala mutants. As shown in Fig. 1D, all the HN1-117 3X Ala
mutants were expressed at the cell surface except HN1-56. It was
noted that whereas mutants MPSR2 and MPSR3 were reduced in
surface expression compared to HN1-117, all the other mutants
were expressed at the cell surface in nearly similar amounts.

Fusion promotion by HN1-117 3 X Ala MPSR mutants. It has
been shown previously that the HN headless stalk of PIV5 HN
(HN1-117) and the stalks of other paramyxoviruses can activate
their cognate F protein (17, 20, 43, 47, 48). To examine the effect
of the HN1-117 3X Ala mutants on syncytium fusion, BHK cells
were transfected with plasmids to express WT F and HN1-117 or
the HN1-117 3X Ala mutants. As shown in Fig. 2A, all the HN1-
117 3X mutants caused syncytium formation except MPSR2 and
MPRSS3.

To quantify the fusion activity of the HN1-117 3X Ala mu-
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tants, a luciferase fusion assay (16) was used. Vero cells were tran-
siently transfected with HN1-117 3X Ala MPSR mutants together
with pCAGGS F and pT-7 luciferase after overnight-transfected
cells were washed with PBS+ and overlaid with BSR-7 cells. As
shown in Fig. 2B, all the mutants promoted cell-cell fusion at both
33 and 37°C except MPSR 2 and MPSR3, where fusion promotion
activity was negligible. Taken together, the data suggest that resi-
dues at positions 40 to 45 of HN1-117 may play a role in fusion
promotion by the HN stalk.

Effect of single point HN1-117 MPSR mutations on fusion.
To determine the residues in the headless HN1-117 responsible
for the absence of fusion promotion, individual residues at resi-
dues 40 to 45 (comprising MPSR2 and MPSR3) were substituted
for with Ala and characterized (Fig. 3A). All the HN1-117 Ala
point mutants were expressed and on PNGase F digestion, all the
mutants yielded a single species (Fig. 3B). Differences in the
amounts of the two species modified by carbohydrate chains were
observed as well as subtle shifts in electrophoretic mobility that
may reflect the amino acid substitutions.

Cell surface expression was analyzed by flow cytometry (Fig.
3C), and the data showed that all the point mutants were ex-
pressed at the cell surface similar to HN1-117. In contrast to cell
surface expression levels, the fusion promotion activities, as mea-
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FIG 3 Effect of single point mutations of HN1-117 MPSR on fusion promotion. (A) Schematic diagram of HN1-117 showing positions of single Ala point
mutants. (B) Protein expression was analyzed by *°S metabolic labeling and radioimmunoprecipitation. Proteins were treated with or without PNGase F to assess
susceptibility to digestion. Polypeptides were analyzed by 17.5% SDS-PAGE. (C) Cell surface expression of HN1-117 and single point Ala mutants was quantified
by flow cytometry. (D) Fusion promotion of HN1-117 mutants were assessed using the luciferase fusion assay. Error bars represent standard deviations from
three experiments. P values were calculated using paired Student’s ¢ test to determine statistical significance of difference between each mutant and HN1-117. **,

P < 0.01; ***, P < 0.001; otherwise, P > 0.05.

sured by luciferase assay, of the HN1-117 T41A, Q42A, and [45A
mutants were significantly reduced (Fig. 3D). The above observa-
tions suggest that residues T41, Q42, and 145 in HN1-117 play a
role in fusion promotion. It is also noted that these three mutants
do not accumulate the species with the slowest-migrating carbo-
hydrate chain modification to the same level as HN1-117. These
data suggest that the changes in the carbohydrate modification
may influence the conformation and fusion promotion function
of HN1-117.

Mutations in full-length HN MPSR affect receptor binding
and NA but not fusion. Given that mutations in the MPSR of the
headless HN1-117 construct resulted in fusion defects, the same
mutations were introduced into the full-length HN protein, and
their effects on receptor binding, NA activity, and fusion promo-
tion were evaluated. 293T cells were transfected with pCAGGS
expressing full-length WT HN (residues 1 to 565) as well the HN
proteins of the MPSR point Ala mutants. Protein expression was
examined by *°S metabolic labeling and immunoprecipitation
(Materials and Methods). It was observed that mutant HN pro-
teins were expressed and transported to the cell surface at levels
similar to that of the WT HN (Fig. 4A and B). Measurement of the
HAd activity (Fig. 4C) and NA activity (Fig. 4D) indicated an ~5-
to 9-fold increase in each activity over WT HN. Unexpectedly, all
the MPSR point mutants in full-length HN had comparable fu-
sion promotion activity, unlike the fusion activation data ob-
tained with the same mutations in HN1-117 stalk.
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HN MPSR can form reversible disulfide bonds with limited
functional defects. Full-length PIV5 HN is a dimer of dimers,
with each dimer forming a disulfide bond at residue C111 (18). To
probe if the HN MPSR residues are important for the conforma-
tional flexibility of the HN stalk, residues 40 to 45 were individu-
ally mutated to cysteine in full-length HN. 293T cells transiently
expressing WT HN and the cysteine mutants were >°S metaboli-
cally labeled, and proteins were immunoprecipitated. Polypep-
tides were subjected to SDS-PAGE under reducing (Fig. 5A, top)
and nonreducing (Fig. 5A, middle) conditions. The presence of a
cysteine at residues 40 to 45 increased the HN tetramer/dimer
ratio (Fig. 5A, bottom). The cell surface expression levels of the
mutants were similar to those of WT HN except for C41, which
showed a statistically significant higher level of surface expression
than WT HN (Fig. 5B). Formation of disulfide-linked tetramers
led to enhanced HAd (Fig. 5C) and NA (Fig. 5D) activity, depend-
ing on the position of the Cys residue. However, subsequent re-
duction with TCEP resulted in residue-specific increase in HAd
(particularly, C40 and C42), while in most cases a reduction in NA
was observed. Fusion promotion was not negatively impacted ex-
cept for C43, which abolished fusion (Fig. 5E). The above obser-
vations suggest that the MPSR of PIV5 HN plays a role in confor-
mational flexibility of the stalk and indirectly regulate receptor
engagement.

Formation of disulfide-linked headless and full-length HN.
To investigate if disulfide bond formation would show a periodic
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was used to determine statistical significance. *, P < 0.05; otherwise, P > 0.05.

pattern suggestive of a 4-helix bundle (1, 46, 49), the 20 residues of
the MPSR (residues 37 to 56) were mutated to Cys in the HN1-117
stalk background. HEK 293T cells transiently expressing WT
HNI1-117 as well as the cysteine mutants were >>S metabolically
labeled, the proteins were immunoprecipitated, and the polypep-
tides were subjected to electrophoresis on SDS-PAGE under re-
ducing and nonreducing conditions. As shown in Fig. 6A (top and
bottom), these residues showed limited propensity to form a te-
tramer under the nonreducing condition. A significant portion of
the HN1-117 Cys mutants remained as monomers and disulfide-
linked dimers and did readily form disulfide-linked tetramers. Al-
though the vast majority of the Cys mutants were expressed at the
cell surface to various degrees, two of these mutants (C41 and
(C48) were not detected when immunoprecipitated with HN poly-
clonal antibody. None of the Cys HN1-117 mutants was expressed
at levels above HN1-117 (Fig. 6B). Interestingly, when the pro-
teins were oxidized with CuP, a significant number of the HN1-
117 Cys mutants (34-37, 39—44) showed increased tetramer for-
mation (Fig. 6C). Protein bands were quantified with Image]
software to determine the tetramer/dimer ratio shown in Fig. 6D.

The introduction of cysteine mutations in the MPSR of full-
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length HN (Fig. 7A top, reducing; bottom, nonreducing) resulted
in cell surface expression above WT HN levels (Fig. 7B). This
finding with full-length HN is in contrast to the cell surface ex-
pression of the HN1-117 cysteine stalk mutants (Fig. 6A and B),
where disulfide-linked stabilization did not improve cell surface
expression. It can also be seen that the full-length HN protein
readily forms disulfide-linked tetramers even in the absence of
CuP oxidation (Fig. 7A, bottom, and C). To quantify the tetramer
formation, protein band intensities were measured. As indicated
in Fig. 7D, the tetramer/dimer ratio shows that the majority of the
residues in the MPSR had a tetramer/dimer ratio of =1, but there
was no detectable periodicity to the oxidation.

DISCUSSION

The paramyxovirus fusion machine consists of an attachment gly-
coprotein protein that attaches the virus to host cell and a fusion
protein that mediates membrane mixing. Receptor binding by the
HN protein is believed to initiate the signal for fusion (15, 20, 50).
However, recent studies have shown that receptor binding is dis-
pensable for cell-cell fusion (2, 17, 19, 20, 43, 48). It is thought that
the distal FAR of the HN1-117 stalk interacts constitutively with
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untreated. (D) NA activity of Cys mutants under reducing (TCEP) and nonreducing conditions. (E) Quantitative luciferase fusion assay of WT HN and HN

cysteine mutants. *, P < 0.05; **, P < 0.01; ***, P < 0.001; otherwise, P > 0.05.

the Ig-like domain of F. This results in enhanced fusion compared
with full-length HN (17, 20). Thus, HN1-117 is more than a mere
anchor for the bulky receptor binding head. Some evidence sug-
gests that the stability and conformational flexibility of the stalk
play a regulatory role in HN/G- or H-mediated activation of their
cognate F proteins (43). Also, changes in the length of HN1-117
abolish fusion promotion (see Table S1 in reference 17), suggest-
ingarolein fine-tuning F activation. The atomic structure of NDV
HN and PIV5 HN revealed a dimer of dimers and a tetramer,
respectively, and a 4HB stalk (18, 32), but each of these two struc-
tural models lacks electron density for the MPSR portion of the
stalk. Previous mutations introduced into the MPSR of PIV5 HN
were found to regulate protein turnover and internalization (45),
butadirectrole in fusion promotion has not been explored. In this
report, we investigated factors that influence HN1-117 stability
and fusion. Specifically, we probed how the structurally unre-
solved MPSR influences HN1-117 stability and biological func-
tions.

We assessed the role of the MPSR in structure-function studies
of HN1-117 and full-length HN. First, triple consecutive (3X) Ala
mutants were introduced into the MPSR of HN1-117 to examine
its role in fusion promotion. We found that all but two of the 3X
Ala mutants, consisting of residues 4, I TQKQI,5, promoted fusion
(Fig. 1C and D and 2A), although to various degrees. The inhibi-
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tion of fusion found in mutants MPSR2 and MPSR3 was not
largely due to defects in protein expression or stability but corre-
lates with changes in glycosylation of HN1-117 that may influence
or be associated with the conformation and fusion promotion
function consistent with previous findings (34, 51, 52). The
change in mobility of MPSR2 and MPSR3 species on gels suggests
that the glycosylation process of the HN1-117 differed for fusion-
defective mutants from that of WT HN1-117 (Fig. 1C). HN1-117
T41, Q42, and 145 mutants were fusion inactive, while proteins
with the same mutations in full-length HN were not (Fig. 4). The
lack of fusion promotion is not due to defects in processing or
protein transport (Fig. 3C). The altered mobility on gels (Fig. 3C)
is suggestive of changes in glycosylation of HN1-117, which could
affect the fusion-permissive conformation of the 4HB, thus disfa-
voring HN stalk-mediated F triggering. Another possible explana-
tion is that the headless HN1-117 4HB conformation is vulnerable
to the least modification. For example, these mutations may alter
the FAR orientation such that the F interaction becomes disfa-
vored. The lack of conformational stability in the absence of the
receptor head is not unreasonable given that recently headless
morbillivirus H was found to require stabilization for proper
function (43).

We also examined the effect of the same mutations in the full-
length HN. The single Ala mutations within the MPSR did not
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FIG 6 The stalk of HN1-117 forms limited disulfide-linked tetramers. MPSR residues 37 to 56 in HN1-117were substituted for with cysteine to determine if the
stalk could be trapped via covalent disulfide bonds. (A) 293T cells expressing HN1-117 and Cys mutants were >>S labeled, HN was immunoprecipitated, and
polypeptides were analyzed by 17.5% SDS-PAGE under reducing (top) and nonreducing (bottom) conditions. Arrows indicate HN1-117 monomer (M), dimer
(D), and tetramer (T). (B) Cell surface expression was quantified by flow cytometry and expressed as mean fluorescent intensity (M.F.I.) of HN1-117. The
horizontal dashed line represents the HN1-117 expression level. (C) **S metabolically labeled 293T cells were treated with 3 WM (final concentration) copper(II)
phenanthroline (CuP) prior to lysis and immunoprecipitation. Both HN1-117and Cys mutants were resolved by nonreducing 17.5% SDS-PAGE after PNGase
F digestion to remove carbohydrate chains. (D) The ratio of tetramer to dimer was estimated by quantifying band intensities with Image]J. Error bars are standard
deviations from two experiments. %, tetramer/dimer ratios were not estimated for C41 and C48 due to lack of detectable signal on the gel. ¥, P < 0.05; ***, P <

0.001; otherwise, P > 0.05.

alter HN intracellular protein expression levels as well cell surface
expression levels (Fig. 4A and B). However, receptor binding and
NA activity were significantly increased (Fig. 4C and D). It can be
inferred from these data that the primary sequence of the HN
MPSR plays an important role in cell surface receptor binding and
NA activity without influencing F protein triggering (Fig. 4E).
These differences are reconcilable by the fact that the presence of
the bulky head may stabilize the stalk by enhancing tight packing
of the four stalks. The structural and mechanistic explanation for
the severalfold increase in receptor binding and NA activity is not
clear. One possible explanation is that the primary sequence at the
MPSR specifies interhelical interactions that restrict the move-
ments of each head subunit or an effect on the dimer-tetramer
stability, which could impact HAd and NA activities. Hence,
changing the stalk residues relieves this inhibitory mechanism and
allows the HN head to adopt a conformation favoring enhanced
HAd and NA activities.

To test this idea, cysteine mutations were introduced at resi-

September 2016 Volume 90 Number 17

Journal of Virology

dues 40 to 45 of HN in an attempt to trap the stalk in a disulfide-
liked tetramer and to limit the degree of movement. Disulfide-
linked stabilization of the MPSR of HN enhanced protein
expression and cell surface expression (Fig. 5A and B). However,
stabilization via disulfide-linked tetramers of the MPSR resulted
in a modest increase in the receptor binding activity of HN (com-
pared with corresponding Ala mutations [Fig. 4]), while reduc-
tion of the disulfide bond with TCEP yielded residue-specific in-
creases in HAd (Fig. 5C). Recently, a number of mutations in the
head-proximal region of the PIV5 and NDV HN1-117 that influ-
ence HAd, NA activity, and fusion have been described (18). Mu-
tationsin NDV HN1-117 (residues A89,1.90, and L94) were found
to inhibit fusion promotion with no adverse effect on receptor
binding, NA activity, or antigenic recognition (53). Taken to-
gether, it can be inferred that multiple forces, including the stabil-
ity of the 4HB and the degree of inter- and intraprotomer move-
ment, regulate receptor recognition and NA activity, as well as F
triggering by the HN protein.
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FIG 7 The stalk of full-length HN can be trapped as disulfide-linked tetramers at the MPSR. (A) **S metabolically labeled Cys mutants of full-length HN were
resolved on a 10% SDS-PAGE under reducing (top) or nonreducing (bottom) conditions. Arrows indicate monomers (M), dimers (D), and tetramers (T) were
*3S metabolically labeled. HN was immunoprecipitated, and polypeptides were analyzed by 10% SDS-PAGE. (B) Cell surface expression was quantified by flow
cytometry and expressed as percentage of WT mean fluorescent intensity (M.F.L.). The horizontal dashed line represents the WT HN expression level. (C) WT
HN and MPSR Cys mutants treated with CuP were resolved by nonreducing 10% SDS-PAGE. (D) Intensity bands of CuP-labeled proteins (C37 to C56) were
quantified using Image] software, and the ratio of tetramer to dimer was estimated. *, P < 0.05; otherwise, P > 0.05.

Recently, biochemical evidence indicated that the MPSR of
measles virus H protein adopts a structure distinct from the cen-
tral and upper part of the stalk which forms a 4HB (54). Using Cys
mutagenesis and oxidative cross-linking, we examined the forma-
tion of disulfide-linked tetramers at the MPSR in both HN1-117
and full-length HN. The formation of disulfide-linked tetramers
within the MPSR did not enhance cell surface expression of HN1-
117 (Fig. 6B). Oxidative cross-linking of the 4HB with CuP re-
sulted in only a few of the Cys mutants with a tetramer/dimer ratio
of >1. However, oxidative cross-linking of Cys residues at the
MPSR of the full-length HN showed increased trapping of the
4HB (Fig. 7) with a tetramer/dimer ratio of >1, which is consis-
tent with a more stable tetramer. Formation of disulfide-linked
tetramers of the HN was accompanied by increased cell expression
and surface export. Overall, it can be deduced that the presence of
the head group enhances the oligomerization of HN1-117 with
MPSR residues close enough to form disulfide-linked tetramers
(Fig. 7). The loosening of the 4HB stalk of the HN1-117 stalk may
explain its susceptibility to conformational alterations that impact
its fusion triggering (17).

In summary, the amino acid sequence of the PIV5 HN MPSR
plays an important role in the function of the stalk. This role of the
MPSR may be important in fine-tuning receptor binding and NA
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activity. The stalk appears to affect the oligomerization of the NA
head group (15), and our data suggest that the receptor binding
head reciprocally influences the stability of the HN stalk.
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