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Paramyxovirus entry into cells requires the fusion protein (F) and a receptor binding protein (hemagglu-
tinin-neuraminidase [HN], H, or G). The multifunctional HN protein of some paramyxoviruses, besides
functioning as the receptor (sialic acid) binding protein (hemagglutinin activity) and the receptor-destroying
protein (neuraminidase activity), enhances F activity, presumably by lowering the activation energy required
for F to mediate fusion of viral and cellular membranes. Before or upon receptor binding by the HN globular
head, F is believed to interact with the HN stalk. Unfortunately, until recently none of the receptor binding
protein crystal structures have shown electron density for the stalk domain. Parainfluenza virus 5 (PIV5) HN
exists as a noncovalent dimer-of-dimers on the surface of cells, linked by a single disulfide bond in the stalk.
Here we present the crystal structure of the PIV5-HN stalk domain at a resolution of 2.65 Å, revealing a
four-helix bundle (4HB) with an upper (N-terminal) straight region and a lower (C-terminal) supercoiled part.
The hydrophobic core residues are a mix of an 11-mer repeat and a 3- to 4-heptad repeat. To functionally
characterize the role of the HN stalk in F interactions and fusion, we designed mutants along the PIV5-HN
stalk that are N-glycosylated to physically disrupt F-HN interactions. By extensive study of receptor binding,
neuraminidase activity, oligomerization, and fusion-promoting functions of the mutant proteins, we found a
correlation between the position of the N-glycosylation mutants on the stalk structure and their neuraminidase
activities as well as their abilities to promote fusion.

The Paramyxoviridae are enveloped, negative-strand RNA
viruses that infect both humans and animals (24). The family
encompasses many clinically and economically important
pathogens, including mumps virus, measles virus, parainflu-
enza viruses 1 to 5 (PIV1 to PIV5), respiratory syncytial virus,
Sendai virus, Newcastle disease virus (NDV), Nipah virus, and
Hendra virus. To infect cells, the viruses bind to specific re-
ceptors, and entry is mediated by fusion of the viral and cel-
lular membranes, releasing the viral genome, in the form of a
ribonucleoprotein complex, into the cytoplasm. For nearly all
paramyxoviruses, membrane fusion is triggered at the plasma
membrane in a receptor-dependent, pH-independent manner.
Unlike some enveloped viruses that use a single protein both
for binding to cellular receptors and for causing efficient
fusion, most paramyxoviruses depend on the concerted ac-
tions of two glycoproteins, the attachment protein variously
called hemagglutinin-neuraminidase (HN), H, or G and the

fusion (F) protein (19, 20, 22, 29, 49). For the paramyxovi-
ruses that use sialic acid as a receptor ligand, the receptor
binding protein is known as HN. In addition to fusion pro-
motion, HN also has hemagglutinating and neuraminidase
(NA) activities. It is generally thought that binding of HN,
H, or G to its ligand on target cells lowers the activation
barrier to convert F from a metastable prefusion form to a
highly stable postfusion form. This refolding event involves
an extensive structural rearrangement and in the process
does the work of bringing the viral and target cell membrane
together to initiate membrane merger (23). For HN, H, or G
to activate fusion, the protein is thought to physically inter-
act with F either before or upon ligand binding; however,
the interaction may be weak (5, 19, 22, 29).

Parainfluenza virus 5 (PIV5) HN is a type II membrane
protein and has a short N-terminal cytoplasmic tail (residues 1
to 17), a single transmembrane domain (residues 18 to 36), and
a large ectodomain (residues 37 to 565). The ectodomain is
composed of a globular head that contains a sialic acid binding
site that is also the neuraminidase active site and is connected
by a helical stalk to the transmembrane domain (21, 47). The
atomic structures of the HN, H, or G globular head domains
have been determined for PIV5, NDV, Nipah virus, Hendra
virus, measles virus, and human parainfluenza virus 3 (hPIV3)
(6, 8, 11, 18, 25, 48, 52). The PIV5 atomic structure shows HN
as a tetramer consisting of a dimer-of-dimers, and within each
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dimer, the molecules of HN are linked by a disulfide bond in
the stalk region at residue 111 (31, 52).

The globular head of PIV5-HN is related in structure to
those of the other paramyxovirus attachment proteins and to
other sialidases in general and has a neuraminidase-like fold
with a six-�-sheet propeller structure creating the centrally
placed active site (52). However, unlike influenza virus NA,
which has 4-fold rotational symmetry, the PIV5-HN tetramer
exists as a dimer-of-dimers. In the crystal structure, monomers
within the dimers are so arranged that the active sites are
approximately 90° to each other. Electron microscopy (EM)
images show a range of conformations for the HN head (50).
The PIV5-HN structure showed that there is minimal change
in the subunits upon receptor binding (52).

The stalk region of PIV5-HN is important for forming non-
covalent interactions that stabilize the dimer-of-dimers (50,
52). Residues in the transmembrane domain and in the cyto-
plasmic tail are also possibly involved in such noncovalent
associations (31, 32, 35). Biophysical studies have indicated
that the stalk is tetrameric and predominantly helical in nature
(50). The attachment protein of paramyxoviruses has been
implicated in direct interaction with the fusion protein (4, 5,
12, 13, 27, 34, 44, 45), and a variety of mutations in the stalk
compromise fusion promotion (4, 5, 10, 15, 27, 28, 39, 44).
Interestingly, some of the stalk mutants, which are deficient for
fusion, block the attachment protein-fusion protein interaction
directly (as assessed by coimmunoprecipitation) (27, 34, 44).
Other mutations in the HN stalk in addition to inhibiting
fusion also affect receptor binding or neuraminidase activity (4,
10, 28, 44). The fact that modulations in the stalk affect func-
tions within the head domain suggests a structural-functional
interplay between the stalk and the globular heads of these
attachment proteins.

Direct evidence that F and HN interact has been more
difficult to obtain. For human PIV3 (hPIV3), it was found that
F and HN cocap in HeLa cells (22), and for NDV and Nipah
virus, it has been possible to coimmunoprecipitate F and HN
(3, 27, 28, 44). However, coimmunoprecipitation of PIV5 F
and HN remains elusive. Another approach toward disrupting
an F-HN interaction was taken by Melanson and Iorio (27),
who introduced N-linked glycosylation sites into the NDV stalk
and observed that many of the mutants abrogated fusion ac-
tivity. Some of the mutations also caused a reduction in NA
activity (27).

Recently, we have determined the atomic structure of the
head and a portion of the stalk of NDV-HN by X-ray crystal-
lography (51). It was found that NDV-HN stalk residues 83 to
114 form a four-helix bundle (4HB) that, rather than having a
7-residue repeat (i, i � 3, i � 4), has an 11-residue repeat (i, i �
3, i � 4, i � 4). This structure enabled the mapping of the
residues implicated in F protein binding and activation.

To determine the PIV5-HN stalk domain structure in the
absence of the head domain, we expressed the PIV5-HN stalk
(50) and determined its structure by X-ray crystallography.
Similarly to the observed portion of the NDV-HN stalk, the
PIV5-HN stalk also forms a 4HB with hydrophobic core resi-
dues following an 11-residue repeat in its upper part; however,
the hydrophobic core residues switch to a heptad repeat in the
lower portion of the PIV5-HN stalk structure. Interestingly,
the upper part of the stalk is relatively nonsupercoiled,

whereas the lower part of the PIV5-HN stalk 4HB adopts a
left-handed superhelical twist, and these structural features are
consistent with other 4HB structures based on 11-mer or hep-
tad hydrophobic repeats (17, 42, 43). To probe the structure
further and to investigate if PIV5-HN fusion promotion infers
a physical interaction with F, we analyzed biological properties
of a set of point mutants with N-linked carbohydrate chains
introduced into the PIV5-HN stalk sequence. We found that
the ability of an N-glycosylation mutant to block fusion had a
strong correlation with the position of the glycosylation in the
4HB helix.

MATERIALS AND METHODS

Cells and antibodies. Vero cells and 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). BHK-21F cells were grown in DMEM containing 10% FBS and 10%
tryptose phosphate broth. HeLa-CD4-LTR-�Gal (AIDS Research and Refer-
ence Reagent Program) cells were grown in DMEM supplemented with 10%
FBS, 200 �g/ml G418, 100 �g/ml hygromycin B, and 20 mM HEPES (pH 7.4).
BSR-T7/5 cells were grown in DMEM containing 10% FBS, with 500 �g/ml
G418 added every third passage. Insect Hi5 cells were maintained in Express 5
serum-free medium (Gibco) supplemented with 10% GlutaMax (Gibco), while
insect SF9 cell lines were maintained in SF900 II medium containing 10% FBS.
Antibodies specific for PIV5-HN included monoclonal antibody (MAb) HN-1b
and HN-5a ascites fluids and MAb HN-4b hybridoma supernatant (40) and
polyclonal antibody (PAb) R471 serum, raised in rabbits against the purified HN
ectodomain expressed by a recombinant baculovirus in insect cells.

Cloning and mutagenesis. pCAGGS-HN and pCAGGS-F expression con-
structs harboring the PIV5 (W3A) F and HN genes were used as described
previously (38). Mutants in pCAGGS-HN were constructed using the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA) according to the man-
ufacturer’s instructions. For mutagenesis, a short segment of pCAGGS-HN,
flanked by NheI and SacI restriction sites containing the relevant portion of HN,
was subcloned into the pGEM3-5zf(�) vector. This template was used to create
mutations bearing the N-glycosylation motif N-X-S/T-X, where X is any amino
acid other than proline. Subsequently, the NheI/SacI fragment carrying the
desired mutation was cloned back into pCAGGS-HN. The mutants N58, N60,
N66, N67, N68, N77, N90, N91, and N102 were named according to the N-
glycosylated residue (see Fig. 3C). The nucleotide sequence of the entire HN
open reading frame for each of the generated mutants was verified using an
Applied Biosystems 3100-Avant automated DNA sequencer (Life Technologies
Corp., Carlsbad, CA). pT7-luciferase was obtained from Promega Corp. (Mad-
ison, WI). The creation of the PIV5-HN (stalk) domain construct was described
previously (50).

Protein expression and purification. The PIV5-HN stalk construct was ex-
pressed in Hi5 insect cell lines. The cell cultures were infected (multiplicity of
infection [MOI] of 2) with recombinant baculovirus stocks containing the
PIV5-HN stalk and harvested 72 h postinfection. Proteins were purified from the
supernatants by affinity chromatography using nickel-nitrilotriacetic acid (Ni-
NTA) agarose (Qiagen). Ni-NTA columns were washed with 10 mM and 50 mM
imidazole to eliminate nonspecific binding. Proteins were eluted in fractions
using 250 mM imidazole and were �90% pure by SDS-PAGE and Coomassie
brilliant blue staining analysis. The S and His tags were cleaved from the protein
using recombinant enterokinase (rEK; Novagen). The sample was dialyzed into
rEK cleavage buffer (20 mM Tris, pH 7.4, 50 mM NaCl, and 2 mM CaCl2), and
the cleavage reaction was carried out using 0.20 U of EK per 10 �g of protein at
a protein concentration of 0.4 mg/ml at room temperature for 14 h. Cleavage was
�90% complete by SDS-PAGE analysis. The EK, tags, and remaining uncleaved
protein were removed by capture using EKapture agarose (Novagen) followed by
Ni-NTA agarose (in the presence of 10 mM imidazole), leaving purified stalk
protein in solution. Three residues (SPS) that are not part of the wild-type (wt)
HN sequence remain at the N terminus following rEK cleavage, and density for
these residues is visible in two of the four chains of the structure.

Crystallization. The cleaved and purified PIV5-HN stalk (residues 56 to 117)
was buffer exchanged into 10 mM Tris, pH 7.4, 50 mM NaCl and concentrated
to 10.2 mg/ml. Initial crystals were obtained with the Index crystallization screen
(Hampton), by the hanging drop vapor diffusion method, using the Mosquito
(TTP LabTech) at the High-Throughput Analysis Lab (Northwestern University,
Evanston, IL). After optimization, crystals were grown at room temperature by
the sitting drop vapor diffusion method over a reservoir solution containing 4.5%
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(vol/vol) Tascimate (pH 7.0), 0.09 M HEPES (pH 7.0), and 9% (wt/vol) poly-
ethylene glycol (PEG) MME 5000. Drops consisted of protein and precipitant at
a 2:1 ratio. The crystals were flash frozen in liquid nitrogen using 4% (vol/vol)
Tascimate (pH 7.0), 0.08 M HEPES (pH 7.0), 8% (wt/vol) PEG MME 5000, and
20% glycerol as the cryoprotectant solution.

Data collection, structure determination, and refinement. A native data set
was collected at the Life Sciences Collaborative Access Team (LS-CAT) beam
line at the Argonne National Laboratory Advanced Photon Source and pro-
cessed to 2.65 Å using HKL2000 (33). The 4HB domain of the NDV-HN
ectodomain structure (Protein Data Bank identification [PDB ID]: 3T1E) was
used as the search model in molecular replacement to determine initial phases in
the P3221 space group (51). A single copy of the 4HB was found in the asym-
metric unit, although it was initially fitted in an incorrect helical frame. The
PHENIX AutoBuild Wizard software successfully built a portion of the model in
the correct helical frame (46). Subsequent model building, structure refinement,
and validation were performed with Coot (14), PHENIX Refine (2), and Mol-
Probity (7), respectively. Use of TLS parameters (one chain per group), individ-
ual B-factors, and Ramachandran and rotamer restraints during late stages of
refinement helped to lower the Rfree values; however, the use of noncrystallo-
graphic symmetry restraints increased Rfree values. The data collection and final
refinement statistics are shown in Table 1.

Expression of HN and F glycoproteins in mammalian cells. PIV5-F and HN
proteins were expressed from the pCAGGS-F and pCAGGS-HN constructs in
Vero, BHK-21F, 293T, and HeLa-CD4-LTR-�Gal cells by transient transfection
using the Lipofectamine Plus transfection reagents (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Transfections were done in Optimem
medium, and the mixtures were incubated for 5 h at 37°C, following which
DMEM containing 2% FBS was added and the samples were incubated for an
additional 18 h at 37°C. In the mixed oligomer experiments, DNA amounts were
adjusted during transfection to result in different wt HN/mutant HN expression
ratios. The ratios of wt to mutant used in various experiments were 1:0, 3:1, 1:1,
1:3, and 0:1. The total HN DNA (wt and mutant) in each transfection was
always 1 �g.

Immunoprecipitation and SDS-PAGE. Transfected HeLa-CD4-LTR-�Gal
cells in 6-well dishes were starved in DMEM deficient in cysteine and methionine
for 30 min, followed by labeling with 50 to 75 �Ci 35S-label in the same medium
for 30 min. The cells were then incubated for 90 min with complete DMEM
containing 10% FBS. The cells were subsequently lysed in cold radioimmuno-
precipitation assay (RIPA) buffer (37) containing protease inhibitors, 50 mM
iodoacetamide, and 2 mM phenylmethylsulfonyl fluoride (PMSF). The lysate was

then clarified in a Beckman TLX Ultracentrifuge in a Beckman TLA 120.2 rotor
at 55,000 rpm for 10 min at 4°C. Clarified lysates were incubated with a suitable
antibody overnight at 4°C, following which protein A-Sepharose beads were
added and the samples were further incubated at 4°C for 30 min. Antibody-
antigen complexes were washed three times with RIPA buffer (37) containing 0.3
M NaCl, twice with RIPA buffer containing 0.15 M NaCl, and once with 50 mM
Tris-HCl, pH 7.4, 0.25 mM EDTA, and 0.15 M NaCl. The proteins were eluted
from the beads by boiling for 2 min in protein lysis buffer containing 15%
dithiothreitol and separated on a 10% acrylamide gel. Radioactivity was detected
using a Fuji FLA-5100 image reader with Multi Gauge v3.0 software (Fuji
Medical Systems, Stamford, CT).

Flow cytometry. To quantify cell surface expression of PIV5-HN and its mu-
tants, 293T cells were seeded onto BD PureCoat amine 6-well dishes (Becton
Dickinson, Franklin Lakes, NJ). The cells were transfected as described above
with plasmids encoding the wt HN or the HN mutant proteins. At 18 h post-
transfection, the monolayers were washed with phosphate-buffered saline (PBS)
containing 0.02% sodium azide to prevent internalization of HN. Nonspecific
antibody binding was blocked by incubating the monolayers in PBS containing
1% bovine serum albumin (BSA) and 0.02% sodium azide. Plates were then
moved to 4°C and incubated with a mixture of HN monoclonal antibodies
(HN-1b, HN-4b, and HN-5a) at a dilution of 1:200 each or with a 1:200 dilution
of an HN-specific polyclonal antibody (R471) in PBS containing 1% BSA. The
monolayers were washed extensively with PBS to remove unbound antibody and
incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG (1:200 dilution)
or fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:200
dilution) (Invitrogen, Carlsbad, CA). Cells were washed extensively again with
PBS and resuspended in PBS containing 0.5% formaldehyde. The mean fluo-
rescence intensity (MFI) of 10,000 cells was recorded for each sample using a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ).

Hemadsorption (HAd) assay. Monolayers of 293T cells were transfected with
pCAGGS-HN and HN mutants (1 �g plasmid each) as described above. Eigh-
teen hours posttransfection, the cells were washed gently with ice-cold PBS,
containing calcium and magnesium (PBS�). This was followed by incubation for
2 h with 1% chicken erythrocytes (RBCs) in PBS� at 4°C to allow receptor
binding but not fusion. Subsequently, the monolayers were washed well five times
with ice-cold PBS� to remove unbound RBCs. The remaining bound RBCs were
lysed in 0.5 ml ice-cold distilled water and rocked for 2 h at 4°C. The lysate was
spun down to remove debris, and the absorbance of the supernatant was read at
540 nm on a Beckman Coulter DU 730 Life Sciences UV/Vis spectrophotometer
(Beckman Coulter, Brea, CA).

NA activity assay. HeLa-CD4-LTR-�Gal cells were transfected with wt HN
and HN mutants (1 �g plasmid each) as described above using the Lipo-
fectamine Plus system (Invitrogen). Cells were detached from the plates using
500-�l/well 530 �M EDTA in PBS. The cells were then pelleted by centrifuga-
tion and resuspended in PBS�, following which they were pelleted for 5 min at
800 rpm at 4°C. The cell pellets were resuspended in 100 �l of 125 mM sodium
acetate buffer (pH 4.75) containing 6.25 mM CaCl2. Twenty-five microliters of 5
mM 4-methylumbelliferyl-N-acetyl-�-D-neuraminic acid (Sigma-Aldrich, St.
Louis, MO) was added as the neuraminidase substrate. The reaction was allowed
to proceed for 30 min at 37°C with occasional mixing. Seventy-five microliters of
20 mM sodium carbonate buffer (pH 10.4) was added to stop the reaction (9).
Cells were pelleted at 14,000 rpm, and 180 �l of the supernatant was transferred
to a 96-well plate. Fluorescence of the cleaved substrate was measured at exci-
tation and emission wavelengths of 356 and 450 nm, respectively, using a Spec-
tramax M5 plate reader (Molecular Devices, Sunnyvale, CA).

Syncytium formation. BHK-21F cells were transfected as described above
using 1 �g each of pCAGGS-F and pCAGGS-HN or the HN glycosylation
mutant plasmids. Eighteen hours posttransfection, the cells were washed with
PBS and 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 microscope (Diaphot;
Nikon, Melville, NY) connected to a digital camera (DCS 760; Kodak, Roches-
ter, NY). For analyzing fusion activity of the mixed oligomers, DNA ratios of wt
HN to mutant HN used in transfections were adjusted as described above and
syncytium formation was examined.

Luciferase reporter assay. To quantitate the fusion observed in the syncytium
assay, Vero cell monolayers were transfected with 1 �g each of the pCAGGS-F,
pCAGGS-HN, or HN stalk glycosylation mutants and pT7-luciferase, a plasmid
that expresses firefly luciferase under T7 polymerase control. BSR-T7/5 cells,
expressing T7 RNA polymerase, were overlaid on the Vero cell monolayer at
15 h following transfection and incubated further for 6 to 7 h at 37°C. Reporter
lysis buffer (2�; Promega) was used to lyse the cells. Subsequently, the cell
lysates were frozen at �80°C overnight to facilitate lysis and release of luciferase.

TABLE 1. Crystallographic data and refinement statistics: HN stalk

Parameter Valuea

Data collection
Source..........................................................................Advanced Photon Source
Wavelength (Å)..........................................................0.97959
Space group ................................................................P3221
Unit-cell parameters

a (Å) ........................................................................101.276
b (Å) ........................................................................101.276
c (Å) ........................................................................85.713
� (°)..........................................................................90
� (°)..........................................................................90
� (°)..........................................................................120

Resolution range (Å) ................................................29.236–2.651 (2.855–2.651)
Rmerge (%) ..................................................................5.7 (38.2)
I/	 (I)...........................................................................23.23 (5.2)
Completeness (%) .....................................................99.0 (100)
Redundancy ................................................................5.4 (5.6)

Refinement
Resolution (Å) ...........................................................29.24–2.65
No. of used reflections (work/free) .........................14,173/757
R factor/Rfree (%).......................................................20.04/23.71
No. of residues/atoms................................................199/1,477
Average B-factors (Å2) .............................................79.7
RMSDs in bond lengths (Å) ....................................0.008
RMSDs in bond angles (°)........................................1.116
Ramachandran plot statistics

Residues in preferred regions (%) ......................95.8
Residues in allowed regions (%) .........................4.2

a Data in parentheses indicate values for outer shell.
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On the following day, cell debris was pelleted from the samples by centrifugation
and 150 �l of the cleared lysates was then added to a 96-well dish along with 150
�l of the luciferase assay substrate (Promega). The luciferase activity in relative
light units (RLU) was then determined using a SpectraMax M5 plate reader
(Molecular Devices). For the luciferase assays examining mixed oligomer titra-
tions, DNA ratios of wt HN to mutant HN used in transfections were adjusted as
described above.

Sucrose density gradient centrifugation. HeLa-CD4-LTR-�Gal cells trans-
fected with pCAGGS-HN or HN mutants were labeled with 35S-label as de-
scribed above. Cells were lysed on ice with 750 �l of MNT buffer (20 mM
morpholinoethanesulfonic acid, 30 mM Tris, 100 mM NaCl; pH 5.0) containing
1% Triton X-100 and protease inhibitors. The lysates were clarified as described
above, and the supernatant was layered on a 7.5 to 22.5% (wt/vol) sucrose
gradient made in MNT buffer containing 0.1% Triton X-100. This gradient was
overlaid on a 60% sucrose cushion. The 12-ml gradients were created in 14- by
89-mm Beckman Ultraclear tubes (Beckman, Palo Alto, CA), and after overlay-
ing the cleared cell lysate, the gradients were centrifuged in an SW41 rotor at
37,000 rpm for 19 h at 20°C using an Optima L-80 XP Ultracentrifuge (Beckman
Coulter, Brea, CA). Twenty-four 0.5-ml fractions were collected for each sample
using an Auto Densi-Flow fraction collector (LabConco, Kansas City, MO).
RIPA buffer (2�) with protease inhibitors, iodoacetamide (mM), and PMSF was
added to alternate fractions, starting from the top. The proteins were immuno-
precipitated from these samples as described above using a mixture of HN
monoclonal antibodies and analyzed by SDS-PAGE using 10% acrylamide gels.
Imaging of the radioactive bands was done as described above.

Protein structure accession number. Regarding data deposition, the atomic
coordinates and structure factors have been deposited in the Protein Data Bank,
www.pdb.org (PDB ID code 3TSI).

RESULTS

Structure of the PIV5-HN stalk domain. The PIV5-HN stalk
protein was obtained by purification of a soluble stalk construct
(residues 56 to 117) expressed using Hi5 cells infected with a
recombinant baculovirus. The X-ray crystal structure (Fig. 1A)
was solved to 2.65 Å by molecular replacement with the re-
cently reported and closely related NDV-HN stalk structure
(51) in the P3221 space group (root mean square deviation
[RMSD] 
 1.119 over 394 amino acid chain backbone atoms).
Electron density was observable for residues 60 to 101 for a
single four-helix bundle located in the asymmetric unit (Fig.
1A and B). Though density was observed for residues 56 to 59
and 102 to 108 in at least one out of the four chains, these end
residues did not appear to form a distinct 4HB. However, the
presence of nonnative residues (enterokinase cleavage artifact)
and a significant crystal contact at the N terminus may have
disrupted the 4HB in that region. An example of the electron
density obtained is shown for a region of the 4HB (Fig. 1D). In
the region corresponding to the observed portion of the
NDV-HN stalk structure, the PIV5-HN stalk domain similarly
contains an 11-mer repeat in which the hydrophobic core res-
idues are located at the “a,” “d,” and “h” positions of the
repeating motif (Fig. 1A and B and 2B) (51). However, in the
PIV5-HN stalk crystal structure, we observe additional N-ter-
minal residues that form a heptad repeat, with core residues at
“a” and “d” positions between amino acid residues 58 and 79.

The 11-mer repeat in the upper part (N-terminal) of the
PIV5-HN stalk shifts to a heptad in the lower part (C-termi-
nal), with the apparent transition point occurring at residue 79,
which can be incorporated into both the heptad repeat and the
11-mer repeat as an “a” or “d” residue, respectively (Fig. 2B).
Interestingly, a strong superhelical twist is observable in the
region below residue 79, while there is no obvious supercoiling
in the region above this residue (Fig. 1A and C). Convention-
ally, a left-handed superhelical twist is expected in 4HBs with

heptad repeats because the number of residues per turn of
helix is greater than the hydrophobic periodicity (17). On the
other hand, natural (43) and designed (17, 42) 4HBs with
11-mer repeats have shown that the altered hydrophobic peri-
odicity can give rise to relatively straight segments or even a
slightly right-handed superhelix. The PIV5-HN stalk structure
is consistent with these previous studies, with the hydrophobic
periodicity determining the overall superhelical twist to the
4HB in these two distinct regions. Additional structural fea-
tures could also facilitate this superhelical transition at the
“S79 junction.” First, a helix-disrupting proline (P84) is accom-
modated in the “i” position of the turn of helix immediately
above S79 (Fig. 1C). Second, as a polar residue in the hydro-
phobic core (“d” position), Ser 79 itself could contribute to the
observed shift in superhelical twist (Fig. 1C).

Creation of N-glycosylation site mutants. To probe the
structure of the stalk domain in the multifunctional PIV5-HN
protein, a set of point mutants was created, introducing sites

FIG. 1. Structure of PIV5-HN stalk domain. (A) Crystal structure
of the parainfluenza virus 5 HN stalk domain. Residues in “a,” “d,”
and “h” positions of the hydrophobic core of the 4-helix bundle (yel-
low) are numbered. (B) Top view of the PIV5-HN stalk domain show-
ing the side chain packing of “a,” “d,” and “h” residues (yellow).
(C) Portion of the PIV5-HN stalk structure showing a distortion of the
helix near serine 79 following which the 4HB shows a slight superhe-
lical twist. The proline at position 84 is also highlighted. (D) Repre-
sentative electron density (2Fo-Fc map) showing the 4HB structure of
the PIV5-HN stalk.
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for N-glycosylations along the length of the stalk on both the
outside and inside of the 4HB (Fig. 3). We changed only a
single residue in each mutant to create the N-glycosylation
motif Asn-X-Ser/Thr-X (X is any amino acid except for pro-
line) to minimize altering the wt HN sequence (Fig. 3C). How-
ever, this restraint reduced our choices of residues available for
mutagenesis. Mutants were named according to the residue
that was N-glycosylated. The large and bulky N-glycosyl car-
bohydrate moiety is ideally suited to cause steric hindrance of
potential F-HN interactions or of oligomerization of HN. N-
glycosylations of N60, N66, N67, N77, and N102 mutants are
predicted to be on the outside of a 4HB and carbohydrate
chains on N58 and N68 mutants are predicted to be partially or
completely in the inner hydrophobic core of the 4HB. Carbo-
hydrate chains on N90 and N91 mutants appear to be neither
pointing directly into the core nor completely solvent exposed
(Fig. 3B).

N-glycosylation and surface expression of HN stalk mu-
tants. The synthesis of the N-glycosylation mutants was mon-
itored in HeLa-CD4-LTR-�Gal cells (Fig. 4A). 35S-radiola-
beled proteins were immunoprecipitated from transfected cell
lysates and analyzed by SDS-PAGE. All the mutant proteins
were expressed, but there was variability in the expression level
among the mutants. The decrease in the electrophoretic mo-
bility of the HN mutants compared to the wt protein indicates
that the mutant HN proteins are glycosylated. Mutants N90,
N91, and N102 showed a slightly smaller shift in mobility than
did the other HN mutants, suggesting that their carbohydrate

FIG. 2. Comparison of PIV5-HN and NDV-HN stalk structures.
(A) PIV5-HN stalk 4HB in comparison with NDV-HN stalk 4HB.
Structural alignment with backbone atoms of PIV5-HN and NDV-HN
stalk crystal structures shows a root mean square deviation (RMSD)
value of 1.119 over 394 atoms. (B) Sequence alignment showing heptad
repeat of the PIV5-HN and NDV-HN stalks with the “a” and “d”
positions (red) followed by the 11-mer repeat with the “a,” “d,” and
“h” positions (black). Residue 79 is an “a/d” residue. The hydrophobic
residues in the heptad repeat are highlighted in olive while those in the
11-mer repeat region are highlighted in yellow. FIG. 3. Design of mutants. (A) Schematic diagram of the PIV5 HN

protein and the position of sites introduced for N-linked glycosylation
(arrowheads) along the stalk region. CT, cytoplasmic tail, TM, trans-
membrane domain. (B) Positions of C� atom of each residue on the
PIV5-HN stalk structure that has an additional glycosylation added
through mutagenesis (red). The mutants are named according to the
residue that harbors the extra carbohydrate moiety. (C) Point muta-
tions introduced in the HN stalk to create the N-linked glycosylation
motif Asp-X-Ser/Thr-X, where X is any residue but proline. The point
mutations are indicated in bold within the motif.
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chains may be processed differently. Glycosylation of the HN
mutants was further confirmed by analyzing mutant HN pro-
teins that had been metabolically labeled in the presence of the
N-linked glycosylation inhibitor tunicamycin. The shift in pro-
tein mobility seen in Fig. 4A was not observed (data not
shown).

All the mutant HN proteins exhibited robust cell surface
expression levels ranging between 80 and 150% of wt HN
protein when measured by flow cytometry (Fig. 4B), indicating
that extra glycosylation on HN was not deleterious for cell
surface expression. HN mutant N58 showed significantly ele-
vated cell surface levels compared to wt HN, but it is not
known whether this increased surface expression is due to
increased surface transport or decreased internalization of
HN. The difference in the amount of HN observed in a pulse-

label experiment and the amount of HN that accumulates at
the cell surface, as measured by flow cytometry, can be ex-
plained by the different ways in which the experiments were
done.

Receptor binding ability of the HN mutants. A hemadsorp-
tion assay was performed to determine if N-linked carbohy-
drate chains in the stalk mutants affect receptor binding prop-
erties of HN. 293T cells transfected with wt HN or mutant HNs
were incubated with chicken erythrocytes at 4°C, 18 h post-
transfection. Nonspecifically bound RBCs were washed off,
remaining bound RBCs were lysed, and released hemoglobin
was measured at 540 nm. The mutants N90, N91, and N102
located near the top of the stalk had a reduced receptor bind-
ing activity (Fig. 5A). However, when the percent values of
hemadsorption were normalized with that for surface expres-
sion, none of the mutants were significantly deficient in recep-
tor binding.

N-linked carbohydrate chains near the top of the stalk affect
neuraminidase activity of HN. The neuraminidase activities of
the N-linked glycosylation stalk mutants were tested using an
assay involving cleavage of the neuraminidase substrate MU-
NANA into a fluorogenic product. The NA activities of the
mutants were determined as a percentage of wt and normal-
ized to surface expression levels of the mutants (Fig. 5B).
Interestingly, whereas the mutants near the lower and middle
parts of the stalk had wt levels of NA activity, the mutants
near the top part of the stalk, N77, N90, and especially N91
and N102, were reduced to 45 to 65% of wt neuraminidase
activity, despite being relatively unaffected in receptor bind-
ing (Fig. 5A).

HN stalk carbohydrate chains block fusion promotion. To
investigate the ability of HN stalk glycosylation mutants to
promote fusion when coexpressed with F protein, the HN
mutants were cotransfected with F into Vero cells. Fusion was
quantified using a luciferase reporter assay and compared to
fusion mediated by wt HN (Fig. 5C). None of the N-glyco-
sylation mutants promoted fusion at any detectable level, ex-
cept mutant N102, which is located near the top of the stalk.
The inability of the mutants to promote fusion was also re-
flected in their failure to form syncytia in BHK-21F cells be-
yond that of the F-only-transfected control, which shows low
levels of fusion (Fig. 5D).

Oligomerization of the HN glycosylation mutants. Purified
PIV5-HN ectodomain (residues 37 to 565) elutes from a gel
filtration column as a tetramer, whereas the purified HN glob-
ular head elutes as a monomer (52). A disulfide bond at C111
in the stalk causes the molecule to form a covalently linked
dimer (31). The HN tetramer consists of a dimer of disulfide-
linked dimers, and tetramerization is stabilized by the stalk
domain (52).

To test if the HN N-glycosylation mutants affect oligomer-
ization, six representative mutants were chosen for analysis.
N58 is a hydrophobic residue in the N-terminal region of the
stalk (Fig. 3B). N67 is located in the polar half of a strongly
amphipathic region of the stalk helices, about midway along
the length of the stalk. N66 and N68 are also located in this
middle region; however, the point mutation to generate the
Asp-X-Thr/Ser-X motif is located at residue 68 for both mu-
tants (Fig. 3C). N90 and N91 are in the upper portion of the

FIG. 4. Expression of HN N-glycosylation mutants. (A) Immuno-
precipitation of wt HN or N-glycosylation mutants expressed in HeLa-
CD4-LTR-�Gal cells. The cells were labeled with Tran35S-label for 30
min and then incubated in medium (chased) for 90 min. Cells were
then lysed in immunoprecipitation buffer, and proteins were immuno-
precipitated using a mixture of HN monoclonal antibodies. Polypep-
tides were analyzed by SDS-PAGE. Numbers at left are molecular
masses in kilodaltons. (B) Detection of proteins at the cell surface of
293T cells transfected with wt HN or HN N-glycosylation mutants
using flow cytometry. Surface proteins were detected using a mixture
of HN monoclonal antibodies or anti-HN polyclonal antibody R471.
The mean fluorescence intensity (MFI) is shown as a percentage of wt
protein levels. Results are from four independent experiments.
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stalk with their side chains near the hydrophobic-polar bound-
ary of the helix (Fig. 3B).

To examine their oligomeric form, wt HN and the HN mu-
tants were subjected to sucrose density gradient ultracentrifu-
gation (31, 32). The sedimentation pattern of HN was com-
pared to the well-characterized pattern of soluble influenza
virus neuraminidase monomers, dimers, and tetramers (36).
The bulk of wt HN sedimented in fractions 15 and 17 repre-
sents the sedimentation of the tetramer (Fig. 6A). Some wt
monomeric HN was observed in fractions 7 and 9, and this is
possibly due to protein overexpression in transfected cells, as it
is not observed in PIV5-infected cells (32). Mutant N58 sedi-
mented as a monomer (fractions 7 to 9) and dimer (fractions
11 to 13), and only a small amount of HN N58 mutant sedi-
mented in the dimer-of-dimer fractions 15 to 17 (Fig. 6B).
Mutants N66, N67, N90, and N91 (Fig. 6C, D, and F and data
not shown) showed a sedimentation profile very similar to that
of wt HN, indicating that these mutants do not disrupt the
tetrameric integrity of the molecule by introducing large N-
glycosylation carbohydrate moieties in the stalk. However, the
N68 mutant protein (Fig. 6E) sedimented as both a dimer and
a tetramer, indicating that either a significant fraction of the
tetrameric protein fails to form a tetramer or the tetramer is
destabilized and converts to covalently linked dimers in this
mutant. Slight differences in the sedimentation of the HN
tetramer were observed, and these could be due to altered
sedimentation because of the addition of the carbohydrate
chains. However, we believe that the differences can be attrib-
uted to technical aspects of gradient fractionation.

Mixed oligomers of wt HN and mutant HN behave differ-
ently depending on mutation position in the stalk. Mutants
N90, N91, and N102, which are in the upper part of the stalk,
had lowered neuraminidase activity compared to mutants N58,
N60, N66, N67, and N68, which map to the lower part of the
HN stalk (Fig. 5B). Although all the other mutants were
blocked in fusion, N102 did not have a fusion block. Thus,
fusion properties of the HN stalk mutants were examined
further in mixed oligomer experiments to investigate if the
mutants had a dominant negative fusion phenotype. Different
ratios of wt and mutant DNA were mixed together and trans-
fected into BHK-21 cells together with wt F. For these exper-
iments, wt/mutant ratios of 3:1, 1:1, 1:3, and 0:1 were used. At

FIG. 5. Functional analyses of the HN N-glycosylation mutants.
(A) Receptor binding activity of the HN N-glycosylation mutants. HN
wt or N-glycosylation mutants were transfected into 293T cells, and
hemadsorption was measured by determining the amount of chicken
red blood cell binding. Cells were washed in PBS and then lysed in
H2O. The hemoglobin absorbance at 540 nm was expressed as a per-
centage of wt protein hemadsorption. The receptor binding level was
also normalized to the surface expression level (numbers beneath

histogram bars). Abs, absorption wavelength; S.E., surface expression.
Results are from four independent experiments. (B) Neuraminidase
(NA) activities of wt and mutant HN proteins were determined in
transfected HeLa-CD4-LTR-�Gal cells. NA activity of these proteins
was calculated from the readout of cleaved MU-NANA fluorogenic
product at an emission wavelength of 450 nm. This was expressed as a
percentage of wt HN NA activity. Neuraminidase activity, normalized
to surface expression level, is also shown as numbers beneath histo-
gram bars. Em, emission wavelength. (C) Luciferase reporter assay of
cell-cell fusion. Vero cells transfected with F, HN, and luciferase under
the control of a T7 promoter were overlaid with BSR-T7 cells 15 h
posttransfection. After 7 h, the cells were lysed and the extent of
cell-cell fusion was obtained as relative luciferase units (RLUs). Fusion
activity of the mutants was expressed as a percentage of wt HN fusion.
Luc, pT7 luciferase transfected alone. (D) Representative micrographs
of syncytia, showing cell-cell fusion in BHK-21 cells transfected with F
and wt HN or HN N-glycosylation mutants at 18 h posttransfection.
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18 h posttransfection, syncytia were photographed. As shown
in Fig. 7A, the lower mutants showed medium levels of fusion
activity at transfection ratios of 3:1 wt to mutant (Fig. 7A, top
row). However, at a 1:1 ratio, fusion activation was severely
affected for these mutants (Fig. 7A, second row). In contrast,
mutants N90 and N91, especially the latter, showed levels of
fusion close to wt at a 1:1 mix, and N102 has wt fusion activity.
The quantitative luciferase assay for fusion mirrored syncytium
formation (Fig. 7B). Note that N90 and N91 showed activity
very different from that of the HN mutants located lower in the
stalk. To verify that the proteins that were expressed in cells in
the mixed oligomer experiments reflected the ratios of trans-
fected DNA, the differential migration properties of wt and

N-glycosylated mutant N91 were examined. As shown in Fig. 8
in the lane containing 0.75 �g wt plus 0.25 �g N91 (lane 2), the
majority of the protein was wt, as opposed to the reverse ratio
in lane 4, where N91 predominated. In lane 3, where there was
an equal proportion of wt and mutant transfected, the broad
HN band reflected this ratio. Thus, HN that was synthesized
emulated the input transfected DNA ratio even though the
exact composition of oligomers could not be determined from
these data.

DISCUSSION

Paramyxovirus glycoproteins coordinate their functions to
initiate the fusion process. Receptor binding presumably
causes a conformational change in the attachment protein
transmitting a signal to the fusion protein, allowing its refold-
ing and resulting in membrane fusion. Though direct interac-
tion between the fusion protein and attachment protein has
been characterized through coimmunoprecipitation for some
paramyxoviruses (4, 12, 26, 27, 28, 44), results for PIV5 have
been variable, suggesting a comparatively weaker or more tran-
sient interaction. Based on these and other studies, the stalk
domain of the receptor binding proteins is believed to be
critical for F interaction and F activation. Recently, the atomic
structure of the NDV-HN ectodomain, including a portion of
the stalk domain, was determined (51). Here we report the
crystal structure of the parainfluenza virus 5 HN stalk domain
at a resolution of 2.65 Å and show that, like NDV, the stalk
forms a 4HB and that this structure is maintained even in the
absence of residues 1 to 55 and the globular head. Addition-
ally, to correlate the function of the stalk domain with its
crystal structure, we designed a set of mutants that introduce
N-glycosylations along the PIV5-HN stalk (Fig. 3B). Large
oligosaccharides like N-glycans have been used previously in
studies that require shielding or steric disruption of interac-
tions among proteins or their domains (1, 3, 16, 27). We de-
signed these mutants in the stalk in order to disrupt putative
interactions between F and HN, thus preventing HN from
triggering F. Among the residues chosen for N-glycosylation,
60, 66, 67, 77, and 102 have side chains that are normally
surface exposed in the wild-type protein (Fig. 3B and 9),
whereas side chains of 58, 68, 90, and 91 partially or wholly
extend into the hydrophobic core of the 4HB (Fig. 3B).

The crystal structure of the PIV5-HN stalk reveals a 4HB
with an 11-mer hydrophobic repeat in a relatively straight
region (residues 80 to 101) that is structurally very similar to
the observed portion of the NDV-HN stalk (51) (Fig. 2A). The
rest of the stalk below residue Ser79 maintained the 4HB but
was found to possess a heptad repeat within a left-handed
supercoiled region. In the PIV5-HN stalk, 4HB packing of
hydrophobic side chains in the core may provide the thermo-
stability of this helical domain (41, 50) and induce tetramer-
ization of the molecule. This notion is supported by the obser-
vation that engineered disulfide bonds in the NDV stalk
enhance stability (51) and by the mutation data presented here
demonstrating that the mutations N58 and N68 in the hydro-
phobic core disrupt the HN tetramer and F activation (Fig. 6).
Additionally, we reported that NDV-HN forms a weaker
tetramer than does PIV5-HN (50, 51, 52). A possible explana-
tion for this relative instability is that NDV-HN has three polar

FIG. 6. Oligomeric form of wt HN and HN N-glycosylation mu-
tants. Sucrose density gradient ultracentrifugation was used to analyze
oligomerization patterns of wt HN and the mutants N58, N66, N67,
N68, and N90 expressed in transfected HeLa-CD4-LTR-�Gal cells.
Eighteen hours posttransfection, Tran35S-labeled proteins were ex-
tracted using Triton X-100 and the lysates were subjected to ultracen-
trifugation on a 7.5% to 22.5% (wt/vol) sucrose density gradient in a
SW41 rotor at 37,000 rpm for 19 h. Fractions were collected from the
top of the gradient, alternate fractions were immunoprecipitated using
an HN monoclonal antibody mixture, and polypeptides were analyzed
by SDS-PAGE under nonreducing conditions. Fractions are labeled
numerically from top to bottom of the gradient. M, monomer; D,
dimer; T, tetramer. HN-S-S-HN, disulfide-linked HN dimer. The fig-
ure shows representative gel images of wt-HN (A), HN-N58 (B),
HN-N66 (C), HN-N67 (D), HN-N68 (E), and HN-N90 (F).
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residues (Tyr85, Ser92, and Thr99) and potentially a fourth
(Asn77) in the hydrophobic core of the region of the 4HB
observed here for PIV5-HN, whereas PIV5-HN has only one
such residue (Ser79). Notably, one of the engineered disulfide
bonds at Ser92 of NDV-HN stabilizes the dimer and forms a
possible tetramer, indicated by a leading edge shoulder peak
on gel filtration chromatography (51).

Our mutagenesis data reveal that N-glycosylation mutants
N60, N66, and N67 do not affect biochemical functions asso-
ciated with the globular head and yet are unable to promote
fusion (Fig. 5A to D). In this regard, these mutants are similar
to a subset of mutants in the HN protein of NDV (27, 28, 44)
that have been classified as category I mutants (51). We
aligned the PIV5-HN and NDV-HN protein sequences and
mapped NDV category I mutants (including 3 mutants for
which no density was observed in the NDV-HN ectodomain
structure) onto corresponding PIV5 residues in the PIV5-HN
stalk structure along with our PIV5 stalk mutants (Fig. 9).
PIV5 stalk mutations N60, N66, and N67 are present on the
surface in an overlapping region that possibly extends the pu-

tative F-activation region seen in the NDV-HN stalk (Fig. 9).
Notably, this subset of mutants in PIV5-HN is present in a
region below residue Ser79, which is the heptad repeat con-
taining the left-handed supercoiled part of the stalk (Fig. 1A).
In another set of NDV-HN mutants (category II) (51), char-
acterized by Melanson and Iorio (27, 28) and Stone-
Hulslander and Morrison (44), both F-activation and NA ac-
tivity were decreased. Our N77, N90, and N91 mutants are
similar to these category II mutants. Interestingly, there is also
overlap between PIV5-HN and NDV-HN regions harboring
category II mutants that also affect NA activity of the globular
head (Fig. 9). The crystal structure of the NDV-HN ectodo-
main shows a contact between the NA head domain and this
region of the stalk, suggesting a functional interface between
the head and the upper stalk, possibly important for both NA
activity and F activation upon receptor binding (51).

Previously, NA activity was found to have a correlation with
an altered sucrose density gradient sedimentation profile (27).
We did not observe the same correlation for our PIV5-HN
mutants, as mutants N90 (Fig. 6F) and N91 (data not shown)

FIG. 7. Fusion activity of HN N-glycosylation mutants in mixed oligomers. (A) Representative micrographs of syncytia, demonstrating cell-cell
fusion in BHK-21 cells transfected with F and titrated mixtures of wt HN and mutant HN constructs. One microgram of F DNA was cotransfected
with a 1-�g mixture of wt and mutant HN DNAs at different ratios. Mutants are arranged from left to right according to their position in the
PIV5-HN stalk, with the mutant toward the bottom of the stalk on the left and the mutant toward the top of the stalk on the right. (B) Quantitative
luciferase reporter assay of cell-cell fusion. Fusion activity of HN N-glycosylation mutants was characterized by forming different combinations of
tetramers, which would include wt and mutant monomers in various ratios. These different DNA wt/mutant HN ratios, F, and luciferase under the
control of the T7 promoter were expressed in Vero cells, which were overlaid with BSR-T7 cells 15 h posttransfection. Seven hours postoverlay,
the cells were lysed and luciferase activity (expressed in RLU) was determined. Fusion-inducing capabilities of the HN mutants in mixed oligomers
are shown, with wt fusion considered 100%.
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sedimented primarily as a dimer-of-dimers but had NA activity
at 50% of wt (Fig. 5B). A possible explanation for this pattern
is that the carbohydrate chains on N90 and N91 could poten-
tially be surface exposed since the alpha carbon of each residue
lies at the hydrophobic/polar boundary of the 4HB, which may
allow their side chains to point either toward the hydrophobic
core or toward the solvent (Fig. 3B).

All the mutants made for this study except N102 blocked
fusion. N102, which is located closest to the globular head,
showed close to wt levels of fusion despite having NA activity
at 50% of wt (Fig. 5B to D). To examine more closely how
carbohydrate shielding disrupts function in the tetrameric HN
stalk, we expressed mixed oligomers of wt and mutant HN in
different ratios in cells. The differential migration properties of
wt and mutant proteins on an SDS-PAGE gel showed that
variable ratios of transfected DNA corresponded to the ratios
of synthesized polypeptides (Fig. 8). With the knowledge that
the amount of HN expressed is correlated to the amount of
observed fusion (9), we conducted fusion assays with these
mixed oligomer transfections. Both BHK cell fusion (Fig. 7A)
and luciferase reporter syncytium assays (Fig. 7B) clearly
showed that the mutants lower down the stalk acted in a
dominant negative manner in disrupting fusion in comparison
to mutants N90, N91, and N102 near the top of the stalk, which
had the characteristics of a recessive mutation. N91 required at

least 75% of the mutant monomer in the population to disrupt
fusion effectively, while a 100% N102 mutant protein popula-
tion did not disrupt fusion at all. N90 showed a fusion pheno-
type intermediate between that of the lower mutants and that
of N91. In contrast, the lower mutants reduced fusion signifi-
cantly even when only 25% of the mutant was present in the
mixture. These results and the fact that mutant N90 did not
disrupt oligomerization while N68 did make the tetramer fall
apart, despite their both being core residues, may suggest a
degree of flexibility near the top of the stalk. Additionally,
D105, near the top of the stalk, is in a core position (“h”);
however, the lack of density in this region for three of the four
chains may suggest that while these residues can adopt a heli-
cal configuration, the 4HB is disrupted by D105 and may not
propagate beyond L101 (Fig. 1A). These results suggest flexi-
bility in the region beyond residue L101, providing support for
the hypothesis that the receptor binding protein heads may
translocate upon receptor binding and/or fusion activation
(30, 52).

Overall, our studies of the PIV5-HN stalk show that residues
60 to 101 form a 4HB based with a relatively nonsupercoiled

FIG. 8. Expression of proteins in mixed oligomer experiments. Im-
munoprecipitations of mixed oligomer proteins of HN wt and the N91
mutant were carried out from transfected HeLa cell lysates. Trans-
fected cells were pulsed with Tran35S-label for 30 min and then chased
with complete medium for 90 min. The cells were lysed, and immune
complexes were detected using an HN-specific monoclonal antibody
mix. The proteins were resolved on an 8% SDS-PAGE gel. The ar-
rowheads indicate the shift in size between the wt and the N91 mutant,
the latter carrying an N-glycosyl carbohydrate chain. Numbers above
the gel indicate the �g of DNA of wt and N91 transfected. Numbers at
left indicate molecular masses in kilodaltons.

FIG. 9. Mapping of mutants implicated in F interaction and affect-
ing NA activity. (Left) PIV5-HN mutations (pink) and corresponding
residues of NDV-HN mutations (lilac) believed to block F interaction
(category I mutants) are mapped onto the PIV5-HN stalk structure.
Residues that affect only fusion in PIV5-HN and NDV-HN are shown
in red. (Right) Mutations in PIV5-HN (olive) and residues corre-
sponding to NDV-HN mutations (orange) implicated in influencing
functions of the head in addition to fusion (category II mutants) are
mapped on the PIV5-HN stalk structure. Residues that affect fusion
and NA activity in both PIV5-HN and NDV-HN are shown in yellow.
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upper region and a heptad repeat with a left-handed supercoil
in its lower part. Addition of glycosylation sites on the surface
of the 4HB between residues 60 and 77 has little effect on
receptor binding or neuraminidase activity but completely
blocks fusion activity, data which are consistent with blocking
of the putative direct interaction between F and the HN stalk
and expand our view of the F-HN interaction site. We show by
sequence and structure comparison analysis between
NDV-HN and PIV5-HN that mutants that affect NA activity in
addition to fusion map to very similar regions on the HN stalk
for the two viruses—a region that interacts with the NA do-
main in the NDV-HN ectodomain crystal structure. Addition-
ally, we show evidence for a degree of flexibility at the top of
the stalk, supporting the idea that receptor binding protein
heads move during fusion activation.
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