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ABSTRACT

Virus-specific interaction between the attachment protein (HN) and the fusion protein (F) is prerequisite for the induction of
membrane fusion by parainfluenza viruses. This HN-F interaction presumably is mediated by particular amino acids in the HN
stalk domain and those in the F head domain. We found in the present study, however, that a simian virus 41 (SV41) F-specific
chimeric HPIV2 HN protein, SCA, whose cytoplasmic, transmembrane, and stalk domains were derived from the SV41 HN pro-
tein, could not induce cell-cell fusion of BHK-21 cells when coexpressed with an SV41 HN-specific chimeric PIV5 F protein, no.
36. Similarly, a headless form of the SV41 HN protein failed to induce fusion with chimera no. 36, whereas it was able to induce
fusion with the SV41 F protein. Interestingly, replacement of 13 amino acids of the SCA head domain, which are located at or
around the dimer interface of the head domain, with SV41 HN counterparts resulted in a chimeric HN protein, SCA-RII, which
induced fusion with chimera no. 36 but not with the SV41 F protein. More interestingly, retroreplacement of 11 out of the 13
amino acids of SCA-RII with the SCA counterparts resulted in another chimeric HN protein, IM18, which induced fusion either
with chimera no. 36 or with the SV41 F protein, similar to the SV41 HN protein. Thus, we conclude that the F protein specificity
of the HN protein that is observed in the fusion event is not solely defined by the primary structure of the HN stalk domain.

IMPORTANCE

It is appreciated that the HN head domain initially conceals the HN stalk domain but exposes it after the head domain has bound
to the receptors, which allows particular amino acids in the stalk domain to interact with the F protein and trigger it to induce
fusion. However, other regulatory roles of the HN head domain in the fusion event have been ill defined. We have shown in the
current study that removal of the head domain or amino acid substitutions in a particular region of the head domain drastically
change the F protein specificity of the HN protein, suggesting that the ability of a given HN protein to interact with an F protein
is defined not only by the primary structure of the HN stalk domain but also by its conformation. This notion seems to account
for the unidirectional substitutability among rubulavirus HN proteins in triggering noncognate F proteins.

The parainfluenza viruses are classified into the genera Rubula-
virus, Avulavirus, and Respirovirus in the family Paramyxoviri-

dae (1, 2). Human parainfluenza virus 1 (HPIV1) and HPIV3 are
members of the genus Respirovirus, while HPIV2, HPIV4A,
HPIV4B, Simian virus 41 (SV41), and Parainfluenza virus 5 (PIV5)
belong to the genus Rubulavirus; Mumps virus (MuV) is not a
parainfluenza virus but is a member of the latter genus (1). New-
castle disease virus (NDV) is one of the 10 avian paramyxoviruses
of the genus Avulavirus (1). These viruses have two kinds of gly-
coprotein spikes on the envelope: hemagglutinin-neuraminidase
(HN) protein tetramers and fusion (F) protein trimers (2). The F
protein mediates membrane fusion, such as cell-cell fusion or vi-
rus-cell fusion; cleavage of the F precursor (F0) by cellular pro-
teases into F1 and F2 subunits is a prerequisite for its fusion activity
(1, 2). The HN protein is responsible for binding to the sialocon-
jugate receptors on the cell surface and for enzymatic destruction
of the receptors (1). In addition, the HN protein is required for the
F protein to mediate membrane fusion (3, 4), although it is not
precisely known how the HN protein promotes the F protein-
mediated membrane fusion. It is appreciated, at least, that fusion
is induced through a series of conformational changes of the F
protein that has been triggered by specific interaction with the
homologous HN protein (5–7).

The stalk domain of the HN protein contains the site that de-
termines F protein specificity in promoting cell-cell fusion; thus, it
would be involved in the functional interaction with the F protein
(8–10); in the case of the PIV5 HN protein, the putative F-activat-
ing region (FAR) has been identified in the stalk domain (11).
Indeed, it has been demonstrated by coimmunoprecipitation that
the NDV HN stalk domain is responsible for the physical interac-
tion with the cognate F protein (12). On the other hand, the HN
head region carries both the receptor-binding and -destroying
activities (13, 14). Importantly, the headless HN proteins of PIV5,
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NDV, and MuV have been found to efficiently trigger their cog-
nate F proteins and induce extensive cell-cell fusion (11, 15), in-
dicating that the HN stalk domain harbors sufficient elements for
interacting with and triggering the F protein. It should be noted in
this context, however, that both the head and stalk domains are
required for the HPIV2 HN protein to exhibit its triggering activ-
ity toward noncognate HPIV4A F protein (10).

According to the model based on the structural studies on
PIV5 and NDV HN proteins (16), the HN protein tetramer con-
verts from the “4-heads-down conformation” to the “4-heads-up
conformation” after interacting with the receptors, by which an
otherwise hidden FAR in the stalk domain is exposed and becomes
accessible to the F protein. Attempts to detect the physical HN-F
interaction by coimmunoprecipitation so far have been unsuc-
cessful for most of the parainfluenza viruses, presumably due to
the nature of the interaction that may take place transiently and/or
with very low avidity. As a substitute for coimmunoprecipitation,
bimolecular fluorescence complementation has been successfully
employed for detecting the HN-F interaction of HPIV3 (17),
whereas it was not available for PIV5 (18), preventing the molec-
ular mechanism of physical HN-F interaction from reaching a
consensus (16, 19).

Recently, we and Bose et al. have independently identified two
separate regions of the PIV5 F head domain that would be in-
volved in the interaction with the HN stalk domain (20, 21). Dur-
ing this process, we created a chimeric PIV5 F protein by replacing
21 amino acids of the head domain with the SV41 F counterparts.
This chimeric PIV5 F protein, designated no. 36, was efficiently
triggered by the SV41 HN protein and induced extensive cell-cell
fusion, but not by the PIV5 HN protein. On the other hand, we
previously obtained a chimeric HPIV2 HN protein, CH95-571, by
replacing the cytoplasmic/transmembrane domains and the stalk
domain with those of the SV41 HN protein; CH95-571 triggered
the SV41 F protein nearly 10 times as efficiently as it triggered the
HPIV2 F protein (10). Therefore, we anticipated that the SV41
F-specific chimera CH95-571 would efficiently trigger the SV41
HN-specific chimera no. 36 and induce fusion. Surprisingly, we
have found in the current study that CH95-571 is unable to trigger
chimera no. 36, suggesting that the SV41 HN-derived stalk do-
main of CH95-571 does not have enough elements to mediate
functional HN-F interaction between these SV41-like chimeric
proteins. We have investigated this issue and eventually revealed
that some factor, as well as the primary structure, is critical for the
HN stalk domain to functionally interact with the F protein.

MATERIALS AND METHODS
Cells and antibodies. BHK-21 (BHK) cells were maintained in Eagle’s
minimum essential medium supplemented with 5% fetal calf serum. The
monoclonal antibodies (MAb) 173-1A and M1-1A, specific for the HPIV2
HN protein, were reported previously (22). MAb 127A-1, specific for the
SV41 HN protein, was reported elsewhere (23). MAb M1-1A recognizes at
least two residues, N83 and K91, of the HPIV2 HN stalk region (10, 24),
while the epitope for MAb 127A-1 resides between residues 291 and 443 of
the SV41 HN head domain (10). The epitope for MAb 173-1A has been
identified in this study to reside between residues 295 and 447 of the
HPIV2 HN head domain, as analyzed by indirect immunofluorescence
assay using the previously reported chimeric HN proteins of HPIV2 and
SV41 (10). The culture supernatant of the hybridoma cells secreting either
of these antibodies was used without dilution. Monoclonal anti-FLAG M2
(clone M2; Sigma-Aldrich) was used at a concentration of 5 ng/ml. Bio-

tinylated horse immunoglobulin specific for mouse IgG was purchased
from Vector Laboratories.

Plasmid vectors. The pcDL-SR� expression vectors encoding the HN
and F proteins of HPIV2, SV41, and PIV5 were described previously (10,
25). The expression vectors encoding the chimeric HN proteins CH1-94
and CH95-571 were also reported previously (10). The expression vectors
encoding the HN and F proteins of MuV strain Enders were prepared in
the present study by the method described for those of MuV strain Miya-
hara (25). The expression vector, p3XFLAG-myc-CMV-26, was bought
from Sigma-Aldrich and used as the template for preparing cDNA for the
FLAG epitope tag. The cDNA for the modified terminal tetramerization
module, which was based on a derivative of yeast GCN4 (26), was synthe-
sized and cloned in the pMD20T plasmid by TaKaRa Custom Services
(TaKaRa Bio, Shiga, Japan).

Quantification of cell-cell fusion. Subconfluent BHK cell monolayers
in six-well culture plates were cotransfected with 0.2 �g/well of HN-en-
coding expression vector and 2 �g/well of F-encoding expression vector
by using an X-tremeGENE 9 DNA transfection kit (Roche Diagnostics).
After 24 h of incubation at 37°C, the cells were fixed with 4% paraformal-
dehyde in phosphate-buffered saline (PBS), washed three times with PBS,
and stained with Giemsa’s solution. A photomicrograph which involved
approximately 2.5 � 104 cells was taken, and the areas (number of pixels)
occupied by fused cells (syncytia) were measured with the aid of a graphics
software, NIH ImageJ ver.1.45s. The extent of cell fusion then was esti-
mated as a percentage of the syncytial areas out of the total area of the
photograph. Ten randomly taken photographs were measured for each
sample, and the average fusion index (in percent) and standard deviations
were determined. Our preliminary experiment indicated that the trans-
fection of more than 0.2 �g/well of HN-encoding expression vector usu-
ally resulted in the reduction of the fusion index.

Western blotting. In order to detect truncated and headless HN pro-
teins by Western blotting, FLAG epitope tags were attached to their cyto-
plasmic tails. Subconfluent BHK cell monolayers were transfected with 2
�g/well of HN-encoding expression vector as described above. After 24 h
of incubation at 37°C, the cells were lysed on ice for 30 min with 400
�l/well of lysis buffer (50 mM HEPES [pH 7.3], 10 mM lauryl maltoside,
1 mM phenylmethylsulfonyl fluoride, 100 mM NaCl). Aliquots (15 �l) of
each cell lysate were subjected to SDS-PAGE under reducing conditions,
and the separated proteins were electroblotted to a Protran BA 85 nitro-
cellulose membrane (GE Healthcare Life Sciences). The membrane then
was successively treated with anti-FLAG M2 monoclonal antibody, bio-
tinylated anti-mouse IgG horse immunoglobulin, and streptavidin-bio-
tin-peroxidase complex (Vectastain ABC kit; Vector Laboratories). The
HN protein bands then were visualized by enhanced chemiluminescence
(ECL) using the Western blotting luminol reagent (Santa Cruz Biotech-
nology), followed by exposure to X-ray film (Konica Minolta, Tokyo,
Japan).

Cell surface biotinylation and immunoprecipitation. Subconfluent
BHK cell monolayers in six-well culture plates were transfected with 0.2 to
4.0 �g/well of HN-encoding expression vector. When the amount of
transfectant was below 2 �g, the appropriate amount of pcDL-SR� vector
was added to it so that the total amount became 2 �g. After 24 h of
incubation at 37°C, the cells were treated with 0.3 mg/ml of sulfo-NHS-
LC-biotin (Thermo Scientific) solution in PBS supplemented with 0.1
mM CaCl2 and 1 mM MgCl2 at 23°C for 30 min and lysed on ice with 400
�l/well of lysis buffer. The biotinylated proteins in 150 �l of the cell lysates
then were immunoprecipitated with monoclonal antibodies specific for
either the HPIV2 HN protein (MAb M1-1A and 173-1A), the SV41HN
protein (MAb 127A-1), or the FLAG epitope tag (anti-FLAG M2). The
biotinylated and immunoprecipitated HN proteins then were electroblotted
to either the nitrocellulose membrane or Hybond-P polyvinylidene difluo-
ride (PVDF) membrane (GE Healthcare Life Sciences) and detected by ECL
after treatment with streptavidin-biotin-peroxidase complex. The intensity of
the HN protein band was quantified with the aid of the graphics software NIH
ImageJ ver.1.45s, and the relative surface expression level was estimated.
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Native gel electrophoresis. In order to detect native HN proteins by
Western blotting after native gel electrophoresis, FLAG epitope tags were
attached to the cytoplasmic tails of representative HN proteins. Subcon-
fluent BHK cell monolayers in 12-well culture plates were transfected with
1 �g/well of HN-encoding expression vector. After 24 h of incubation at
37°C, the cells were lysed on ice for 30 min with 160 �l/well of 1� Native-
PAGE sample buffer (Life Technologies) containing 1% lauryl maltoside
and 1 mM phenylmethylsulfonyl fluoride. After centrifugation at
15,000 � g for 30 min, the supernatant was treated with 1 U/�l of endo-
nuclease (Benzonase; Sigma-Aldrich) at room temperature for 30 min.
The aliquot (12 �l) was subjected to native gel electrophoresis under
nonreducing conditions by using a NativePAGE Novex Bis-Tris gel sys-
tem (Life Technologies), and the migrated proteins were blotted to a Hy-
bond-P PVDF membrane according to the manufacturer’s instructions.
The HN proteins on the membrane were detected with anti-FLAG M2
monoclonal antibody as described above for Western blotting.

Molecular modeling. Molecular modeling of the HN proteins was
performed on the automated comparative protein modeling server
SWISS-MODEL (http://swissmodel.expasy.org) by using the crystal
structure of the PIV5 (W3A) HN protein in the “2-heads-up/2-heads-
down” conformation (PDB entry 4JF7) as the template. This conforma-
tion is considered to represent a hybrid between the 4-heads-down and
4-heads-up conformations (25). The three-dimensional structures of the
HN proteins were analyzed with the aid of a graphics software, Waals
(Altif Laboratories, Tokyo, Japan).

RESULTS
The HN proteins of HPIV2 and MuV can trigger noncognate F
proteins. It has been revealed previously that the HN protein of
MuV (Miyahara strain) can efficiently trigger either the PIV5 F
protein or the HPIV2 F protein, whereas neither the PIV5 HN
protein nor the HPIV2 HN protein is capable of triggering the
MuV F protein (11, 25, 27). On the other hand, the HPIV2 HN
protein is able to trigger the SV41 F protein, whereas the SV41 HN
protein cannot trigger the HPIV2 F protein (10). In order to in-
vestigate this strange issue (that is, unidirectional substitutability
among the rubulavirus HN proteins), we retested the F-triggering
activities of these HN proteins.

As shown in Fig. 1B and C, we confirmed our previous obser-
vation that the HPIV2 HN protein induced cell-cell fusion when
coexpressed with the noncognate SV41 F protein but not vice
versa (10). Similarly, the MuV (Enders strain) HN protein in-
duced prominent fusion either with the HPIV2 F protein or with
the PIV5 F protein but not vice versa (Fig. 1B and C), as reported
for the MuV (Miyahara strain) HN protein (11, 27). It is worth
noting in this context that the SV41 HN protein showed higher
amino acid sequence identity to the MuV HN protein than that of
the HPIV2 HN protein did, even when the primary structures of
the stalk domains including the FAR were compared (Fig. 1A and
D). Furthermore, although a threonine residue (the counterpart
of F104 in the SV41 HN stalk domain) was conserved only among
the HN proteins of MuV, PIV5, and HPIV2 (Fig. 1A) and might be
critical for the MuV HN protein to trigger the F proteins of PIV5,
HPIV2, and MuV, this residue seemed insufficient for the PIV5
HN protein or the HPIV2 HN protein to trigger the MuV F pro-
tein. These findings indicate that the primary structure of the HN
stalk domain (including the FAR) cannot simply explain the abil-
ity or inability of a given rubulavirus HN protein to substitute for
other rubulavirus HN proteins.

Amino acid substitutions in region II variously affect F pro-
tein specificity. We have recently found that a chimeric PIV5 F
protein, no. 36, whose 21 amino acids in the head domain are

replaced with the SV41 F counterparts, is triggered by the SV41
HN protein but not by the PIV5 HN protein (21). On the other
hand, we previously created an SV41 F-specific chimeric HPIV2
HN protein, CH95-571, whose N-terminal 94 residues including
the FAR were replaced with the SV41 HN counterparts (10);
CH95-571 was renamed SCA for convenience sake in the current
study (Fig. 2A). Thus, we anticipated that the SV41 F-specific SCA
would be able to trigger the SV41 HN-specific chimera no. 36.
Unexpectedly, however, coexpression of SCA with chimera no. 36
in BHK cells resulted in no detectable cell-cell fusion (Fig. 3B),
suggesting that the C-terminal part (residues 95 to 571) of the
SV41 HN protein contains some elements that are involved in the
interaction with chimera no. 36. This phenomenon reminded us
of our previous finding concerning the two regions of the HPIV2
HN protein that are required to substitute for the HPIV4A HN
protein; that is, the stalk domain and region II (residues 162 to
206) in the head domain (10). To examine whether region II of the
SV41 HN protein would be responsible for triggering chimera no.
36, we created a chimeric HN protein, SCA-RII, on the SCA back-
ground in which the HPIV2 HN-derived region II is replaced with
that of the SV41 HN protein, which harbored 13 amino acids
derived from SV41 HN that were not shared with SCA (or the
HPIV2 HN protein) (Fig. 1A and 2). To create this chimeric HN
protein, desired portions of the SV41 HN- or SCA-encoding ex-
pression vector were amplified and joined by PCR. The resulting
PCR product was inserted into the SCA-encoding expression vec-
tor (between the two EcoRI sites shown in Fig. 2A) by using an
In-Fusion HD cloning kit (Clontech Laboratories). Region II is
located in the amino acid region, which comprises the first blade
of the 6-bladed � propeller, and most of the unconserved 13
amino acids are located above or below the � strands (�1) of the
first blade (Fig. 1A and 4). Although the amount of cell surface-
expressed SCA-RII in the transfected BHK cells was about one-
fourth that of SCA (Fig. 3A), it was able to trigger chimera no. 36
as intended, leading to moderate cell-cell fusion, but failed to trig-
ger the SV41 F protein (Fig. 3B). This surprising conversion in F
protein specificity led us to expect that an intermediate between
SCA and SCA-RII is able to trigger both the SV41 F protein and
chimera no. 36, similar to the SV41 HN protein. Since region II of
SCA-RII harbored 13 amino acids that were not shared with SCA
as mentioned above, we replaced them stepwise with the counter-
parts of SCA, resulting in 20 intermediates between SCA-RII and
SCA (Fig. 2B). When these intermediates were individually ex-
pressed in BHK cells, they were successfully expressed on the cell
surface yet at different levels (Fig. 3A, C, and E). In order to ex-
amine the F protein specificity of these intermediates, they then
were expressed in BHK cells together with the SV41 F protein or
with chimera no. 36. As revealed by the intermediate IM2, replace-
ment of five unconserved residues (from 189 to 202) with the SCA
counterparts did not affect the F protein specificity of SCA-RII
(Fig. 3B). Similarly, replacement of three unconserved residues
(from 158 to 171) did not change the F protein specificity, as
represented by the intermediate IM4. It is worth pointing out that
these intermediates triggered chimera no. 36 as efficiently as SCA-
RII did, although their expression levels were much greater or
much less than that of SCA-RII, respectively (Fig. 3A and B).
These observations suggested that five unconserved residues
(from 178 to 187) of SCA-RII would harbor indispensable resi-
dues for triggering chimera no. 36. On the other hand, the inter-
mediates IM15, IM16, and IM17 displayed F protein specificity
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FIG 1 HN proteins of HPIV2 and MuV can trigger noncognate F proteins. (A) Amino acid sequence alignment of the rubulavirus HN proteins. The dots in the
sequences indicate the amino acids that are identical to the counterparts of the SV41 HN protein, and the asterisks below the sequences denote the positions of
cysteine residues that are conserved among all HN proteins. The positions of the PIV5 HN stalk domain (28) and HPIV2 HN region II (10) are indicated. The
amino acid numbers of the SV41 HN protein are shown above the sequences; those of the HPIV2 HN protein are shown in parentheses. Filled triangles indicate
the positions of N83 and K91 of the HPIV2 HN protein, which are the constituents of the MAb M1-1A epitope (10, 24). The downward arrow indicates the
position of F104 of the SV41 HN protein; its counterparts of the other four HN proteins are conserved threonine residues. The amino acid regions that comprise
the five � strands (�1) in the first blade of the 6-bladed propeller (32) are boxed. Consensus sequences for N-linked glycosylation are underlined. TM,
transmembrane domain; FAR, F-activating region. (B) F-triggering activity of the rubulavirus HN proteins. Subconfluent BHK cells in six-well culture plates
were transfected with 0.2 �g/well of HN expression vector together with 2 �g/well of cognate or noncognate F expression vector, except that 1 �g/well of
expression vector was used for the PIV5 HN protein. After 24 h of incubation at 37°C, the average fusion index was determined as described in Materials and
Methods; error bars indicate standard deviations. (C) Substitutability of the rubulavirus HN proteins. Events of functional HN-F interaction are indicated as
filled or hatched boxes on the basis of the results presented in panel B. (D) Amino acid sequence identity and similarity among the rubulavirus HN proteins.
Percent identity (or percent similarity) of the amino acid sequences between the MuV HN protein and the other HN proteins was calculated individually.
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similar to that of SCA-RII: they triggered chimera no. 36 as effi-
ciently as SCA-RII did irrespective of their surface expression lev-
els (Fig. 3E and F). Interestingly, as revealed by IM16, replacement
of eight unconserved residues (from 158 to 187) proved to have no
impact on the F protein specificity of SCA-RII despite the fact that
all five of the unconserved residues (from 178 to 187) that had

been anticipated to be critical for SCA-RII to trigger chimera no.
36 as described above were replaced. In contrast, the replacement
of seven unconserved residues (from 158 to 182) and those at
positions 201 and 202 resulted in the intermediate IM10, which
specifically triggered the SV41 F protein (Fig. 3D). Surprisingly,
when M182 of intermediate IM10 had been retroreplaced with

FIG 2 Creation of chimeric SV41 HN proteins. (A) Schematic diagram. Positions of the epitopes for the SV41 HN-specific MAb (127A-1) and HPIV2
HN-specific MAb (173-1A) are indicated. The previously reported chimeric HN protein CH95-571 was renamed SCA after the restriction enzyme ScaI, which
had been utilized for the chimeric recombination (10). Filled circles below the diagrams of SCA and SCA-RII indicate the positions of EcoRI sites in the cDNA
encoding these chimeric proteins. (B) Primary structures of 20 intermediates between SCA-RII and SCA. The residue numbers of 13 amino acids of region II that
are not conserved between SCA-RII and SCA (that is, between the SV41 HN protein and the HPIV2 HN protein) are denoted. The primary structure of each
intermediate is represented by a combination of these 13 amino acids: black boxes indicate amino acids characteristic of SCA-RII, while gray boxes indicate those
characteristic of SCA.
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I182, the resulting intermediate, IM11, equally triggered the SV41
F protein and chimera no. 36, but it did so with low efficiency.
Region II of IM11 harbored seven amino acids derived from SCA-
RII (Fig. 2B), which were located in the vicinity of the dimer in-
terface as two clusters (Fig. 5). Retroreplacement of one of the
clusters (composed of residues 182, 184, 185, and 187) with the
SCA counterpart did not significantly change the F protein spec-
ificity (Fig. 3D, IM12), while retroreplacement of the other cluster
(residues 189 to 191) resulted in the intermediate IM13 that ex-
hibited much higher triggering activity toward the SV41 F protein
(Fig. 3D). Finally, nine intermediates (from IM5 to IM8, from

IM11 to IM14, and IM18) proved to exhibit triggering activity
toward both F proteins, with that of M18 being the most efficient
(Fig. 3D and F). It was noteworthy that region II of IM18 harbored
only two SCA-RII-derived residues, V201 and E202, that were
located at the dimer interface (Fig. 2B, 4, and 5). Importantly,
retroreplacement of either of these residues resulted in selective
loss of triggering activity toward chimera no. 36, as represented by
IM19 and IM20 (Fig. 2B and 3F). Intriguingly, the intermediate
IM15 harbored these two SCA-RII-derived residues as well as the
seven SCA-RII-derived residues that were shared with IM11, but it
specifically triggered the SV41 HN protein (Fig. 2B and 3F). Tak-

FIG 3 Amino acid substitutions in region II variously affect the F protein specificity of SCA. (A, C, and E) Detection of the HN proteins expressed on the cell
surface. Subconfluent BHK monolayers in six-well culture plates were transfected with 2 �g/well of HN expression vector. This amount (2 �g/well) was chosen
instead of 0.2 �g/well, because our preliminary experiment indicated that the latter amount was not enough to detect the intermediates IM3 and IM4. At 24 h
posttransfection, the transfected cells were biotinylated, the cell lysates subjected to immunoprecipitation (IP) with respective anti-HN MAbs, and the precip-
itates analyzed by SDS-PAGE under reducing conditions. Relative surface expression (RSE) levels of the HN proteins are presented below each lane. The RSE
value given by each HN protein was normalized to that given by SCA-RII, IM6, or IM15, which showed a moderate expression level among the respective HN
proteins run in the same gel. NA, not applicable. (B, D, and F) F-triggering activity of the HN proteins. The average fusion index was determined as described in
the legend to Fig. 1B; error bars indicate standard deviations.
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ing these findings together, we concluded that no amino acid in
HN region II was directly involved in the interaction with the F
proteins, since every amino acid in region II of a given intermedi-
ate behaved differently from that in another intermediate. It
should be noted in this context that none of the unconserved 13
amino acids are in direct contact with the stalk domain of the HN
protomers in the 2-heads-up conformation (Fig. 5, SCA-RII).
Given that the HN stalk domain can get access to the F protein
only when the HN protein has adopted the 4-heads-up conforma-
tion (28), these results suggest that subtle differences in the amino
acid sequence of region II results in a conformational change of
the HN head domain, which then exerts indirect yet drastic effects
on the HN stalk conformation that might be critical for determin-
ing the F protein specificity.

Oligomeric stability of the HN protein does not correlate
with F protein specificity. The paramyxovirus HN tetramer is
composed of two dimers (1). In the case of the SV41 HN protein,
each dimer is linked by a disulfide bond, most likely via a cysteine
residue at position 112 in the stalk domain that is conserved
among rubulaviruses (Fig. 1A) (23); thus, Cys-112 is preserved in
all of the chimeric and intermediate HN proteins used in this
study. Therefore, it seemed interesting to examine whether the
amino acid substitutions affect the oligomeric stability, which
might be important for determining the F protein specificity. To
this end, we performed native gel electrophoresis of the represen-
tative HN proteins with various F protein specificities. In order to
detect these HN proteins in the Western blot after native gel elec-
trophoresis, FLAG epitope tags were attached to their cytoplasmic
tails. It was noteworthy that chimeras SCA and SCA-RII and all of
the representative intermediates were detected predominantly as
dimers, whereas the SV41 HN protein was detected mainly as
tetramers (Fig. 6A), indicating that the replacement of the head
domain in itself lowered the oligomeric stability of the SV41 HN
protein. As shown in Fig. 6C, the F protein specificities of the
tagged HN proteins were similar to those of their untagged parent
HN proteins (Fig. 3B, D, and F), except for tagged IM12, which

triggered the SV41 F protein 3-fold more efficiently than no. 36
while its untagged parent equally triggered these F proteins (Fig.
3D and 6C). The altered F protein specificity of IM12 with FLAG
epitope tag suggests that this epitope transduces some inside-out
signal to the ectodomain, which would result in modification of
the conformation. This assumption may be supported by the ob-
servation that cell surface-localized IM12 was more efficiently pre-
cipitated by MAb 173-1 than by anti-FLAG monoclonal antibody,
whereas these antibodies precipitated the other HN proteins to
similar extents (Fig. 6B). Most importantly, these results indicate
that there is no correlation between the oligomeric stability and F
protein specificity of the HN proteins.

Headless and truncated forms of the SV41 HN protein ex-
hibit altered F protein specificity. To investigate further the pos-
sible role of region II in determining the F protein specificity, we
created truncated forms of IM18 and the SV41 HN protein, des-
ignated IM18-Tr and SV41 HN-Tr, respectively, in which most of
the head domain downstream of region II had been deleted (Fig. 5
and 7A). In addition, a headless form of the SV41 HN protein,
SV41 HN-HL, was created; a modified terminal tetramerization
module (GCN) was attached to its C terminus for stabilization
(Fig. 7A), since it could not trigger the SV41 F protein without this
module (our unpublished observation). In order to detect these
HN proteins, FLAG epitope tags were attached to their cytoplas-
mic tails (Fig. 7A). These proteins showed comparable expression
levels, as analyzed by Western blotting, when BHK cells were
transfected with 2 �g/well of individual expression vector (Fig.
7B). As we had expected from the results obtained by using SCA
(Fig. 3B), SV41 HN-HL efficiently triggered the SV41 F protein
and did not trigger chimera no. 36 (Fig. 7C). In contrast, IM18-Tr
and SV41 HN-Tr were able to trigger chimera no. 36 but not the
SV41 F protein. Intriguingly, in this context, cell surface-localized
SV41 HN-Tr was not detected even when the cells were trans-
fected with 4 �g/well of expression vector and the biotinylated
proteins were blotted to PVDF membrane, which gave much
greater signals than those of nitrocellulose membrane, while

FIG 4 Side view of the SV41 HN head domain. Two HN protomers in the 2-heads-up conformation are shown as ribbon models on the basis of the crystal
structure of the PIV5 (W3A) HN protein as described in Materials and Methods. The positions of �-carbons of the unconserved 13 amino acids in region II are
shown as purple or dark blue balls. The positions of amino acids that are considered involved in binding to sialyllactose, a neuraminidase substrate (32), are
shown as dark gray balls; residue 187 in SV41 HN region II is a constituent of these amino acids. The � strands in each blade of the six-bladed propeller are colored
as indicated below the diagram.
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IM18-Tr was detectable by using PVDF membrane only when the
cells were transfected with more than 2 �g/well of the recombi-
nant vector (Fig. 7D, lower). In contrast, SV41 HN-HL was easily
detectable using nitrocellulose membrane even when the cells
were transfected with 0.2 �g/well of the recombinant vector (Fig.
7E). Nonetheless, these results indicate that removal of all or most
of the head domain from the HN protein significantly alters the F
protein specificity.

F-triggering activities of the truncated HN proteins are inde-
pendent of their cell surface expression levels. To evaluate the
possibility that the truncated HN proteins are able to trigger chi-
mera no. 36 before reaching the cell surface, we replaced the first
methionine of the FLAG epitope tag of the headless or truncated
HN protein with a short peptide, MRKR, which harbored an en-
doplasmic reticulum (ER) retention/retrieval signal motif (29). As
shown in Fig. 8B, cell surface-localized IM18-Tr became undetect-
able due to the attached ER retention/retrieval signal, as repre-

sented by IM18-Tr-ER. Surprisingly, on the other hand, SV41
HN-Tr became detectable on the cell surface by the addition of
the ER retention/retrieval signal as represented by SV41 HN-
Tr-ER (Fig. 8B). Most notably, however, the triggering activi-
ties of these truncated HN proteins were similar to one another
regardless of their cell surface expression levels (Fig. 8C), sug-
gesting that they are able to trigger chimera no. 36 before
reaching the cell surface. On the other hand, the F-triggering
activity of SV41 HN-HL was extremely reduced by addition of
the ER retention/retrieval signal (Fig. 8C), seemingly reflecting
its significantly reduced cell surface expression level (Fig. 8B).
Interestingly, increasing the amount of HN-encoding vector
from 0.2 �g to 2 �g resulted in an unchanged or even lower
fusion index (Fig. 8D), indicating that 0.2 �g of vector encod-
ing the truncated or headless HN protein was more than
enough to maximally induce fusion with 2 �g of F-encoding
vector under our experimental conditions, similar to the vec-

FIG 5 Predicted three-dimensional structure of the HN ectodomains. The side view of each HN tetramer in the 2-heads-up/2-heads-down conformation are
drawn on the basis of the crystal structure of the PIV5 (W3A) HN protein as described in Materials and Methods. Two protomers in the 2-heads-up conformation
are shown in yellow and blue as ribbon models, while those in the 2-heads-down conformation are shown in magenta and salmon, respectively. The SV41
HN-derived amino acids in the former two protomers are depicted in red as space-filling models, while those in the latter two protomers are depicted in green.
In the figure for the HPIV2 HN protein, the positions of the conserved threonine residues (shown in Fig. 1A) are indicated in the two protomers in the 2-heads-up
conformation as asterisks. In the figure for HPIV2 HN-RII, residues N83 and K91 (the constituents of the MAb M1-1A epitope) are shown in dark blue as
space-filling models, while residues from 295 to 447 (which harbor the MAb 173-1A epitope) are shown in gray; the MAb 173-1A epitopes in the protomers in
the 2-heads-up conformation are not shown for clarity. The figure for IM18-Tr is created on the basis of the IM18 structure; only two protomers in the
2-heads-up conformation are depicted. SV41 HN-derived residues in the IM18-Tr stalk domains are not indicated in the top view for clarity.
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tors encoding full-length HN proteins described in Materials
and Methods.

Replacement of region II or removal of the head domain con-
verts the F protein specificity of the HPIV2 HN protein. The
results obtained so far have indicated that, in addition to the stalk
domain, particular amino acids in region II are required for the
SV41 HN protein to trigger the SV41 HN-specific chimera no. 36.
To examine the possibility that region II would be directly in-
volved in the interaction with the F protein, we replaced region II
of the HPIV2 HN protein, which was unable to trigger chimera no.
36 (Fig. 9E), with that of the SV41 HN protein. Interestingly, the
resulting chimera, HPIV2 HN-RII, failed to trigger the F proteins
of HPIV2 and SV41 but was able to trigger chimera no. 36 (Fig. 9A
and E) despite its remarkably low cell surface expression level
compared to that of the HPIV2 HN protein (Fig. 9B). It was worth
noting in this context that the stalk domain-specific antibody,
MAb M1-1A, exhibited seemingly stronger reactivity to HPIV2
HN-RII than the head domain-specific MAb 173-1A, while these
antibodies reacted equally to the HPIV2 HN protein (Fig. 9B),
suggesting that these HN proteins differ in their conformation or
stability in the presence of detergent. Interestingly, on the other
hand, a previously reported chimeric SV41 HN protein, CH1-94,
whose N-terminal 90 residues were derived from the HPIV2 HN
protein (10), exhibited prominent triggering activity toward chi-
mera no. 36 while showing moderate triggering activity toward
the HPIV2 F protein (Fig. 9A and E). Intriguingly, although the
headless form of the HPIV2 HN protein, HPIV2 HN-HL, was not
efficiently transported to the cell surface (Fig. 9C), it was able to
trigger chimera no. 36 but not the HPIV2 F protein, similar to
HPIV2 HN-RII (Fig. 9A and E). Provided that the apparent inabil-
ity of HPIV2 HN-RII and HPIV2 HN-HL to trigger the HPIV2
HN protein is due to their comparatively weak F-triggering activ-
ity compared to that of CH1-94, their F protein specificity could
be regarded as being similar to that of CH1-94. These results in-
dicate that SV41 HN region II can convert the F protein specificity
of the HPIV2 HN protein by substitution, but that this region is
not directly involved in the interaction with the F protein.

DISCUSSION

We previously reported that replacement of the stalk domain of
the SV41 HN protein with that of the HPIV2 HN protein was
enough to convert the SV41 HN protein to an HPIV2 F-specific
protein (10). Among the unconserved amino acids of the HPIV2
HN stalk domain, two isoleucine residues in the FAR and a valine
residue immediately upstream of the FAR (Fig. 1A) proved to be
critical, because these amino acids bestowed the ability to trigger
the HPIV2 F protein on the SV41 HN protein by substitution (10).
However, they were not enough to convert the SV41 HN protein
to an HPIV2 F-specific protein, indicating that the amino acids
located between the transmembrane domain and the FAR also
were indispensable for determining the F protein specificity (10).
In support of this notion, it has recently been reported that a
chimeric NDV HN protein whose FAR had been replaced with
that of the PIV5 HN protein failed to trigger the noncognate PIV5
F protein and retained the ability to trigger the cognate NDV F
protein (11).

We have shown in the present study that amino acid substitu-
tions in region II of the HN head domain drastically change the F
protein specificity of the HN protein. For instance, as represented
by chimera SCA-RII, the replacement of the HPIV2 HN-derived

FIG 6 Oligomeric stability of the HN proteins. In order to detect native HN
proteins by Western blotting, FLAG epitope tags were attached to the cytoplas-
mic tails of representative HN proteins used in this figure. (A) Native gel
electrophoresis. Subconfluent BHK monolayers in 12-well culture plates were
transfected with 1 �g/well of HN expression vector. At 24 h posttransfection,
the cell lysate was subjected to native gel (4 to 16% gradient gel) electrophoresis
under nonreducing conditions, followed by Western blotting (WB) with anti-
FLAG monoclonal antibody as described in Materials and Methods. (B) De-
tection of cell surface-localized HN proteins. Cell surface biotinylation, immu-
noprecipitation, and SDS-PAGE analyses were performed as described in the
legend for Fig. 3, except that anti-FLAG monoclonal antibody was used in
addition to the anti-HN MAbs. The RSE value given by each HN protein was
normalized to that given by SCA. (C) F-triggering activity of the HN proteins.
The average fusion index was determined as described in the legend for Fig. 1B;
error bars indicate standard deviations.
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region II of chimera SCA with the SV41 HN counterpart results in
the loss of triggering activity toward the SV41 F protein and in-
stead results in the acquisition of the triggering activity toward
chimera no. 36 (Fig. 3B). We also have shown that the removal of
a great part of the head domain from the SV41 HN protein results
in the loss of triggering activity toward the SV41 F protein while
preserving the activity toward chimera no. 36 (Fig. 7A and C). In
contrast, the complete removal of the head domain of the SV41
HN protein results in the loss of triggering activity toward chimera

no. 36 while preserving activity toward the SV41 F protein (Fig. 7A
and C). Interestingly, moreover, removal of the head domain of
the HPIV2 HN protein results in a loss of triggering activity to-
ward the HPIV2 F protein but in an unexpected acquisition of the
triggering activity toward chimera no. 36 (Fig. 9A and E), suggest-
ing that the stalk domain of the HPIV2 HN protein is intrinsically
capable of triggering chimera no. 36 but that this activity can be
displayed only when it has adopted a given conformation which is
no longer fittable to the cognate HPIV2 F protein. It also should be

FIG 7 Headless and truncated forms of the SV41 HN protein exhibit altered F protein specificity. (A) Schematic diagram of the HN proteins. FLAG, FLAG
epitope tag; GCN, a modified terminal tetramerization module. (B) Detection of the HN proteins in the transfected cells. Subconfluent BHK cell monolayers in
six-well culture plates were transfected with 2 �g/well of HN expression vector and lysed at 24 h posttransfection, and the cell lysate was subjected to SDS-PAGE
under reducing conditions, followed by Western blotting with anti-FLAG monoclonal antibody. (C) F-triggering activity of the HN proteins. The average fusion
index was determined as described in the legend for Fig. 1B; error bars indicate standard deviations. (D and E) Detection of cell surface-localized HN proteins.
Cell surface biotinylation, immunoprecipitation with anti-FLAG monoclonal antibody, and SDS-PAGE analyses were performed as described in the legend to
Fig. 3, except that 0.2 to 4.0 �g/well of expression vector was used for transfection and that PVDF membrane was employed for electroblotting in addition to the
nitrocellulose membrane.
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pointed out that the chimeric HPIV2 HN protein, HPIV2 HN-
RII, which harbors the SV41 HN-derived region II, fails to trigger
the cognate HPIV2 F protein but triggers chimera no. 36 (Fig. 7A
and C). Thus, these findings let us hypothesize that either replace-
ment of the HN region II or removal of all (or a great part of) the
HN head domain somehow alters the conformation of the HN
stalk domain, resulting in the conversion of the F protein specific-
ity. Thus, we propose that the HN head domain plays a dual role in
the fusion event: one is its transition from the 4-heads-down con-
formation to the 4-heads-up conformation after receptor binding
that allows the HN stalk domain to interact with the F protein (16,
28), and the other is an uncharacterized function of the head do-
main in the 4-heads-up conformation that modulates the confor-
mation of the HN stalk domain. It is worth noting in this context
that the headless MuV HN protein triggers the noncognate PIV5 F
protein far less efficiently than the full-length MuV HN protein
(11).

Interestingly, chimeras SCA and SCA-RII exhibit significantly
lower oligomeric stability than the SV41 HN protein (Fig. 6A).

Since the stalk and head domains of these chimeric HN proteins
are heterologous (Fig. 2A and 5), the noncovalent interactions
between these domains in the 4-heads-down conformation (16,
28) may be weakened, which somehow leads to the destabilization
of the dimer and then that of the tetramer. This notion also would
be the case with the intermediates shown in Fig. 6. Importantly,
nonetheless, no correlation was found between the oligomeric sta-
bility and the F protein specificity of the HN proteins.

In the present study, we have confirmed previously reported
substitutability among rubulavirus HN proteins, simultaneously
providing novel evidence that the HN protein of MuV strain End-
ers has a broad substitutability that is the same as that of MuV
strain Miyahara (11, 25, 27): they can substitute for the HN pro-
teins of HPIV2 and PIV5, while the latter proteins are unable to
substitute for the MuV HN proteins. Since none of the rubulavirus
HN proteins can substitute for the avulavirus NDV HN protein
(11, 27), the observed substitutability seems to take place on the
basis of the similarity in their primary structures. However, such
similarity by itself clearly is not sufficient to explain the observed

FIG 8 F-triggering activities of the truncated HN proteins are independent of their cell surface expression levels. (A) Detection of the headless and truncated HN
proteins in the transfected cells. Western blotting was carried out as described in the legend to Fig. 7B. (B) Detection of cell surface-localized HN proteins. Cell
surface biotinylation, immunoprecipitation, and SDS-PAGE analyses were carried out as described in the legend to Fig. 3, except that PVDF membrane was
employed for electroblotting. (C) F-triggering activity of the HN proteins. The average fusion index was determined as described in the legend to Fig. 1B; error
bars indicate standard deviations. (D) F-triggering activity of various amounts of HN proteins. The average fusion index was determined as described in the
legend to Fig. 1B, except that various amounts of expression vector encoding SV41HN-HL or SV41 HN-HL-ER were used for transfection together with 2 �g/well
of SV41 F-encoding vector, while various amounts of expression vector encoding either of the four truncated HN proteins were used together with 2 �g/well of
chimera no. 36-encoding vector; the total amount of transfectant was adjusted to 4 �g/well by adding the appropriate amount of pcDL-SR� vector. Error bars
indicate standard deviations.
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unidirectional nature of the substitutability. Interestingly, in this
context, the truncated HPIV2 HN protein exhibits triggering ac-
tivity toward chimera no. 36, while the full-length HPIV2 HN
protein does not (Fig. 9E). Therefore, it is conceivable that all four
rubulavirus HN proteins listed in Fig. 1C are intrinsically substi-
tutable for one another and that a subtle difference in the HN stalk
conformation defines whether a given HN protein can trigger a

noncognate F protein, resulting in the observed unidirectional
substitutabilities. Notably, it has been proven that the HN stalk
domain is highly flexible (30), which would be beneficial to con-
form different shapes at least transiently.

It has been reported recently that various headless HN proteins
can efficiently trigger their cognate F proteins without interacting
with receptors (11, 15). This observation suggests that the headless

FIG 9 Replacement of region II or removal of the head domain converts the F protein specificity of the HPIV2 HN protein. (A) Schematic diagram of the HN
proteins. Positions of the epitopes for the HPIV2 HN-specific MAbs M1-1A and 173-1A are indicated. FLAG, FLAG epitope tag; GCN, a modified terminal
tetramerization module; TM, transmembrane domain. (B) Detection of cell surface-localized chimeric HPIV2 HN proteins. Cell surface biotinylation, immu-
noprecipitation, and SDS-PAGE analyses were carried out as described in the legend to Fig. 3A. (C) Detection of the headless HPIV2 HN protein expressed on
the cell surface. Cell surface biotinylation, immunoprecipitation, and SDS-PAGE analyses were carried out as described in the legend to Fig. 7D. (D) Detection
of the headless HPIV2 HN protein in the transfected cells. Western blotting was carried out as described in the legend to Fig. 7B. (E) F-triggering activity of the
HN proteins. The average fusion index was determined as described in the legend to Fig. 1B; error bars indicate standard deviations.

Effect of HN Head Domain on F Specificity

December 2015 Volume 89 Number 24 jvi.asm.org 12385Journal of Virology

http://jvi.asm.org


HN proteins prematurely trigger the F protein in the trans-Golgi
network (TGN), where the F protein undergoes proteolytic cleav-
age (2). However, since the suppression of cell surface expression
of the headless SV41 HN protein by the ER retention/retrieval
signal significantly reduces the extent of cell-cell fusion (Fig. 8B
and C), the headless SV41 HN molecules seem to function pre-
dominantly on the cell surface. One possibility is that in acidic pH
environments, such as the Golgi apparatus, TGN, and secretory
vesicles, the headless HN molecules undergo a reversible confor-
mational change, thereby becoming unable to interact with the F
protein until reaching the cell surface. Intriguingly, on the other
hand, the truncated HN protein IM18-Tr-ER, which has the ER
retention/retrieval signal, can trigger chimera no. 36 as efficiently
as IM18-Tr, whereas its cell surface expression is not detectable
(Fig. 8B and C). It should be noted in this context that even the
surface expression of IM18-Tr is undetectable when the cells are
transfected with 0.2 �g of the vector encoding it (Fig. 7D), which
is more than enough to maximally induce cell-cell fusion with 2
�g of chimera no. 36-encoding vector (Fig. 8D). Therefore, it
seems that extremely small amounts of the truncated HN proteins
on the cell surface, far below the detection level of cell surface
biotinylation and immunoprecipitation, is able to trigger chimera
no. 36 efficiently. Alternatively, chimera no. 36 may be destabi-
lized in the TGN by the truncated HN proteins before the HN
molecules undergo retrieval to the ER, resulting in the induction
of HN-independent cell-cell fusion on the cell surface that is the
same as that of the PIV5 F mutant L22P (25).

It is very curious that the addition of the ER retention/retrieval
signal to SV41 HN-Tr results in an increase in its cell surface
expression level, as demonstrated by SV41 HN-Tr-ER (Fig. 8B).
Since SV41 HN-Tr cannot be detected on the cell surface despite
our efforts while IM-18-Tr was barely detectable (Fig. 7D), it may
tend to undergo misfolding more than IM-18-Tr does. It is worth
noting in this context that SV41 HN-Tr-ER migrates faster than
SV41 HN-Tr, whereas IM18-Tr-ER and IM18-Tr migrate simi-
larly (Fig. 8A), suggesting that the majority of the SV41 HN-Tr
molecule does not fold correctly and would be arrested by ER-
folding chaperones. In all likelihood, the addition of the ER signal
to SV41 HN-Tr may somehow facilitate correct folding, which
would overcome the signal-mediated ER retention.

Finally, we conclude that the F protein specificity of the HN
protein is not defined solely by the primary structure of the stalk
domain. It is important in this context to note that the HN protein
specificity of the F protein also is not solely defined by the primary
structure of the F head domain, as we have reported previously
(21, 31).
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