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For most parainfluenza viruses, a virus type-specific interaction between the hemagglutinin-neuraminidase (HN) and fusion (F) pro-
teins is a prerequisite for mediating virus-cell fusion and cell-cell fusion. The molecular basis of this functional interaction is still ob-
scure partly because it is unknown which region of the F protein is responsible for the physical interaction with the HN protein. Our
previous cell-cell fusion assay using the chimeric F proteins of parainfluenza virus 5 (PIV5) and simian virus 41 (SV41) indicated that
replacement of two domains in the head region of the PIV5 F protein with the SV41 F counterparts bestowed on the PIV5 F protein the
ability to induce cell-cell fusion on coexpression with the SV41 HN protein while retaining its ability to induce fusion with the PIV5
HN protein. In the study presented here, we furthered the chimeric analysis of the F proteins of PIV5 and SV41, finding that the PIV5 F
protein could be converted to an SV41 HN-specific chimeric F protein by replacing five domains in the head region with the SV41 F
counterparts. The five SV41 F-protein-derived domains of this chimera were then divided into 16 segments; 9 out of 16 proved to be
not involved in determining its specificity for the SV41 HN protein. Finally, mutational analyses of a chimeric F protein, which har-
bored seven SV41 F-protein-derived segments, revealed that replacement of at most 21 amino acids of the PIV5 F protein with the SV41
F-protein counterparts was enough to convert its HN protein specificity.

The parainfluenza viruses (PIVs), which belong to the genus
Rubulavirus, Avulavirus, or Respirovirus in the family

Paramyxoviridae, have two kinds of glycoprotein spikes on the
envelope: hemagglutinin-neuraminidase (HN) protein tet-
ramers and fusion (F) protein trimers (1). The attachment pro-
tein HN is responsible for binding to the sialoconjugate recep-
tors on the cell surface and for enzymatic destruction of the
receptors, while the F protein mediates membrane fusion, such
as cell-cell fusion or virus-cell fusion. Cleavage of the F precur-
sor (F0) by cellular proteases into disulfide-linked subunits F1

and F2 is a prerequisite for its fusion activity, similar to the
other class I viral fusion proteins (1).

Unlike most of the other class I fusion proteins, however, the F
protein does not have an apparent receptor-binding function.
Moreover, most F proteins require a fusion-promoting function
of the attachment protein HN in a virus type-specific manner (2,
3). Although it is not well-known how the HN protein promotes
the F-protein-mediated membrane fusion, it is believed that the
fusion is induced through a series of conformational changes of
the F protein that are initiated by its specific interaction with the
homologous HN protein (4–6). The fusion-promoting function
of the HN protein appears to depend on it being bound to its
cellular receptors (7–10), and the HN protein seems to promote
the F-protein-mediated fusion in manner that is dependent on the
balance between its inherent F-triggering efficiency and receptor-
attachment regulatory functions (binding and destruction), as
suggested by Porotto et al. (11). Furthermore, the presumptive
signal-transducing activity of the HN protein may be required for
the induction of cell-cell fusion (12).

On the one hand, the stalk region of the HN protein, which is a

tetrameric coiled coil bundle structure (13, 14), is inferred to con-
tain the site that determines the F-protein specificity in promoting
fusion (15–17), while the head region carries both the receptor-
binding and -destroying activities (18, 19). The involvement of the
HN stalk region of an avulavirus, Newcastle disease virus, in the
physical interaction with the F protein has been certified by coim-
munoprecipitation analysis (20, 21). On the other hand, our pre-
vious chimeric analyses of the F proteins of two closely related
rubulaviruses, human parainfluenza virus 2 (HPIV2) and simian
virus 41 (SV41), suggested that a 144-amino-acid region (desig-
nated the middle region) in the ectodomain of the HPIV2 F pro-
tein contains the site(s) that determines its specificity for the
HPIV2 HN protein in the induction of cell-cell fusion (22). Re-
cently, we found that replacement of two domains in the head
region of the PIV5 F protein with the SV41 F counterparts be-
stowed on the PIV5 F protein the ability to induce cell-cell fusion
on coexpression with the SV41 HN protein without significantly
affecting its ability to induce fusion with the PIV5 HN protein
(23). Similarly, mutations of four amino acids in the head region
of the F protein of canine distemper virus (CDV) strain Onder-
stepoort impair the ability to induce cell-cell fusion with the co-
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expressed measles virus (MV) hemagglutinin (H) protein without
significantly affecting the ability to induce fusion with the CDV H
protein (24). CDV and MV are closely related members of the
genus Morbillivirus in the family Paramyxoviridae (1).

It is noteworthy that replacement of the stalk region of a para-
influenza virus HN protein with that of another HN protein re-
sults in conversion of the F protein specificity (17, 23), being con-
sistent with the involvement of the stalk region in the specific
interaction with the homologous F protein. However, such a re-
gion of the F protein has not been identified. In the study pre-
sented here, we furthered the chimeric analysis of the F proteins of
PIV5 and SV41 and found that replacement of 21 amino acids on
the PIV5 F trimer surface with the SV41 F counterparts resulted in
full conversion of HN protein specificity.

MATERIALS AND METHODS
Cells and recombinant plasmids. Monolayers of HeLa and BHK cells
were maintained in Eagle’s minimum essential medium (MEM) supple-
mented with 5% fetal calf serum (25, 26). The recombinant SR� plasmid
encoding the HN or F protein of SV41 was described previously (17). The
recombinant SR� plasmid encoding the HN protein of PIV5 strain W3A
or that encoding the F protein of PIV5 strain WR was described elsewhere
(27, 28). The WR F protein was used because it induced fusion only when
coexpressed with the HN protein, whereas the W3A F protein was not
used because it induced fusion even in the absence of the HN protein (27).
The W3A HN protein was used instead of the WR HN protein because the
former exhibited higher fusion-promoting activity than the latter when
coexpressed with the PIV5 (WR) F protein (our unpublished data).

Generation of chimeric F proteins. To generate a chimeric F protein
of SV41 and PIV5, a desired domain of the SV41 F-encoding plasmid was
amplified by PCR, while both of the flanking regions of the corresponding
domain of the PIV5 F-encoding plasmid were amplified while simultane-
ously introducing the restriction enzyme site for SpeI or PstI at the distal

end, as described recently (23). These three fragments were then com-
bined stepwise by fusion PCR and inserted into the PIV5 F-protein-en-
coding plasmid by utilizing restriction enzyme sites SpeI and PstI in the
PIV5 F-encoding cDNA (Fig. 1A).

Quantification of cell-cell fusion. Subconfluent HeLa or BHK cell
monolayers in six-well culture plates were transfected with 2 �g/well of
F-encoding plasmid and 1 �g/well of HN-encoding plasmid by using
Lipofectamine LTX reagent (Invitrogen) and an X-tremeGENE 9 DNA
transfection kit (Roche), respectively. After 24 h (HeLa cells) or 12 h (BHK
cells) of incubation at 37°C, the cells were fixed with 4% paraformalde-
hyde 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 the fused cells (or syncytia) were measured with the aid of
graphics software, NIH ImageJ, version 1.45s. Then, the extent of cell
fusion was estimated as the percentage of the syncytial areas to the total
area of the photograph. Ten randomly taken photographs were measured
for each sample, and the average fusion index (in percent) and standard
deviation were determined.

Western blotting. Subconfluent HeLa or BHK cell monolayers were
transfected with 2 �g/well of F-encoding plasmid as described above.
After 24 h (HeLa cells) or 12 h (BHK cells) of incubation at 37°C, the cells
were lysed on ice with 500 �l/well of lysis buffer (50 mM HEPES [pH 7.3],
10 mM lauryl maltoside, 1 mM phenylmethylsulfonyl fluoride, 100 mM
NaCl), as reported previously (29). An aliquot (15 �l) of each cell lysate
was subjected to sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) under reducing conditions, and the separated proteins
were electroblotted to a nitrocellulose membrane (Whatman). The mem-
brane was then successively treated with monoclonal antibody 1D1 spe-
cific for a region (residues 448 to 452) immediately upstream of the hep-
tad repeat 2 region of the PIV5 F1 subunit (29), biotinylated horse
immunoglobulin specific for mouse IgG (Vector Laboratories), and
streptavidin-biotin-peroxidase complex (Vector Laboratories). The
F-protein bands were then visualized by enhanced chemiluminescence

FIG 1 Division of five domains in the middle region of the PIV5 (WR) F protein into 16 segments. (A) Schematic diagram of the PIV5 F protein. The positions
of four major domains (M1, M2, M3, and M4) in the middle region are indicated. The names of the restriction enzymes (SpeI and PstI), whose sites are present
in the PIV5 F-encoding cDNA, indicate the corresponding positions in the PIV5 F polypeptides. The positions of heptad repeat regions 1 and 2 (HR1 and HR2)
are based on the secondary structure of the HPIV3 F protein in its postfusion form (39). FP, fusion peptide; TM, transmembrane domain. (B) Amino acid
sequence alignment of the middle regions of the F proteins of PIV5 and SV41. The positions of the four major domains and five minor domains (A, B, C, D, and
E) are indicated above the amino acid sequences. Segments in each domain are indicated as capital letters below the amino acid sequences. Amino acid residues
of the PIV5 F protein, which are exposed on the trimer surface, as described elsewhere (23), are underlined. Dashes in the SV41 F sequence indicate amino acids
identical to those of the PIV5 F protein. The four filled triangles below the amino acid sequences of segments R, U, and W indicate the positions of the PIV5 F
residues whose MV F counterparts are considered responsible for the H-F interaction (31).
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(ECL) using a Western blotting luminol reagent (Santa Cruz Biotechnol-
ogy), followed by exposure to X-ray film (Konica, Tokyo, Japan).

Cell surface biotinylation. Subconfluent HeLa or BHK cell monolay-
ers in six-well culture plates were transfected with 2 �g/well of F-encoding
plasmid as described above. After 24 h (HeLa cells) or 12 h (BHK cells) of
incubation at 37°C, the cells were treated with 0.3 mg/ml of EZ-link sulfo-
NHS-LC-biotin (Thermo Scientific) in PBS supplemented with 0.1 mM
CaCl2 and 1 mM MgCl2 at 23°C for 30 min and lysed on ice with 500
�l/well of lysis buffer. The biotinylated proteins in the cell lysates (150 �l)
were then immunoprecipitated with rabbit antiserum specific for the
PIV5 F2 subunit (28) and subjected to SDS-PAGE under nonreducing
conditions, because we could not identify the F-protein bands under re-
ducing conditions due to comigrating cellular bands precipitated by the
anti-F2 peptide rabbit serum. The biotinylated and immunoprecipitated F
proteins were then electroblotted to a nitrocellulose membrane and de-
tected by ECL after treating with streptavidin-biotin-peroxidase complex.
The intensity of the F-protein band was quantified with the aid of graphics
software, NIH ImageJ, version 1.45s, and the relative surface expression
level was estimated.

RESULTS
Replacement of five domains in the middle region of the PIV5 F
protein with those of the SV41 F protein converts its HN protein
specificity. Previously, we performed chimeric analysis of the F
proteins of PIV5 and SV41 in order to determine the site(s) that
determines the HN protein specificity of the F protein. In brief, the
middle region of the PIV5 F protein was divided into four trimer
surface-exposed major domains and five minor domains (23)
(Fig. 1A and B). These nine domains were then replaced with the
SV41 F counterparts individually or in various combinations, and
the resultant chimeric F proteins were expressed in HeLa cells
together with the HN protein of PIV5 or SV41. The results indi-
cated that replacement of the domains M1 and M2, which har-
bored 16 noncontiguous amino acids that were not conserved
between the F proteins, enabled the PIV5 F protein to functionally
interact with the SV41 HN protein, inducing cell-cell fusion in
HeLa cells (23). In addition to the two domains identified, M1 and
M2, the SV41 F-derived domains M4 and B seemed to be involved
in the functional interaction with the SV41 HN protein (23).
However, any chimeric PIV5 F proteins that could induce fusion
with the SV41 HN protein also induced fusion with the PIV5 HN
protein (23). We thus intended to create a chimeric PIV5 F protein
which would show clear specificity for the SV41 HN protein by
replacing its four domains (M1, M2, M4, and B), which had been
regarded to be important for determining the HN protein speci-
ficity, as described above, with the corresponding domains of the
SV41 F protein. To our disappointment, the resultant chimera,
B � M(1 � 2 � 4) did not induce cell-cell fusion in HeLa cells
either with the SV41 HN protein or with the PIV5 HN protein (see
Fig. 3D), presumably because the cleaved form (F1 � 2) of this
chimera was poorly expressed on the cell surface (see Fig. 3B).
After our several attempts, however, it turned out that replace-
ment of the domain M3, in addition to the four domains men-
tioned above, resulted in the chimera B � M(1 � 2 � 3 � 4),
which was able to induce weak fusion (approximate fusion index,
1%) only when coexpressed with the SV41 HN protein (see Fig.
3D), though its cleaved form was weakly expressed on the cell
surface, like that of B � M(1 � 2 � 4) was (see Fig. 3B and Fig.
5A). Interestingly, however, when we employed BHK cells for the
cell-cell fusion assay, B � M(1 � 2 � 3 � 4) induced remarkable
fusion (fusion index, 20.6% � 1.9%) only when coexpressed with
the SV41 HN protein (see Fig. 3E and Fig. 5B). In view of the

findings that the extent of fusion induced by coexpression of the
SV41 HN and F proteins in BHK cells was 19.6% � 0.8% (data not
shown), while that induced by coexpression of the PIV5 HN and F
proteins was 12.6% � 1.4% (see Fig. 5B), we have concluded that
B � M(1 � 2 � 3 � 4) is an SV41 HN-specific protein similar to
the SV41 F protein. This chimera harbored 41 SV41 F-derived
amino acids, 32 of which were regarded as being exposed on the F
trimer surface (Fig. 1B and Fig. 2). It was noteworthy, on the one
hand, that the above-mentioned B � M(1 � 2 � 4) could not also
induce fusion in BHK cells, whereas its cleaved form was ex-
pressed on the cell surface more abundantly than that of B �
M(1 � 2 � 3 � 4) was (Fig. 3C and E).

These results have indicated that the PIV5 F protein can be
converted to an SV41 HN-specific chimeric F protein by replace-
ment of its five domains (M1, M2, M3, M4, and B) with those of
the SV41 F protein.

On the other hand, B � M2 and B � M(1 � 2) showed clear
specificity for the PIV5 HN protein in HeLa cells (Fig. 3D). Inter-
estingly, they induced prominent fusion in BHK cells irrespective
of the presence of the HN protein (Fig. 3E). Nonetheless, their
specificity for the PIV5 HN protein also seemed to be apparent in
BHK cells, because their fusion indices with the PIV5 HN protein
were significantly higher than those with the SV41 HN protein,
which were similar to the fusion indices without the HN pro-
tein (Fig. 3E). Consistent with this observation, we have recently
reported that the HN-independent fusion activity of the chimera
B � M(1 � 2) was further promoted by the SV41 HN protein but
not by the Newcastle disease virus HN protein (23). Accordingly,
when a certain chimeric F protein exhibited HN-independent fu-
sion activity, we regarded the fusion index to be the background
and its HN protein specificity could be estimated only when it

FIG 2 Positions of SV41 F-derived segments or amino acids in chimeric PIV5 F
proteins. (Top) Side views of the F trimers; (bottom) bottom views of the F trim-
ers. The SV41 F-derived segments and amino acids, which are exposed on the
trimer surface, are indicated in the colors representing the domains they belong to
(Fig. 1B); for simplicity, those in only one monomer are shown. The amino acids
shown in black indicate those that intervene among the SV41 F-derived amino
acids in chimera no. 36. The figure was prepared with the aid of the Deep View
Swiss-Pdb Viewer program on the basis of the crystal structure of the PIV5 (W3A)
F-cleavage-site mutant FR3 (Protein Data Bank accession number 2B9B) (40).
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induced fusion with either of the HN proteins at a level signifi-
cantly higher than the background.

Segment S is not involved in determining HN protein speci-
ficity. In order to identify the SV41 F-derived amino acids that
would be responsible for converting the PIV5 F protein to an SV41
HN-specific protein, the 41 amino acids in the five domains (M1,
M2, M3, M4, and B), which were not shared by the F proteins of
PIV5 and SV41, as described above, were grouped into 16 seg-

ments (Fig. 1B). Then, the SV41 F-derived segments of B � M(1 �
2 � 3 � 4) were then replaced with the PIV5 F counterparts
individually or in combination, and the HN protein specificity of
the resulting chimeric F proteins was investigated by using BHK
cells; their chimeric structures are shown as schematics in Fig. 4.

To begin with, we focused on the eight segments in the do-
mains M1, M2, and M3. As shown in Fig. 5B, SV41 F-derived
segment S of B � M(1 � 2 � 3 � 4) could be replaced with the
PIV5 F counterpart without affecting the prominent specificity for
the SV41 HN protein, as represented by chimera no. 6, indicating
that segment S is not involved in determining HN protein speci-
ficity. In contrast, chimera no. 2 exhibited low but apparent fusion
activity (approximately 12%) with either of the HN proteins, in-
dicating that SV41 F-derived segment G plays a critical role in
determining HN protein specificity. Although chimera no. 1 in-
duced moderate fusion even in the absence of the HN proteins, it
induced fusion with the SV41 HN protein but not with the PIV5
HN protein at a level significantly higher than this background.
This result suggested that segment F was not involved in deter-
mining HN protein specificity; we verified this assumption later
on. On the other hand, chimeras no. 3, no. 4, and no. 5, whose
cleaved forms were weakly expressed on the cell surface, did not
show fusion activity with either of the HN proteins; thus, the role

FIG 3 Replacement of five domains in the middle region of the PIV5 F protein
with those of the SV41 F protein converts HN protein specificity. (A) Sche-
matic diagram of chimeric F proteins. Dark boxes represent amino acid re-
gions derived from the PIV5 F protein, while bright boxes represent the do-
mains derived from the SV41 F protein. (B and C) Detection of chimeric F
proteins in plasmid-transfected cells. Subconfluent HeLa (B) or BHK (C) cell
monolayers in six-well culture plates were transfected with the recombinant
plasmid encoding each F protein and lysed at 24 h (B) or 12 h (C) posttrans-
fection. To detect the F proteins in the plasmid-transfected cells, the total cell
lysates were subjected to SDS-PAGE under reducing conditions, followed by
Western blotting with an anti-F1 monoclonal antibody (top). To detect the F
proteins expressed on the cell surface, the plasmid-transfected cells were bio-
tinylated, the cell lysates were subjected to immunoprecipitation with anti-F2

rabbit serum, and the precipitates were analyzed by SDS-PAGE under nonre-
ducing conditions; the biotinylated F-protein band detected by immunopre-
cipitation represents the cleaved from (F1 � 2), as reported previously (29)
(bottom). The relative surface expression (RSE) level of the F proteins is pre-
sented below each lane. (D and E) Fusion activity of the chimeric F proteins.
For analyzing the HN protein specificity of the F proteins in a cell-cell fusion
assay, subconfluent HeLa (D) or BHK (E) cell monolayers in six-well culture
plates were transfected with 2 �g/well of the recombinant SR� plasmid encod-
ing each F protein together with 1 �g/well of the recombinant SR� plasmid
encoding the SV41 HN protein or the PIV5 HN protein or with the SR�
plasmid (no HN). After 24 h (D) or 12 h (E), the cells were fixed with 4%
paraformaldehyde and the average fusion index was determined as described
in Materials and Methods; error bars indicate standard deviations.

FIG 4 Structures of chimeric PIV5 F proteins. The chimeric structure of each
chimera is shown as a set of 16 squares which correspond to the 16 segments
shown in Fig. 1B. Dark gray squares, SV41 F-derived segment; white squares,
PIV5 F-derived segment; light gray squares, SV41 F-derived segment F, G, or V
with a mutation(s), details of which are shown on the right side of each chi-
mera. The name of each segment is indicated only in the white and gray
squares. BM, B � M(1 � 2 � 3 � 4).
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of segments H, N, and P could not be evaluated. The role of seg-
ments Q and R in determining HN protein specificity also re-
mained unclear, since the corresponding chimera, no. 7, did not
induce fusion with either of the HN proteins, even though the
amount of its cleaved form on the cell surface was larger than that
of chimera no. 6.

Segments H, T, U, W, and X are not involved in determining
HN protein specificity. We then focused on the five segments in
the domain M4 and found that SV41 F-derived segments U and W
of B � M(1 � 2 � 3 � 4) could be replaced with the PIV5 HN
counterparts without affecting the specificity for the SV41 HN
protein, as represented by chimeras no. 8 and no. 9, respectively
(Fig. 6B). Furthermore, replacement of segment X did not seem to
affect the HN protein specificity of chimeras B � M(1 � 2 � 3 �
4) and no. 9, because the resultant chimeras, no. 10 and no. 13,
respectively, induced fusion with the SV41 HN protein at levels
significantly higher than their backgrounds but not with the PIV5
HN protein. These results suggested that segments U, W, and X
are not involved in determining HN protein specificity. In con-
trast, replacement of segment V of B � M(1 � 2 � 3 � 4) resulted
in chimera no. 11, which exhibited very high fusion activity (ap-
proximately 75%) independently of the coexpression with the HN
protein, and thus, the role of V in determining HN protein spec-
ificity remained to be evaluated; we address this issue later on.
Interestingly, replacement of segment T of chimera no. 8 resulted
in chimera no. 12, which induced moderate HN-independent fu-
sion (Fig. 6B). However, chimera no. 12 induced fusion with the
SV41 HN protein at a level significantly higher than this back-
ground but not with the PIV5 HN protein. This result suggests

that segment T is not involved in determining HN protein speci-
ficity.

As we described above, chimeras no. 6, no. 8, and no. 9 induced
fusion only when coexpressed with the SV41 HN protein. Impor-
tantly, chimeras no. 6 and no. 9 induced fusion specifically with
the SV41 HN protein even more prominently than the parent B �
M(1 � 2 � 3 � 4) did. We then reassessed the role of segment H
in domain M1 in the context of chimera no. 6, revealing that
replacement of segment H with the PIV5 F counterpart reduced
the fusion activity but did not affect the specificity for the SV41
HN protein, as represented by chimera no. 14 (Fig. 6B). This result
thus suggested that segment H is not is not involved in determin-
ing HN protein specificity.

Taken together, the findings obtained so far have suggested
that six segments (H, S, T, U, W, and X) are not involved in
determining HN protein specificity. We then replaced these six
segments of B � M(1 � 2 � 3 � 4) with those of the PIV5 F
protein. As expected, the resultant chimera, no. 26, exhibited ap-
parent specificity for the SV41 HN protein but it also showed
moderate HN-independent fusion activity (Fig. 7B). Similarly, re-
placement of five segments (H, S, U, W, and X) of the six resulted
in SV41 HN-specific chimera no. 16, which also showed HN-
independent fusion activity (Fig. 6B). Intriguingly, when four seg-
ments (H, S, U, and W) of the six were replaced, the resultant
chimera, no. 15, showed minimal HN-independent fusion and
induced fusion specifically with the SV41 HN protein (Fig. 6B).
Finally, replacement of segment T of chimera no. 15 resulted in
chimera no. 17, which induced fusion specifically with the SV41
HN protein at a reduced level but showed no HN-independent
fusion activity (Fig. 7B). These results were consistent with the

FIG 5 Segment S is not involved in determining HN protein specificity. (A)
Detection of chimeric F proteins in plasmid-transfected BHK cells. Western
blotting (top) and immunoprecipitation (bottom) were carried out as de-
scribed in the legend for Fig. 3C. The number above each lane corresponds to
the number of the chimera indicated in Fig. 4. 5F, PIV5 F protein; BM, B �
M(1 � 2 � 3 � 4); V, vector. (B) Fusion activity of chimeric F proteins. The
average fusion index was determined as described in the legend for Fig. 3E. The
numbers on the abscissa axis correspond to the chimera numbers presented in
panel A.

FIG 6 Segments H, T, U, W, and X are not involved in determining HN
protein specificity. (A) Detection of chimeric F proteins in plasmid-trans-
fected BHK cells. Western blotting (top) and immunoprecipitation (bottom)
were carried out as described in the legend for Fig. 3C. The number above each
lane corresponds to the number of the chimera indicated in Fig. 4. BM, B �
M(1 � 2 � 3 � 4); V, vector. (B) Fusion activity of chimeric F proteins. The
average fusion index was determined as described in the legend for Fig. 3E. The
numbers on the abscissa axis correspond to the chimera numbers presented in
panel A.
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six segments not being involved in determining HN protein spec-
ificity.

Domain B is not involved in determining HN protein speci-
ficity. We then investigated the three segments J, K, and L in do-
main B in the context of SV41 HN-specific chimera no. 15, which
showed negligible HN-independent fusion activity, as described
above. As shown in Fig. 7B, segment J and/or segment K of chi-
mera no. 15 could be replaced with the PIV5 F counterparts with-
out affecting HN protein specificity, as represented by chimeras
no. 18, no. 19, and no. 20, which induced fusion with the SV41 HN
protein at levels significantly higher than their backgrounds but
not with the PIV5 HN protein. In contrast, replacement of seg-
ment L of chimera no. 15 resulted in chimera no. 21, which in-
duced fusion specifically with the SV41 HN protein but at a re-
duced level (Fig. 7B). Similar to chimera no. 15, replacement of
segments J and K of chimera no. 17 resulted in chimera no. 23,
which showed high HN-independent fusion activity but retained
specificity for the SV41 HN protein, while replacement of segment
L of chimera no. 17 resulted in chimera no. 22, which induced
fusion specifically with the SV41 HN protein but at a reduced level
(Fig. 7B). These results have suggested, unexpectedly, that the
three segments in domain B are not involved in determining HN
protein specificity.

Interestingly, we found after several attempts that replacement
of segment X of chimera no. 23 reduced the HN-independent
fusion activity without significantly affecting its fusion activity
with the SV41 HN protein, as represented by chimera no. 24 (Fig.
7B). More interestingly, replacement of segment L of chimera no.
24 resulted in chimera no. 25, which induced fusion specifically

with the SV41 HN protein to a similar extent but showed remark-
ably reduced HN-independent fusion activity (Fig. 7B and Fig.
8B). Notably, when domain B of chimera no. 25 was replaced with
the SV41 F counterpart, the resultant chimera, no. 26, showed
decreased fusion activity with the SV41 HN protein and increased
HN-independent fusion activity (Fig. 7B).

Segment V and residue 238 in segment G are not involved in
determining HN protein specificity. As described above, chimera
no. 25 exhibited prominent specificity for the SV41 HN protein.
This chimera contained 19 trimer surface-exposed amino acids
derived from the SV41 F protein, as calculated from Fig. 1B; the
uppermost amino acid among the 19 was residue 234 in segment F
(Fig. 2). We then intended to see whether replacement of SV41
F-derived segment F, in which only L234 is exposed on the trimer
surface (Fig. 1B), with the PIV5 F counterpart, T234, would affect
HN protein specificity. As shown in Fig. 7B, the resultant chimera,
no. 27, induced moderate fusion either with the SV41 HN protein
or with the PIV5 HN protein, indicating that the presence of SV41
F-derived segment F (most likely, L234) is critical for chimera no.
25 to exhibit clear specificity for the SV41 HN protein, whereas it
is not critical in the context of B � M(1 � 2 � 3 � 4), as repre-
sented by chimera no. 1 (Fig. 5B). On the other hand, the lower-
most amino acid among the 19 was residue S344 in segment V of
chimera no. 25 (Fig. 2). Interestingly, replacement of SV41 F-de-
rived S344 of chimera no. 25 with the PIV5 F counterpart, D344,
resulted in chimera no. 28, which induced fusion with the SV41
HN protein more prominently than chimera no. 25 did (Fig. 8B).
Furthermore, replacement of SV41 F-derived Y346 or Q347 in
segment V of chimera no. 28 resulted in chimeras no. 29 and no.
30, respectively, which induced fusion specifically with the SV41

FIG 7 Domain B is not involved in determining HN protein specificity. (A)
Detection of chimeric F proteins in plasmid-transfected BHK cells. Western
blotting (top) and immunoprecipitation (bottom) were carried out as de-
scribed in the legend for Fig. 3C. The number above each lane corresponds to
the number of the chimera indicated in Fig. 4. BM, B � M(1 � 2 � 3 � 4); V,
vector. (B) Fusion activity of chimeric F proteins. The average fusion index was
determined as described in the legend for Fig. 3E. The numbers on the abscissa
axis correspond to the chimera numbers presented in panel A.

FIG 8 Segment V and residue 238 in segment G are not involved in determin-
ing HN protein specificity. (A) Detection of chimeric F proteins in plasmid-
transfected BHK cells. Western blotting (top) and immunoprecipitation (bot-
tom) were carried out as described in the legend for Fig. 3C. The number above
each lane corresponds to the number of the chimera indicated in Fig. 4. V,
vector. (B) Fusion activity of chimeric F proteins. The average fusion index was
determined as described in the legend for Fig. 3E. The numbers on the abscissa
axis correspond to the chimera numbers presented in panel A.
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HN protein similarly to chimeras no. 28 and no. 25, respectively
(Fig. 8B). On the other hand, replacement of both Y346 and Q347
of chimera no. 25 resulted in chimera no. 31, which induced fu-
sion specifically with the SV41 HN protein but at a reduced level
(Fig. 8B). Finally, although replacement of all the amino acids in
segment V resulted in chimera no. 32, which showed increased
HN-independent fusion activity, the SV41 HN protein could pro-
mote chimera no. 32-mediated fusion to a level significantly
higher than this background, whereas the PIV5 HN protein could
not. Taken together, these results suggest that segment V is not
involved in determining HN protein specificity.

We then reassessed the role of SV41 F-derived L234 in segment
F in the context of chimera no. 28, since this chimera exhibited
clearer specificity for the SV41 HN protein than chimera no. 25
did, as described above. As shown in Fig. 8B, when SV41 F-derived
L234 of chimera no. 28 was replaced with the PIV5 F counterpart,
T234, the resultant chimera, no. 33, showed reduced specificity for
the SV41 HN protein, indicating that the presence of SV41 F-de-
rived L234 is important for chimera no. 28 in order to exhibit clear
specificity for the SV41 HN protein, the same as it is for chimera
no. 25. It should be pointed out, in this context, that SV41 F-de-
rived L234 is in contact with SV41 F-derived S238 in segment G, as
shown in Fig. 2 (no. 25, top). We therefore replaced SV41 F-de-
rived S238 of chimera no. 28 with the PIV5 F counterpart, K238.
Notably, the resultant chimera, no. 34, did not show HN-indepen-
dent fusion activity, whereas it retained clear specificity for the
SV41 HN protein (Fig. 8B).

Finally, we reassessed the roles of SV41 F-derived Y346 and
Q347 in segment V in the context of chimera no. 34. Unfortu-
nately, replacement of SV41 F-derived Y346 with the PIV5 F
counterpart, M346, resulted in a fusion-deficient chimera, no. 35
(Fig. 8B), whose cleaved form was weakly expressed on the cell
surface (Fig. 8A). Most notably, however, SV41 F-derived Q347 of
chimera no. 34 could be replaced with the PIV5 F counterpart,
A347, without affecting its clear specificity for the SV41 HN pro-
tein, as represented by chimera no. 36 (Fig. 8B). As shown in Fig.
1B and Fig. 2, chimera no. 36 harbored 21 SV41 F-derived amino
acids, of which 16 were exposed on the trimer surface.

Taken together, the SV41 F-derived 21 amino acids of B �
M(1 � 2 � 3 � 4), a chimeric PIV5 F protein that harbored 41
SV41 F-derived amino acids, could be replaced with the PIV5 F
counterpart without affecting its clear specificity for the SV41 HN
protein. In other words, replacement of the corresponding 21
amino acids of the PIV5 F protein with those of the SV41 F protein
resulted in an F protein that exhibited clear specificity for the SV41
HN protein.

DISCUSSION

In the present study, we have shown that replacement of 21 amino
acids of the PIV5 F protein with the SV41 F counterparts is enough
to convert the PIV5 F protein to a protein specific for the SV41 HN
protein, as represented by chimera no. 36. Importantly, 16 out of
the 21 amino acids are exposed on the trimer surface (Fig. 1B and
2) and thus could be regarded as the candidates that directly me-
diate the physical interaction of the F protein with the HN protein.
Interestingly, these 16 amino acids form into a noncontiguous and
nearly perpendicular line on the lateral side of the head region of
chimera no. 36 (Fig. 2), which is approximately 6 nm in length, as
deduced from the total length (12 nm) of the PIV5 F trimer (30).
The uppermost residue of this line is residue 234 in segment F,

while the lowermost residue is residue 346 in segment V or residue
314 in segment R. Uppermost residue 234 has been proved to be
critical for determining HN protein specificity, as represented by
chimera no. 33. In contrast, lowermost residue 346 is not involved
in determining HN protein specificity, as represented by chimeras
no. 29, no. 31, and no. 32; evaluation of this residue as a determi-
nant of the HN protein specificity would be our future task. There-
fore, the candidate amino acids of the F protein that would medi-
ate physical HN-F interaction are 15 in number. It should be
pointed out, on the other hand, that residue 282 in domain M2 is
located between segments N and P of chimera no. 36 (Fig. 2). This
residue is shared by the F proteins of SV41 and PIV5 (Fig. 1B) and
thus does not seem to be responsible for determining HN protein
specificity. However, since it protrudes from the midst of the
above-described perpendicular line in the head region of chimera
no. 36 (Fig. 2), we cannot rule out the possibility that this con-
served residue (proline) somehow takes part in the physical HN-F
interaction. Similarly, three conserved residues, which belong to
domain M1 (residues 241 and 242) or domain M2 (residue 277),
are located among segments F (residue 234), G (residues 239 and
240), and N of chimera no. 36 (Fig. 2); they may also take part in
the physical HN-F interaction.

On the basis of the interface propensity and the conservation of
physical chemical properties among F proteins, it has been proved
that six residues at the base of the MV F head region receive the
signal from the MV H protein (31), suggesting that these residues
are involved in the H-F interaction. It is worth noting, in this
context, that two (Q322 and E325) of the identified six residues
correspond to T312 and L315 in PIV5 F segment R, respectively
(Fig. 1B and Fig. 2), which are the constituents of the 15 candidates
that would mediate the HN-F interaction, as described above.
However, another two (Y349 and R360) of the six residues corre-
spond to Q339 in segment U and Q350 in segment W, respectively
(Fig. 1B), which proved not to be important for the HN-F inter-
action. The remaining two (Q383 and L394) correspond to PIV5 F
residues D373 and L384, respectively, which are not included in
the middle region and thus may not be involved in the HN-F
interaction. Notably, in this context, three CDV F residues that are
considered to be involved in the H-F interaction are located in F2

or in the fusion peptide (24). Taken together, these findings sug-
gest that the sites of the rubulavirus F protein interacting with the
HN protein are only partially identical to the sites of the morbil-
livirus F protein interacting with the H protein, which would re-
flect a difference in the mechanisms of F activation between the
two genera (4).

Our previous chimeric analysis revealed that a chimeric PIV5 F
protein which harbored four SV41 F-derived domains (M1, M2,
M3, and M4), or, in other words, 38 SV41 F-derived amino acids
(Fig. 1B), induced fusion either with the PIV5 HN protein or with
the SV41 HN protein (23). We found in the present study, how-
ever, that replacement of only 21 amino acids in these four do-
mains is enough to convert the PIV5 F protein to an SV41 HN-
specific protein. Thus, whether a given chimeric PIV5 F protein
interacts with the SV41 HN protein or with the PIV5 HN protein
does not simply reflect the number of SV41 F-derived amino ac-
ids, suggesting that the tertiary and/or quaternary structure of the
putative HN-interacting site of the chimeric PIV5 F protein seems
to be extremely important for determining its HN protein speci-
ficity. In other words, the role of a given SV41 F-derived domain
or amino acid in the interaction with the SV41 HN protein may
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vary in a manner that is dependent on the structure of the respec-
tive chimeric PIV5 F protein, since it is very likely that the confor-
mation and/or relative position of the SV41 F-derived domains or
amino acids in the context of a chimeric F protein may differ from
that in another chimeric F protein or from that in the SV41 F
protein. Such a difference would be enough to discriminate be-
tween an SV41 HN-specific structure and a cross-reactive struc-
ture.

Although it is appreciated that the HN-F interaction is virus
type specific, the HPIV2 HN protein is able to substitute for the
HN proteins of SV41 and HPIV4A (17), while the HN protein of
mumps virus can substitute for the HN proteins of HPIV2 and
PIV5 (22, 27). Such cross-reactivity of some HN proteins cannot
simply be explained by their proximity to the substitutable HN
proteins in terms of primary structure, since the converse hetero-
typic combinations of the HN and F proteins result in no fusion
(17, 22). We thus speculate that similarity in the tertiary and/or
quaternary structure between the stalk regions of the HN proteins
is also crucial for their compatibility; a subtle difference might
result in the one-way cross-reactivity, as we have suggested else-
where (32). It is important to point out, in this context, that a
given HN (or F) protein has the potential to substitute for another
HN (or F) protein when the overall amino acid sequence identity
between the proteins is 39% (or 36%) or greater (22, 32). It is thus
important to note that the SV41 F protein cannot substitute for
the PIV5 F protein and vice versa, despite the fact that their amino
acid sequence identity is 49.9% (23, 33), which, fortunately, en-
abled us to perform the chimeric analyses of their F proteins.

A number of chimeric F proteins created in the present study
displayed HN-independent fusion activity; above all, chimera no.
11 exhibited hyperfusogenic activity in the absence of the HN
protein (Fig. 6B), indicating that SV41 F-derived segment V
somehow contributes to this phenotype. Consistently, replace-
ment of segment V of chimera no. 25 with the SV41 F counterpart
resulted in chimera no. 32, which showed increased HN-indepen-
dent fusion activity (Fig. 8B). Similarly, SV41 F-derived segments
F, J, K, and X also seemed to contribute to HN-independent fusion
activity in the context of some chimeras, for example, no. 1, no. 18,
no. 19, and no. 16, respectively. With regard to this issue, it is
known that introduction of several mutations into the PIV5 F
protein bestows HN-independent fusion activity on the F protein
(27, 34, 35). These mutations are considered to destabilize the F
protein so that it can undergo the conformational changes that
lead to fusion in the absence of the HN protein (36). Therefore, if
the physical interaction between the HN stalk region and the pu-
tative HN-interacting region of the F protein results in destabili-
zation of the F protein, then mutation or chimeric recombination
of the HN-interacting region or its franking region might result in
destabilization of the F protein in some cases, as we have recently
postulated (23).

Intriguingly, the fusion activities of most chimeric F proteins in
BHK cells at 12 h posttransfection are much higher than those in
HeLa cells at 24 h posttransfection, as represented by the chimeras
shown in Fig. 3D and E. Notably, B � M(1 � 2) and B � M(2 �
4) induced hyperfusogenic activity in BHK cells independently of
the coexpressed HN protein. This finding indicates, importantly,
that the difference in the fusion activity of a given chimera be-
tween the two cell lines cannot simply be explained by the possible
difference in the surface expression level of the chimera and/or in
the amount of cellular receptors for the HN protein. Rather, it

seems likely that these cell lines differ in the lipid composition of
the plasma membrane, in the integrity of the cytoskeleton, such as
that of cortical actin, or in the amount of a putative receptor(s) for
the F protein, any one of which would account for the different
susceptibilities of the two cell lines to the intrinsic fusion activity
of the F proteins. Importantly, in this context, it has been reported
that cellular transmembrane molecules, such as interferon-induc-
ible transmembrane protein 1 (IFITM1) or CD98 heavy chain,
regulate the cell-cell fusion induced by viral glycoproteins (37,
38). Possible differences in the functions of these cellular fusion
regulatory proteins between the two cell lines may account for the
higher fusion activity of the chimeras in BHK cells. Intriguingly,
on the other hand, the difference in the surface expression levels
between the chimeras in BHK cells seems much less than that in
HeLa cells (Fig. 3B and C), suggesting that there may be differ-
ences in the transport machinery and/or in the quality control
mechanism between the two cell lines.

The cleaved form (F1 � 2) of some chimeras, including B �
M(1 � 2 � 3 � 4), is poorly expressed on the BHK cell surface
compared to the expression of the PIV5 F protein, but this
phenotype does not seem to correlate either with the chimeric
structure, with the HN protein specificity, or with HN inde-
pendence. Interestingly, on the one hand, the data from West-
ern blotting of the total cell lysate indicate that the amounts of
the cleaved form (F1) of these chimeras are also considerably
smaller than those of the chimeras whose F1 � 2 forms are effi-
ciently expressed on the cell surface. In contrast, the amounts
of the uncleaved form (F0) of most chimeras are similar regard-
less of their surface expression efficiency. These findings thus
indicate that the above-mentioned paucity in the amount of
the cell surface-expressed F1 � 2 cannot simply be explained by
low cleavage efficiency. Provided that there is no difference in
translation efficiency, it is possible that those chimeras whose
F

1 � 2
forms are poorly expressed on the cell surface are degraded

after cleavage. In all likelihood, their F1 � 2 forms may be struc-
turally labile, which would result in their transport to the late
endosome/lysosome for degradation either directly from the
trans-Golgi network or from the cell surface. Although it is
possible that these chimeras are prone to undergo misfolding
in the endoplasmic reticulum and thus are retrotranslocated to
the cytoplasm for degradation in the proteasome, such degra-
dation would result in small amounts not only of the cleaved
form but also of the uncleaved form.
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