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For most paramyxoviruses, virus type-specific interaction between fusion (F) protein and attachment
protein (hemagglutinin-neuraminidase [HN], hemagglutinin [H], or glycoprotein [G]) is a prerequisite
for mediating virus-cell fusion and cell-cell fusion. Our previous cell-cell fusion assay using the chimeric
F proteins of human parainfluenza virus 2 (HPIV2) and simian virus 41 (SV41) suggested that the middle
region of the HPIV2 F protein contains the site(s) that determines its specificity for the HPIV2 HN protein.
In the present study, we further investigated the sites of the F protein that could be critical for determining
the HN protein specificity. By analyzing the reported structure of the F protein of parainfluenza virus 5
(PIV5), we found that four major domains (M1, M2, M3, and M4) and five minor domains (A to E) in the
middle region of the PIVS F protein were exposed on the trimer surface. We then replaced these domains
with the SV41 F counterparts individually or in combination and examined whether the resulting chimeras
could mediate cell-cell fusion when coexpressed with the SV41 HN protein. The results showed that a
chimera designated M(1+2), which harbored SV41 F-derived domains M1 and M2, mediated cell-cell
fusion with the coexpressed SV41 HN protein, suggesting that these domains are involved in determining
the HN protein specificity. Intriguingly, another chimera which harbored the SV41 F-derived domain B in
addition to domains M1 and M2 showed increased specificity for the SV41 HN protein compared to that

of M(1+2), although it was capable of mediating cell-cell fusion by itself.

The members of genus Rubulavirus of the subfamily
Paramyxovirinae, as well as those of genera Respirovirus and
Avulavirus in the same subfamily, have two kinds of glycopro-
tein spikes on the envelope: hemagglutinin-neuraminidase
(HN) protein tetramers and fusion (F) protein trimers (11).
The attachment protein HN is responsible for binding to the
sialoconjugate receptors 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 precursor (F,) by cellular proteases into
subunits F, and F, is a prerequisite for its fusion activity,
similar to the other class I viral fusion proteins.

Unlike most of the other class I fusion proteins, however, the
F protein does not have an apparent receptor-binding func-
tion. Moreover, most F proteins require a fusion-promoting
function of the attachment protein HN in a virus type-specific
manner (4, 5). 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 con-
formational changes of the F protein that is initiated by its
specific interaction with the homologous HN protein (6, 10,
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16). The fusion-promoting function of the HN protein appears
to depend on it being bound to its cellular receptors (13, 17, 18,
25), and it seems that the HN protein promotes the F protein-
mediated fusion dependently on the balance between its in-
herent F-triggering efficiency and receptor-attachment regula-
tory functions (binding and destruction), as suggested by
Porotto and colleagues (23). Furthermore, the presumptive
signal-transducing activity of the HN protein may be required
for the induction of cell-cell fusion (36).

The stalk region of the HN protein is inferred to contain the
site that determines the F protein specificity in promoting
fusion (3, 28, 35), while the head region carries both the re-
ceptor-binding and -destroying activities (15, 30). Indeed, in-
volvement of the HN stalk region of an avulavirus Newcastle
disease virus (NDV) in the physical interaction with the F
protein has been certified by coimmunoprecipitation analysis
(14). On the other hand, there is inadequate information con-
cerning the site of the F protein that determines the HN
protein specificity. Previously, Yao and Compans demon-
strated that a cytoplasmic tail truncation mutant of the F pro-
tein of a rubulavirus human parainfluenza virus 2 (HPIV2) was
transported to the cell surface and induced cell-cell fusion
when coexpressed with the HPIV2 HN protein (37), indicating
that the HPIV2 F protein needs only the ectodomain and
transmembrane domain to undergo transport and induce cell-
cell fusion. Thus, the cytoplasmic domain of the HPIV2 F
protein is involved neither in the interaction with the HN
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protein nor in the induction of fusion. Consistently, our previ-
ous chimeric analyses of the F proteins of HPIV2 and another
closely related rubulavirus, simian virus 41 (SV41), suggested
that a region (amino acids [aa] 227 to 370) in the ectodomain
of the HPIV2 F protein contains the site(s) that determines its
specificity for the HPIV2 HN protein in the induction of cell-
cell fusion (34). Since this region, designated the middle re-
gion, was considerably large (occupying about 27% of the total
molecule), we tried to narrow it down, but it was very difficult
to create additional chimeras in the absence of information
about the three-dimensional (3-D) structure. Furthermore, the
fact that the HPIV2 HN protein was able to weakly promote
the SV41 F-mediated cell-cell fusion sometimes made the in-
terpretation of the results of the fusion assay complicated.

Recently, the 3-D structure of the F protein of a rubulavirus
parainfluenza virus 5 (PIVS) has been reported (38). In order
to identify more precisely the sites of the F protein that deter-
mine the HN protein specificity and would be responsible for
the physical interaction with the HN protein, we decided to
carry out chimeric analyses of the F proteins of PIVS and
SV41, because these F proteins are phylogenetically close to
each other (31) and because they induced cell-cell fusion only
when coexpressed with their homologous HN proteins. To
begin with, we adopted the F protein of PIVS5 strain WR, which
can induce cell-cell fusion only when coexpressed with the HN
protein (7). It is known, on the other hand, that the F protein
of PIVS strain W3A can mediate fusion in the absence of the
HN protein (21). The middle region of the PIV5 F protein was
then mapped on the 3-D structure of the F trimer, and it was
proved that four major domains and five minor domains in the
middle region were exposed on the trimer surface. Conse-
quently, chimeric analyses of these domains have indicated
that the two SV41 F-derived major domains, which harbor 16
noncontiguous amino acids that are not conserved between the
F proteins, make the PIVS F protein to induce cell-cell fusion
when coexpressed with the SV41 HN protein.

MATERIALS AND METHODS

Cells and recombinant plasmids. Monolayers of HeLa cells were maintained
in Eagle’s minimum essential medium (MEM) supplemented with 5% fetal calf
serum (9, 32). The recombinant SRa plasmid encoding the HN or F protein of
SV41 or that of NDV was described previously (34, 35). The recombinant SR«
plasmid encoding the HN protein of PIVS strain W3A and that encoding the F
protein of PIVS strain WR were described elsewhere (7, 8). The PIVS W3A HN
protein was used instead of the PIV5S WR HN protein, because the former
exhibited higher fusion-promoting activity than the latter when coexpressed with
the PIVS F protein (data not shown). The cleavage site mutant of the F protein
of PIVS strain WR, Se-WR F, whose cleavage site was replaced with that of a
respirovirus Sendai virus (SeV) and thus cleavable with exogenously added
trypsin (acetylated trypsin; Sigma), was reported more recently (32, 33). To
generate the cleavage site mutants, Se-M(1+2) and Se-M(2+4), chimeric re-
combination was performed by using the cleavage site mutant, Se-WR F, and
newly created chimeric proteins, M(1+2) and M(2+4), respectively.

To generate the chimeric HN protein, CH5-41, in which the amino terminal
90-amino-acid region of the SV41 HN protein was replaced with the correspond-
ing 89-amino-acid region of the PIVS WR HN protein, the restriction enzyme
site for Scal in the SV41 HN protein-encoding plasmid was used for chimeric
recombination, as reported previously (35); an Scal site was introduced into the
corresponding position in the PIVS WR HN protein-encoding plasmid using an
U.S.E. mutagenesis kit (Amersham Pharmacia Biotech).

Generation of chimeric F proteins. We showed previously that the middle
region (aa 227 to 370) of the HPIV2 F protein harbors the site(s) that determines
the HN protein specificity (34). In order to investigate further the sites of the F
protein that determine the HN protein specificity, the middle region (aa 223 to
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366) of the PIV5 F protein was identified by amino acid sequence alignment with
the HPIV2 F protein. Since the interacting sites of the F protein with the HN
protein would be exposed on the trimer surface, the side chain of every amino
acid in the middle region was visually inspected whether it is exposed on the 3-D
structure of the PIV5 F cleavage site mutant, FR3 (Protein Data Bank identifier
code [PDB ID] 2B9B), with the aid of the DeepView Swiss-PdbViewer program
(GlaxoSmithKline R&D and the Swiss Institute of Bioinformatics). Then, the
exposed residues were grouped into four major domains and five minor domains
by visual inspection.

To generate chimeric F proteins of SV41 and PIVS5, the desired domain of the
SV41 F protein-encoding plasmid was amplified by PCR, while both the franking
regions of the corresponding domain of the PIVS5 F protein-encoding plasmid
were amplified, simultaneously introducing the restriction enzyme site for Spel
or Pstl at the distal end. These three fragments were then combined stepwise by
fusion PCR and inserted into the PIV5 F protein-encoding plasmid by utilizing
restriction enzyme sites Spel and PstI. In principle, each domain was fixed so that
it starts and ends with an amino acid that is shared by the two F proteins. The
positions of cysteine and proline residues were also taken into consideration for
fixing the start and end of each domain.

Quantification of cell-cell fusion. Subconfluent HeLa cell monolayers in six-
well culture plates were transfected with 2 ug/well of each recombinant plasmid
as described previously (32). After 24 h of incubation at 37°C, the cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS), washed three
times with PBS, and stained with Giemsa solution. The photomicrographs of 10
randomly chosen fields were subjected to morphometric measurement of cell-cell
fusion, and the average fusion index (%) and standard deviation were deter-
mined as described previously (35).

Western blot analysis. Subconfluent HeLa cell monolayers were transfected
with the recombinant plasmid encoding each F protein. After 24 h of incubation
at 37°C, the cells were lysed with 500 pl/well of lysis buffer (25 mM HEPES [pH
7.6, 1% Triton X-100, 3 mM B-glycerophosphate, 3 mM EDTA, 137 mM NaCl,
and protease inhibitors [Complete; Roche Applied Science]). An aliquot (15 pl)
of each cell lysate was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and the separated proteins were electroblotted to
a nitrocellulose membrane (Whatman). The membrane was then successively
treated with monoclonal antibody (MAb) 1D1, which recognizes the amino acid
region (aa 448 to 452) immediately upstream of the heptad repeat B domain of
the PIVS5 F protein (33), biotinylated horse immunoglobulin specific for mouse
IgG (Vector Laboratories), and streptoavidin-biotin-peroxidase complex (Vector
Laboratories). The F protein bands were then visualized by enhanced chemilu-
minescence (ECL) using the Western blotting luminol reagent (Santa Cruz
Biotechnology), followed by exposure to X-ray film (Konica, Tokyo, Japan).

Cell surface biotinylation. Subconfluent HeLa cell monolayers were trans-
fected with recombinant plasmid encoding each F protein. After 24 h of incu-
bation at 37°C, the cells were treated with 0.3 mg/ml of NHS-LC-biotin (Pierce)
or thiocleavable sulfo-NHS-LC-biotin (Pierce) solution in PBS, which contained
0.1 mM CaCl, and 1 mM MgCl,, at 23°C for 30 min and lysed with 500 pl/well
of lysis buffer as described previously (33). The biotinylated proteins in the cell
lysates were immunoprecipitated with MAb 1D1 or with rabbit antiserum spe-
cific for the PIV5 F, subunit (8) and subjected to SDS-PAGE, followed by
blotting to a polyvinylidene difluoride (PVDF) membrane (Hybond-P; Amer-
sham Biosciences). The biotinylated F proteins on the membrane were detected
by ECL after being treated with the streptoavidin-biotin-peroxidase complex as
described above and quantified with the aid of a graphics software, NIH Image
version 1.60. The results were then normalized by the value given by the PIV5 F
protein M(1+2) or Se-WR F.

RESULTS

The amino terminal region of the PIV5 HN protein deter-
mines the F protein specificity in promoting cell-cell fusion.
We reported previously that the F protein of PIVS strain WR
did not mediate detectable cell-cell fusion when it was coex-
pressed with the heterologous SV41 HN protein in BHK cells
(7). We confirmed this observation by using HeLa cells in the
current study (Fig. 1A). Similarly, cell-cell fusion was not de-
tected when the SV41 F protein was coexpressed with the
heterologous PIV5 HN protein (Fig. 1A). We also reported
previously, on the other hand, that the 90 amino terminal
residues of the SV41 HN protein, which include the 53 mem-
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FIG. 1. (A) Cell-cell fusion induced by coexpressed HN and F
proteins. Subconfluent HeLa cell monolayers in six-well culture plates
were transfected with the recombinant plasmid encoding the F protein
of SV41 or PIVS (WR) together with the recombinant plasmid encod-
ing the SV41 HN protein, PIV5 (W3A) HN protein, or the chimeric
HN protein, CH5-41. After 24 h of incubation, the cells were fixed with
4% paraformaldehyde and stained with Giemsa solution. Scale bar,
100 pm. (B) Schematic diagram of CH5-41. TM, transmembrane do-
main.

brane proximal amino acids of the stalk region, determine its
specificity for the SV41 F protein in promoting cell-cell fusion
(35). As shown in Fig. 1, when this 90-amino-acid region was
replaced with the PIVS HN counterpart (89 amino acids), the
resultant chimera, CH5-41, promoted cell-cell fusion when co-
expressed with the PIVS F protein but not with the SV41 F
protein. The fusion-promoting activity of CH5-41 was much
higher than that of the PIV5 HN protein (Fig. 1B), most likely
because the cell surface expression level of the PIV5 HN pro-
tein was remarkably low compared to that of CH5-41 (data not
shown). These results indicate that the HN proteins of PIV5
and SV41 promote cell-cell fusion only when coexpressed with
their homologous F proteins and that the chimeric HN protein,
whose membrane proximal part of the stalk region is derived
from the PIVS HN protein while the remaining part of the
ectodomain is derived from the SV41 HN protein, specifically
promotes PIVS F protein-mediated fusion.

Identification of domains in the middle region of the PIV5 F
protein that are exposed on the trimer surface. Our previous
chimeric analyses of the F proteins of HPIV2 and SV41 sug-
gested that a 144-amino-acid region (aa 227 to 370), which is
located in the middle of the primary structure of the HPIV2 F
protein, harbors the site(s) that determines the HN protein
specificity (34). In order to investigate further the sites of the
F protein that could determine the HN protein specificity, the
middle region (aa 223 to 366) of the PIV5 F protein was
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identified by amino acid sequence alignment with the HPIV2 F
protein (Fig. 2A). The side chain of every amino acid in the
middle region was then examined for its exposure on the
trimer surface of the PIVS F protein by analyzing the reported
3-D structure, and 84 out of 144 side chains per one monomer
proved to be exposed on the trimer surface as three distinct
patches, I, II, and III (Fig. 2B and C). We then focused on the
largest patch (II) and found that it could be split into four
major domains (M1, M2, M3, and M4) and two minor domains
(B and D) (Fig. 2B and C). On the other hand, patch III was
divided into two minor domains (C and E), while patch I
contained only one domain, designated A (Fig. 2B and C). To
see which domain would determine the HN protein specificity,
we decided to carry out chimeric analyses of the F proteins of
PIVS and SV41, because they are phylogenetically close to
each other (31) and because these F proteins show specificity
for their homologous HN proteins as described above.

The chimeric PIV5 F protein harboring the SV41 F-derived
domains M1 and M2 mediates cell-cell fusion with the coex-
pressed SV41 HN protein. First, to examine whether the four
major domains (M1, M2, M3, and M4) on the PIVS F trimer
surface could determine the HN protein specificity, each do-
main of the PIVS F protein was individually replaced with the
SV41 F counterpart; the resulting chimeras were designated
M1, M2, M3, and M4 (Fig. 3A, top). The amounts of these
chimeric F proteins produced in the transfected cells were
comparable to or even more than that of the wild type, the
PIVS F protein, as analyzed by Western blot analysis (Fig. 3B,
left). However, except for chimera M2, these chimeric F pro-
teins were not efficiently cleaved: the F, bands of chimeras M1
and M4 were faint, and that of chimera M3 was below the
detection level. Since we could not detect chimera M3 on the
cell surface (Fig. 3C, left) despite the fact that it was present in
the cells as the uncleaved F,, precursor (Fig. 3B), it seemed that
chimera M3 was not cleaved due to its severe defect in mem-
brane transport: the cleavage site of the PIVS F protein is
multibasic and thus considered to be digested by subtilisin-like
proteases in the trans-Golgi network (TGN) (11, 19, 20). None-
theless, when coexpressed with the PIVS HN protein or with
CHS5-41, the chimeric F proteins, except for chimera M3, me-
diated prominent cell-cell fusion (Fig. 3C). However, none of
them was able to mediate fusion with the SV41 HN protein.

We then created six chimeric F proteins, in which two of the
four major domains of the PIVS F protein were replaced with
the SV41 F counterparts in various combinations (Fig. 3A,
bottom). The three double chimeras, M(1+2), M(2+3), and
M(2+4), were expressed on the cell surface and cleaved as
efficiently as did the PIVS F protein, whereas the other three
chimeras were neither efficiently expressed on the cell surface
nor efficiently cleaved (Fig. 3B and C). We found that the
double chimera M(1+2), which harbored the SV41 F-derived
domains M1 and M2, was capable of mediating cell-cell fusion
when it was coexpressed with the SV41 HN protein (Fig. 3C).
In contrast, M(2+4) did not mediate fusion with the SV41 HN
protein, whereas it mediated fusion with the PIVS HN protein
or with CH5-41 as efficiently as did M(1+2). On the other
hand, M(2+3) did not induce fusion with any of the HN pro-
teins. These results indicate that the SV41 F-derived domains
M1 and M2, which harbor 16 noncontiguous amino acids that
are not conserved between the F proteins (Fig. 2B), are both



3156 TSURUDOME ET AL.

A R i F

Spel

J. VIROL.

Middle region
(223 366) PsII

PIV5 F __

HRA o W2 M we HRB; TM
B 223 234 M1 246 B A B 278 M2 285 294
PIV5 F ALRILLGiTLuvm WGLL&QIVMQM LEILHBEAIQI;DLATISA
SVA1F  —---I-mmm-- I--SRL--NLNT--- == === ===~ ------Q -TV--FVMQ-GAK ----V--T-
230 241 259 288 292 301
295 C 307 M3 323 334 M4 356 E 366

EINNQEVMAQLPTRVMYTGSLIQAYPASQC ITIPNTVYCRYNDAQYLSDD TMACLQGNLTRCT FSPYVGS FL

PIV5 F
SV41F NRMEE--LI-V-P-ILEYANE----T-DD-VV--HA-F-K---GSPI--SLYQ--K----S-V-T----NY-

302 314 330 341 363 373
C PIV5 F trimer Middle region Exposed domains

Side

Bottom

FIG. 2. Identification of domains in the middle region of the PIVS F protein that are exposed on the trimer surface. (A) Schematic diagram
of the PIV5 F protein. Positions of four major domains (M1, M2, M3, and M4) in the middle region are indicated. FP, fusion peptide; TM,
transmembrane domain; HRA and HRB, heptad repeat regions A and B. (B) Amino acid sequence alignment of the middle regions of the F
proteins of PIVS and SV41. Positions of the four major domains and five minor domains (A to E) are indicated. Amino acid residues of the PIV5
F protein that are exposed on the trimer surface are underlined. Dashes in the SV41 F sequence indicate amino acids identical to those of the PIV5
F protein. (C) Location of the middle region and exposed domains on the 3-D structures of the PIVS F trimer. For simplicity, the major and minor
domains of only one monomer are shown, as capital letters; some of the minor domains of the remaining two monomers are shown by small letters.
The positions of Ala-47, Thr-97, and Ala-111, which correspond to Arg-164, Gly-219, and Val-233 of the F protein of CDV strain Onderstepoort,
respectively, are indicated in the side view of the PIVS F trimer. The figures were depicted with the aid of the DeepView Swiss-PdbViewer program

on the basis of the crystal structure of the PIVS5 F cleavage site mutant.

needed for the PIVS5 F protein to mediate fusion with the SV41
HN protein, as demonstrated by the double chimera M(1+2).
However, since this chimera also mediated fusion with the
PIV5S HN protein or with CHS-41, an additional region(s)
seemed to be involved in determining the HN protein speci-
ficity. It was as expected, on the other hand, that CH5-41 behaved
toward the chimeric F proteins the same as the PIV5 HN protein
in terms of fusion promotion, except that it induced more exten-
sive fusion compared to the PIV5 HN protein.

Replacement of domains M3 and M4 with the SV41 F coun-
terparts does not increase the specificity of M(1+2) for the
SV41 HN protein. On the basis of the above findings, we

created five chimeric F proteins, in which three or all of the
major domains were replaced with the SV41 F counterparts
(Fig. 4A). Among the four triple chimeras, M(1+2+3) and
M(1+2+4) harbored the SV41 F-derived domains M1 and M2
and mediated fusion with the SV41 HN protein (Fig. 4C).
However, they also induced fusion either with the PIVS HN
protein or with CH5-41; it seemed that their specificities for
the SV41 HN protein did not greatly differ from that of the
double chimera M(1+2). Notably, M(1+2+4) exhibited re-
markably high fusion activity when coexpressed with every HN
protein compared to that of M(1+2) (Fig. 4C) and was able to
mediate very weak fusion (0.7% = 0.5%) in the absence of the
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FIG. 3. The chimeric PIV5 F protein harboring the SV41 F-derived domains M1 and M2 mediates cell-cell fusion with the coexpressed
SV41 HN protein. (A) Schematic diagram of chimeric F proteins. Dark boxes represent amino acid regions derived from the PIV5 F protein,
while light boxes represent those derived from the SV41 F protein. (B) Western blot of chimeric F proteins. Subconfluent HeLa cell
monolayers in six-well culture plates were transfected with the recombinant plasmid encoding each F protein and lysed at 24 h posttrans-
fection. The cell lysates were subjected to SDS-PAGE under reducing conditions, followed by Western blot analysis with MAb 1D1 that is
specific for the PIV5 F; subunit. (C) Detection of cell surface-expressed chimeric F proteins by cell surface biotinylation and comparison
of their fusion activity. For detection of the F proteins on the cell surface, subconfluent HeLa cell monolayers in six-well culture plates were
transfected with the recombinant plasmid encoding each F protein, biotinylated with thiocleavable sulfo-NHS-SS-biotin at 24 h posttrans-
fection, and the biotinylated proteins in the cell lysates were immunoprecipitated with rabbit antiserum specific for the PIVS F, subunit. The
immunoprecipitates were subjected to SDS-PAGE under nonreducing conditions, followed by blotting onto a PVDF membrane. The
biotinylated proteins on the membrane were detected by the avidin-biotin-peroxidase complex and visualized by enhanced chemilumines-
cence (ECL). The F protein bands were then quantified, normalized by the value given by the PIVS F protein, and expressed as cell surface
expression (CSE) levels. The average of results from three independent experiments was determined; error bars indicate standard deviations.
For analyzing fusion activity of the F proteins, subconfluent HeLa cell monolayers in six-well culture plates were transfected with the
recombinant plasmid encoding each F protein together with recombinant plasmid encoding the PIV5 (W3A) HN protein, SV41 HN protein,
or CH5-41. After 24 h, 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.

HN protein (Table 1). In order to see whether M(1+2+4)- M(1+2+3+4), very weak fusion was observed when coex-
induced fusion was nonspecifically promoted by the coex- pressed with the SV41 HN protein, but its specificity for the
pressed HN proteins, the NDV HN protein was employed as SV41 HN protein did not seem to exceed that of
the negative control, because we previously found that it M(1+2+3). These results indicate that replacement of do-
does not induce fusion when coexpressed with the F protein mains M3 and M4 with the SV41 F counterparts does not
of PIVS or SV41 (7, 34) and because NDV belongs to the increase the specificity of M(1+2) for the SV41 HN protein
genus Avulavirus and thus is phylogenetically distinct from and that the PIVS5 F protein cannot be fully converted to an
PIV5 and SV41. Since it turned out that the NDV HN SV41 HN-specific protein even if all the major domains have
protein could not promote M(1+2+4)-mediated fusion been replaced with the SV41 F counterparts.

while it induced fusion with its homologous F protein (Table Replacement of domain B with the SV41 F counterpart
1), we concluded that M(1+2+4)-mediated fusion was spe- increases the specificity of M(1+2) for the SV41 HN protein.
cifically promoted by the HN proteins of PIV5 and SV41 or We then turned our interest to the minor domains of the
by CHS5-41. On the other hand, the triple chimera middle region (Fig. 2B and C). To see whether the minor
M(2+3+4) did not induce fusion with the SV41 HN protein, domains could be involved in determining the specificity for
whereas it induced weak fusion with the PIVS5 HN protein or the SV41 HN protein, we created five chimeras in which
with CHS5-41, similar to that of M(1+2+3), reinforcing the each minor domain of M(1+2) was individually replaced
significance of domain M1 in determining the HN protein with the SV41 F counterpart (Fig. 5A). As shown in Fig. 5C,
specificity. In the case of the quadruple chimera it turned out that the triple chimera harboring the three



3158 TSURUDOME ET AL.

A FP

PIV5 F __TM
v | I
wiri2+c) T
wr+ove) N R
it+ove) T I
i+ve) Y I

ey — s

J. VIROL.

D ’:b\‘b"b‘\"&(b
AXT X X XX R S
B WS
el Ll
Firuey w

WB: anti-PIV5 F

C CSE Fusion index (%) Fusion index (%) Fusion index (%)

0 1 20 5 10 15 0 10 20 30 40 50 0 2 4 6 8 10 12
M(1+2) Bl — —
M(1+2+3) 4 4
M(1+2+4) — — —
M(1+3+4)
M(2+3+4) 4
M(1+2+3+4) { — 4

PIV5 HN CH5-41 SV41 HN

FIG. 4. Replacement of domains M3 and M4 with the SV41 F counterparts does not increase the specificity of M(1+2) for the SV41 HN
protein. (A) Schematic diagram of chimeric F proteins. (B) Western blotting of chimeric F proteins was performed as described in the legend to
Fig. 3B. (C) Cell surface expression levels and fusion activity of the chimeric F proteins were quantified as described in the legend to Fig. 3C, except
that the cell surface expression levels were normalized by the value given by M(1+2).

SV41 F-derived domains (M1, M2, and B) exhibited in-
creased specificity for the SV41 HN protein. However, this
chimera, designated B+M(1+2), was able to mediate evi-
dent fusion (4.2% = 1.0%) even in the absence of the HN
protein (Table 1). It should be pointed out in this context
that the fusion activity of B+M(1+2) was not significantly
promoted by the NDV HN protein as it was the case with
M(1+2+4) described above (Table 1) and that the chimeras
created in this study, except for B+M(1+2) and M(1+2+4),
did not induce fusion in the absence of the HN protein. On
the one hand, replacement of the minor domain A or C of
M(1+2) with the SV41 F counterpart resulted in complete
loss of fusion activity, presumably due to a defect in trans-
port (Fig. 5). On the other hand, intriguingly, replacement
of the minor domain D or E of M(1+2) with the SV41 F
counterpart resulted in specific loss of fusion activity with
the SV41 HN protein (Fig. 5).

These results, together with the results obtained so far, in-
dicate that replacement of domains M1 and M2 with the SV41
F counterparts is necessary for the PIVS F protein to mediate
fusion with the SV41 HN protein and that further replacement
of domain B increases the specificity for the SV41 HN protein.

Fusion activity of cleavage site mutants. As described
above, the chimeric F proteins, M(1+2) and M(2+4), in-
duced fusion with the PIV5 HN protein or with CH5-41 to

TABLE 1. HN-independent fusion activity of two
chimeric F proteins

% (£SD) cell-cell fusion® with:

F protein
Sv41 HN NDV HN No HN
M(1+2+4) 10.6 = 1.6 1.1 208 0.7+ 0.5
B+M(1+2) 134 = 1.7 50 1.1 42 +1.0
NDV F - 143 £2.1 -

@ Cell-cell fusion (%) of the transfected HeLa cells was morphometrically
quantified at 24 h posttransfection as described in Materials and Methods. —,
cell-cell fusion was not found even when all of the well was observed.

a similar extent, but only the former chimera exhibited
prominent fusion activity with the SV41 HN protein (Fig.
3C). Importantly, these chimeras could not induce fusion in
the absence of the HN protein. To ascertain these findings,
we created cleavage site mutants of M(1+2) and M(2+4),
whose cleavage site sequences were replaced with that of the
SeV F protein. Since the cleavage site of the SeV F protein
is monobasic, it is not cleaved in the TGN but can be cleaved
by exogenously added trypsin. It was anticipated that these
cleavage site mutants would show increased fusion activity
after treatment with trypsin compared to that of their par-
ents, as we have reported previously for a PIVS F protein
mutant that has HN-independent fusion activity (33). When
the resultant cleavage site mutants, Se-M(1+2) and Se-
M(2+4), or the cleavage site mutant of the PIV5 (WR) F
protein, Se-WR F (32), were coexpressed with the SV41 HN
protein in HeLa cells and treated with trypsin, they were
efficiently cleaved (Fig. 6), and the cleaved Se-M(1+2) in-
duced prominent fusion within 1 h, while the cleaved Se-WR
F did not (Table 2). Unexpectedly, the cleaved Se-M(2+4)
was able to mediate very weak fusion with the SV41 HN
protein (Table 2). It should be pointed out in this context
that when coexpressed with CH5-41 and treated with tryp-
sin, all three cleavage mutants induced extensive and indis-
tinguishable fusion within 30 min, and none of the cleavage
site mutants showed HN-independent fusion activity up to
8 h after trypsin treatment (Table 2). These results thus
confirmed the importance of domains M1 and M2 in deter-
mining the HN protein specificity. Furthermore, it was
found that domain M4 is also involved in determining the
HN protein specificity, although to a lesser extent than do-
mains M1 and M2.

DISCUSSION

In the present study, we have shown that replacement of
domains M1 and M2 of the PIVS5 F protein with the SV41 F
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FIG. 5. Replacement of minor domain B with the SV41 F counterpart increases the specificity of M(1+2) for the SV41 HN protein.
(A) Schematic diagram of chimeric F proteins. (B) Western blotting of chimeric F proteins was performed as described in the legend to Fig. 3B.
(C) Cell surface expression levels and fusion activity of the chimeric F proteins were quantified as described in the legend to Fig. 3C, except that
the cell surface expression levels were normalized by the value given by M(1+2).

counterparts results in the creation of the double chimera
M(1+2), which can mediate cell-cell fusion with the coex-
pressed SV41 HN protein. We have also shown that the triple
chimera B+M(1+2), which harbors the SV41 F-derived do-
main B in addition to domains M1 and M2, induces cell-cell
fusion with the SV41 HN protein more efficiently than does
M(1+2), whereas these chimeras induce fusion with the PIV5
HN protein to a similar extent. We thus conclude that domain
B, together with domains M1 and M2, plays a significant role
in determining HN protein specificity. This domain in each F
monomer forms a cluster on the lateral surface of the F head
region and most likely mediates physical interaction with the
HN protein; verification of this hypothesis is our future task.

Our present findings do not exclude the possibility that other
domains of the F protein are also involved in the interaction
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FIG. 6. Effect of trypsin on the cleavage site mutants. HeLa cell
monolayers were cotransfected with plasmids encoding the SV41 HN
protein and each cleavage site mutant. After 22 h, the cells were
treated or mock treated with 5 wg/ml of trypsin at 37°C for 15 min and
biotinylated with NHS-LC-biotin. Then, the cell lysates were subjected
to immunoprecipitation with MAb 1D1, and the immunoprecipitates
were separated by SDS-PAGE under reducing conditions, followed by
electroblotting onto a PVDF membrane. The biotinylated proteins on
the membrane were visualized as described in the legend to Fig. 3C.

with the SV41 HN protein. Indeed, the cleavage site mutant
Se-M(2+4) can induce very weak cell-cell fusion when coex-
pressed with the SV41 HN protein, indicating that domain M4
plays a subsidiary role in determining the HN protein specific-
ity. Intriguingly, M(2+4) does not induce detectable fusion
with the SV41 HN protein, presumably because a substantial
amount of this chimera may undergo premature conforma-
tional change after cleavage in TGN and thus would be inac-
tivated before reaching the neighboring cells. On the contrary,
the uncleaved Se-M(2+4) may be relatively stable, and a num-
ber of the molecules may be in close proximity to the neigh-
boring cells, which would then efficiently induce fusion upon
cleavage by trypsin treatment. This idea could be supported by
our previous report, where the cleavage site mutant Se-L22P
induced HN-independent fusion far more efficiently than its
parent, L22P (33). On the other hand, domains D and E do not
seem to contribute to the HN protein specificity. Intriguingly,
however, D+M(1+2) and E+M(1+2) do not induce fusion
with the SV41 HN protein, while M(1+2) does. A plausible
possibility is that the SV41 F-derived domains D and E hamper

TABLE 2. Fusion activity of cleavage site mutants

% (+SD) cell-cell fusion” with
Relative cell

F protein surface SV41 HN CH5-41 No HN
expression . h (30 min) (8 h)
Se-WR F 1.0 - 313+ 3.6 -
Se-M(1+2) 1.2 *+0.1 102*10 149 £3.0 27.7*=33 -
Se-M(2+4) 1.1x0.2 03x04 17x16 304=x22 -

“ The relative amount of the F proteins on the cell surface of the HeLa cells
coexpressing each cleavage site mutant and the SV41 HN protein was measured
by cell surface biotinylation as described in the legend to Fig. 3C at 22 h
posttransfection.

b After treatment with 5 pg/ml of trypsin (at 37°C for 15 min) at 22 h post-
transfection, cell-cell fusion (%) of HeLa cells coexpressing each cleavage site
mutant and one of the HN proteins was morphometrically quantified at the times
indicated. —, cell-cell fusion was not found even when all of the well was observed.
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the interaction of D+M(1+2) and E+M(1+2) with the SV41
HN protein, respectively, although these domains are not in-
volved in the interaction between the F and HN proteins of
SV41. In all likelihood, the conformation and/or position of
the SV41 F-derived domain D or E in the context of the
chimeric F protein may be different from that in the SV41 F
protein; this difference may be subtle but may be enough to
sterically inhibit the HN-F interaction between the chimeric F
protein and the SV41 HN protein, because domain D and
domain e (domain E of a different monomer) are located in the
vicinity of domain M2 (Fig. 2C).

It has been reported for NDV that the membrane proximal
part of the HN stalk region is involved in the physical interac-
tion with the F protein (14). Being consistent with this result,
the amino terminal region of the HN protein of HPIV2 or
SV41, which includes the 53 membrane proximal amino acids
of the stalk region, determines the specificity for the homolo-
gous F protein in promoting cell-cell fusion (35). Similarly, our
current study has shown that the chimeric HN protein CH5-41,
in which the aforementioned amino terminal region of the
SV41 HN protein has been replaced with the PIVS HN coun-
terpart, exhibits clear specificity for the PIVS F protein. Al-
though the 3-D structure of the HN stalk region remains to be
clarified, the secondary structure prediction of the PIV5 HN
protein in the absence of bound receptor has indicated that the
stalk region is predominantly composed of « helix (39). If that
were the case, the length of the 53 membrane proximal amino
acids of the stalk region could be calculated as about 8.0 nm,
while the length would be about 18.6 nm provided that it is in
B sheet conformation. On the other hand, the heights of the
identified domains (M1, M2, and B) of the PIV5 F protein
from the membrane surface is 5.8 to 9.7 nm as deduced from
the total length (about 12 nm) of the ectodomain reported by
Connolly and colleagues (2). Thus, presumptive physical inter-
action of the identified domains in the F head region with the
HN stalk region could become reality, dependent on the con-
formation of the stalk region, which might be transfigured after
receptor binding.

Interestingly, the F protein of canine distemper virus (CDV)
strain Onderstepoort is able to induce cell-cell fusion either
with the homologous attachment protein (hemagglutinin [H])
or with the heterologous measles virus (MV) H protein, while
the F protein of CDV strain Lederle induces fusion only with
the CDV H protein (12). CDV and MV are the closely related
members of the genus Morbillivirus of the subfamily Paramyxo-
virinae (11). It has been shown that mutations of four amino
acids (Arg-164, Gly-219, Val-233, and Arg-317) of the CDV
Onderstepoort F protein impairs the ability to induce fusion
with the MV H protein without significantly affecting the abil-
ity to induce fusion with the CDV H protein (12). Among the
identified four amino acids, Arg-164, Gly-219, and Val-233 are
exposed on the F trimer surface (12) and thus could be directly
involved in the interaction with the MV H protein. Impor-
tantly, these observations indicate that an unidentified amino
acid(s) of the CDV Onderstepoort F protein is responsible for
the interaction with the homologous CDV H protein. Simi-
larly, our present data suggest that an unidentified domain(s)
of the PIVS F protein is responsible for the interaction with the
homologous PIVS HN protein, since the PIVS F protein can-
not be fully converted to an SV41 HN-specific protein even if
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all the three domains (M1, M2, and B) have been replaced with
the SV41 F counterparts (Fig. 5C). It may be that the SV41
HN-derived domains M1, M2, and B are enough for
B+M(1+2) to interact with the SV41 HN protein, while the
unidentified domain(s) of B+M(1+2) can still mediate its in-
teraction with the PIV5 HN protein. This hypothesis seems to
depend on a premise that the F-interacting site of the HN
protein is flexible; such flexibility has recently been reported
for the PIV5 HN stalk region (39). In all likelihood, domains
M1, M2, and B of the PIVS5 F protein and amino acid residues
Arg-164, Gly-219, and Val-233 of the CDV F protein, whose
PIVS F counterparts are Ala-47, Thr-97, and Ala-111, respec-
tively (Fig. 2C), are the common constituents of the presump-
tive multiple domains of the F protein that mediate HN-F and
H-F interaction. Alternatively, it is possible that the domains of
the F protein that are involved in the HN-F interaction may
not be identical to those involved in the H-F interaction.
Surprisingly, B+M(1+2) has proved to induce prominent
cell-cell fusion even in the absence of coexpressed HN protein.
It is known that the F protein of PIVS5 strain W3A induces
cell-cell fusion by itself (21), while the F proteins of most
parainfluenza viruses, including PIVS5 strain WR, require their
homologous HN proteins for the induction of cell-cell fusion
(7, 11). Interestingly, the L22P mutant of the PIV5 WR F
protein, in which the leucine at position 22 has been replaced
with the PIVS W3A F counterpart, mediates extensive cell-cell
fusion in the absence of the HN protein (7). Similarly, the G3A
or G7A mutation in the fusion peptide renders the PIV5 WR
F protein HN independent in terms of cell-cell fusion-inducing
activity (24), and the L539A or L548A mutation in the cyto-
plasmic domain of the F protein of PIVS5 strain SER eliminates
the HN protein requirement for cell-cell fusion (27). In the
case of NDV, on the other hand, the N211A, L289A, 1463A, or
I463F mutation in the F protein eliminates the HN protein
requirement for cell-cell fusion (1, 26). These findings suggest
that substitution of a single amino acid at various positions of
the parainfluenza virus F protein bestows the HN-independent
fusion activity on the F protein, although a given amino acid
may confer an HN-independent phenotype only on certain F
protein backgrounds (8, 9, 29). It has not been clarified, how-
ever, how substitution of these amino acids mediates destabi-
lization of the F proteins and whether the destabilized F pro-
teins require an interaction with some cellular molecule in
order to undergo the conformational changes. Interestingly,
the PIV5 WR F protein can mediate cell-cell fusion by itself
when it is heated at 53°C, while the S443P mutant of the PIV5
W3A F protein, which is functionally equivalent to the PIVS
WR F mutant L22P, can do so even at 22°C, suggesting that the
presence of proline residues at positions 22 and 443 destabi-
lizes the F protein and thereby decrease the energy required
for triggering the conformational changes in the absence of the
HN protein (22). It is conceivable in this context that the role
of the HN protein in promoting fusion is to provide activating
energy to the F protein via physical HN-F interaction. As the
result, the F protein would be destabilized and would undergo
the conformational changes that lead to fusion. Provided that
physical interaction between the HN protein stalk region and
the HN-interacting domains of the F protein results in desta-
bilization of the F protein, then mutation or chimeric recombi-
nation of the HN-interacting domains might result in destabi-
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lization of the F molecule in some cases. We therefore envisage
that replacement of domain B of M(1+2) with the SV41 F
counterpart somehow destabilizes the resultant B+M(1+2),
which then undergoes the conformational changes in the ab-
sence of the HN protein but less efficiently than it does in the
presence of the HN protein. It is of interest to note in this
context that the PIV5 F counterpart (Leu-275) of the Leu-289
of the NDV F protein is located at the carboxyl terminus of
domain B (Fig. 2B). The L289A mutation eliminates the HN
protein requirement for cell-cell fusion as described above.
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