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The roles of N-linked glycosylation in the intracellular transport and fusion activity of
the Sendai virus fusion (F) protein were studied. Each of three potential glycosylation
motifs (designated gl, g2, and g3) in the F protein was mutated separately or in combi-
nation with the other sites. When the mutant F proteins were transiently expressed in
COS cells, they showed significant changes in electrophoretic mobility, indicating that
all three motifs in the F protein are glycosylated. Glycosylation-defective mutants which
lacked the g2-oligosaccharide chain showed decreased immunoreactivity with a mono-
clonal antibody specific for the native conformation and were inefficiently transported
to the cell surface. Such mutants, with the exception of a double mutant lacking gl and
g2-oligosaccharide chains, were also not able to induce syncytia formation when cells
expressing them plus the hemagglutinin-neuraminidase protein were treated with
trypsin. Mutations at the other glycosylation sites did not significantly affect the immu-
noreactivity with the monoclonal antibody or the efficiency of intracellular transport of
the F protein. These results indicate that the N-linked oligosaccharide chain attached at
g2 is important for efficient intracellular transport and for the fusion activity of the F

protein.

Key words: cell fusion, fusion protein, intracellular transport, N-linked oligosaccharide
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Glycoproteins of paramyxoviruses, the fusion (F) and
hemagglutinin-neuraminidase (HN) proteins, are integral
membrane proteins which form spike-like projections on
the outer surface of the viral envelope. The HN protein
exhibits both hemagglutinating and neuraminidase activi-
ties, while the F protein has been shown to be involved 1n
virus penetration, hemolysis and cell fusion (Z). The F pro-
tein 1s inserted co-translationally into the endoplasmic
reticulum, where the nascent polypeptide forms disulfide
bonds and receives oligosaccharide chains. The correctly
folded F protein molecule is then transported to the Golgi
apparatus where further modification of oligosaccharide
chains occurs, and then to the cell surface, where virus par-
ticles are assembled. Unlike other paramyxoviral F pro-
teins, which are cleaved during intracellular transport to
acquire fusion-competence (2), Sendai virus F protein is
cleaved later on the cell surface by trypsin-like proteases
such as tryptase clara in mouse lung (3), or blood clotting
factor X in chicken egg (4).

The amino acid sequences of F proteins are well con-
served among paramyxoviruses in the fusion-inducing do-
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main, in which the cleavage site is located, and in the
transmembrane domain. Cysteine residues at several posi-
tions are also conserved, and we showed previously that
they are important for maintaining the structure of Sendai
virus F protein (5). In contrast, N-glycosylation sites of
paramyxoviral F proteins are not conserved, but vary
among species. Sendai virus F,, protein has three potential
N-glycosylation sites designated gl, g2, and g3, as shown in
Fig. 1, but the functional significance of each site remains
unknown.

We are interested in how the oligosaccharide chains
attached to the F protein of Sendai virus affect the function
of the protein, since N-linked oligosaccharide chains may
affect protein functions in many ways. These include pro-
motion of proper folding, maintenance of protein conforma-
tion and stability, protection of a protein from proteolysis,
and modulation of biological activities of proteins (6). Bio-
logical roles of N-linked oligosaccharide chains are often
assessed by using tunicamycin, a potent inhibitor of N-gly-
cosylation (7, 8). However, tunicamycin treatment, which
inhibits the synthesis of dolichol intermediates, causes a
total loss of N-linked oligosaccharide chains, and is prone to
artifacts, including nonspecific aggregate formation of mis-
folded unglycosylated proteins (9-11). Site-directed muta-
genesis at specific N-glycosylation sites would be a useful
alternative for analyzing the roles of specific oligosaccha-
ride chains.

In this report, we describe the biological roles of individ-
ual oligosaccharide chains of Sendai virus F protein ana-
lyzed by site-directed mutagenesis, and show that only one
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Fig 1 Schematic representation of the locations of the po-
tential N-glycosylation sites in the Sendai virus F protein se-
quence.

oligosaccharide chain at the g2 site 18 important for folding
and biological activity of the F protein. At the same time,
we show that even nonglycosylated F protein could be
folded into the mature form and transported to the cell sur-
face.

MATERIALS AND METHODS

Virus Strain and Plasmids—Sendai virus Z strain was
grown in the allantoic fluid of 9-day-old chick embryos, and
purified by discontinuous sucrose gradient centrifugation.
Titration of the virus preparation in terms of plaque form-
ing units (PFU) was carried out as described (I12) using
LLC-MK, cells. The expression plasmid pc-DL-SRD (pSRD)
(13) was a kind gift from Dr. S. Ohno (Yokohama City Um-
versity). pUC-A35, which contains the N-terminal portion
of the F gene, was kindly provided by the late Dr. H. Shi-
buta (Medical Science, The University of Tokyo). It was pre-
viously reported that the F protein of Sendai virus Z strain
possesses four potential N-glycosylation motifs (14), but we
found a point mutation at the cytosine 782 to adenine,
which resulted in loss of an N-glycosylation motif due to a
serine to tyrosine alternation Since this tyrosine residue is
conserved among the F proteins of other Sendai wirus
strains (15-17), we decided to analyze the other three N-
glycosylation motifs.

Replacement of Asparagine by Glutamine Residues and
Construction of Expression Plasmids—To substitute each
asparagine residue of the three glycosylation motifs, we
employed site-directed mutagenesis by PCR (18) as de-
scribed previously (5), using the oligonucleotides listed in
Table I as primers and pUC-A35 as a template for the gl-
site and pUC-F (19) as a templates for the g2- and g3-site
mutagenesis.

The expression plasmid pSRD-Fgl- was constructed as
follows. ¢ PCR fragment lacking the gl-glycosylation motif
generated by mutagenic PCR was digested with Clal and
ligated with a 1.2-kb fragment (Fc) obtained by Clal and
Pyull digestion of pUC-F. The resulting DNA fragment was
inserted into pSRD, which had been digested with EcoRI
and treated with Klenow fragment of DNA polymerase 1.

The expression plasmids pSRD-Fg2- and pSRD-Fg3-
were constructed as follows: appropriate PCR products gen-
erated by mutagemic PCR were digested with BamHI or
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TABLE 1 Synthetic oligonucleotides used in this study.

Primer sequence (5'—37)

Mutagenic primers

5-mutagenic primes 5-Fg1 GTC ACC CAA GAT ACG ACA CA
I-mutagenic prirmer 3-Fg1 TGT CGT ATC TTQ GGT GAC AGT T
g1 Outer piimers

5-outer primer N° G GGC TTG GGA AAC ATG ACA GC

3ot pamer Fcia2: G CGT C AT CGA TTC TTT GAT GAG CGC

| Mutagenic primers

5-mutagenic primer 5°-Fg2: AC TCT GCT CAG ATT ACT GAG
2 3-mutagenic primes 3-Fg2° CTC AGT AAT CTG AGC AGA GT
g Outar primers

5-outer priner N° G GGC TTG GGA AAC ATG ACA GC
-outer primes 3-F1CS4 TC CCC CAG GAT AGA CTTTTG C

Mutagenic priimers

5-muagenic primer 5-Fg3 GTC CAG CAG TTG ACAGTC G

3 -mutagenic primer T-Fg3. C GAC TGT CAA CTG CTG GAC

93 Outer primers

&-outer primer Fmut-3- GAT CGT CAC CAG AAG AGA TTC TTC GG
T-outer primer C GAC ATC TGA TAA TGG TCG TGA TC

Bold letters show mutated bases.

Mutagenesis site

Ndel for the g2- or g3-mutated fragment, respectively, and
the mutated DNA fragments were inserted into the BamHI
or Ndel site, respectively, of pBS-Fc (5). The resulting plas-
mids named pBS-Fcg2- and pBS-Feg3-, respectively, were
digested with Pstl, and 1.0 kbp fragments were used to
replace the corresponding stretch in pSRD-F (2) to yield
pSRD-Fg2- and pSRD-Fg3-.

The expression plasmid pSRD-Fg23- was constructed as
follows: the 900-bp fragment obtained by BamHI digestion
of the g2-mutated DNA fragment was inserted into the
BamHI site of pBS-Fe3™ to give a plasmd named pBS-
Feg23-, of which the 1.0-kbp-PstI fragment was in turn
used to replace the corresponding stretch in pSRD-F to
yield pSRD-Fg23-.

The expression plasmids pSRD-Fgl12-, pSRD-Fgl3-, and
pSRD-Fgl123- were constructed as follows: pSRD-Fgl- was
digested with Clal, and the resulting fragment which con-
tained the SRa promoter and the N-terrinal portion of F
c¢DNA was purnified and used to replace the equivalent frag-
ment in pSRD-Fg2-, pSRD-Fg3-, and pSRD-Fg23-, respec-
tively.

Tandem expression plasmids coding for HN and glycosyl-
ation-defective mutant F proteins were constructed as fol-
lows: The mutant F genes were excised from each expres-
sion plasmid by digesting with HindIIl and Sall, and
treated with Klenow fragment of DNA polymerase I, and
then the fragments were mserted into pSRD-HN (2) which
had been digested with HindIII and treated with Klenow
fragment of DNA polymerase 1.

The mutations at the desired sites of all the mutant
DNAs were confirmed by DNA sequencing (20).

Cell Culture and DNA Transfecion—Monkey COS-1
cells (21) were grown in Dulbecco’s modified Eagle’s medi-
um (DMEM) (Nissui Pharmaceutical, Tokyo) supplemented
with 10% fetal calf serum (FCS) at 37°C, in 5% CO,. HeLa
cells were grown in minimum essential medium (MEM)
(Nissw1 Pharmaceutical, Tokyo) supplemented with 10%%
FCS. Transient expression of the F protein using the cal-
cium phosphate precipitation method (22) was carried out
as described previously (5).

Antibodies—Antibodies described previously (5) were
used in the present study. Monoclonal antibody (MAb) f-49
reacts with the mature form of I protein and MAb {-236
reacts with both mature and relatively immature forms of

J. Biochem.

ZT0Z ‘T Jeqo1o0 uo Asieaiun Bued e /B1o'seuinolpioxoqly/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

Biological Roles of the N-Linked Oligosaccharide Chains of Sendai Virus Fusion Protein 67

F protein (5). Both were generous gifts from Dr. H. Tozawa
(Kitasato University).

Indirect Immunofluorescence Staiming—Indirect immu-
nofluorescence staining was performed as described previ-
ously (5).

Pulse-Chase Experiment and Immunoprecipitation—
Transfected cells were starved for 20 min in methionine-
and cysteine-free MEM, and then labeled for 10 min 1n the
same medium supplemented with [¥*Slmethionine and
[®*Slcystemne (200 pCi/ml, 1,000 Cvmmol; Du Pont/NEN
Life Science Products, Boston, MA). The cells were chased
with DMEM supplemented with 5% FCS, 5 mM methio-
nine, and 5 mM cysteine for 1 h, and then immunoprecipi-
tation was carried out as previously described (5). Tunica-
mycin (10 pg/ml, Wako Pure Chemical Industries, Osaka)
was added to the medium during the starvation, pulse-
labeling, and chase where indicated.

Western Blot Analysis—The procedures for Western blot
analysis was described previously (5).

Trypsin Treatment—COS cells transfected with varous
plasmids were incubated in PBS containing 0.1% trypsin
250 (DIFCO Laboratories, Detroit, MI) on ice for 5 min at
48 h after transfection. The cells were washed twice with
DMEM containing 10% FCS and once with ice-cold PBS,
and then lysed in 100 pl of radio immunoprecipitation
assay (RIPA) buffer [0.01 M Tris-HCl (pH 7.5), 0.15 M
NaCl, 1% Tnton X-100, 1% sodium deoxycholate, 0.1%
SDS] containing 2 mM PMSF and 20 mM IAA, and sub-
jected to Western blot analysis.

Fusion Assay—HeLa cells were washed once with PBS
and then with PBS containing 0.1% trypsin at 12 h after

Fig. 2. Expression of the glycosylation-defective F proteins.
COS cells transfected with the following plasmids were labeled for
10 min and chased for 1 h 1n the absence (A) or presence (B) of tumi-
camycin at 48 h after transfection. The cell lysates were precipitated
with anti-F antibody and then analyzed by SDS-PAGE. Lanes 1 and
13, Sendai virus-infected COS-1 cell extract immunoprecipitated
with anti-Sendai virus antiserum to serve as size marker; lane 2,
pSRD; lane 3, pSRD-F, lane 4, pSRD-Fgl; lane 5, pSRD-Fg2-; lane
6, pSRD-Fg3-, lane 7, pSRD-FglZ-; lane 8, pSRD-Fg23-; lane 9,
pSRD-Fgl3; lane 10, pSRD-Fg123-; lane 11, tunicamycin-treated
Sendai virus—infected cell extract immunoprecipitated with an anti-
F antiserum; lane 12, Senda: virus-infected cell extract immunopre-
cipitated with anti-F antiserum.
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transfection The cells were further incubated in growth
medium for 6 h, washed once with PBS, and fixed with
methanol at room temperature for 10 min. They were then
stained with Giemsa’s stain solution (Nacalai tesque,
Kyoto) at room temperature for 10 min, washed three times
with water, air dried, and examined under an optical micro-
scope at the magnification of 200X.

RESULTS

Expression of the Glycosylation-Defective Mutant F Pro-
teitns—To examine whether individual N-glycosylation
motifs are utilized and whether the oligosaccharide chains
contribute to the F protein structure and function, we con-
structed mutant F proteins defective in glycosylation at
specific sites by site-directed mutagenesis. In order to pre-
vent addition of ohgosaccharide chains, an asparagine resi-
due in each N-glycosylation motif was altered to a gluta-
mine residue by PCR-mutagenesis. Each of the three
potential glycosylation sites was mutated separately as
well as in combination with other sites. Seven expression
plasmuds for these glycosylation-defective mutants named
Fgl-, Fg2-, Fg3-, Fgl2, Fg23-, Fgl3-, and Fgl123- were con-
structed.

These plasmids were introduced transiently into COS-1
cell by means of the calcium-phosphate method. The cells

HI

-

Fig. 3 Immunoreactivity of the glycosylation-defective mu-
tant F proteins with MAbs. COS cells transfected with the follow-
ing plasmids were labeled for 10 min and chased for 1 h at 48 h post
transfection. The cell lysates were immunoprecipitated with anti-F
antiserum (panel A), MAb f-236 ( panel B), or MAb f-49 (panel C)
Lane 1, Sendai virus—infected COS-1 cell extract immunoprecipi-
tated with ant1-Sendai virus antiserum; lane 2, pSRD; lane 3, pSRD-
F;lane 4, pSRD-Fgl-; lane 5, pSRD-Fg2-; lane 6, pSRD-Fg3-; lane 7,
pSRD-Fg12-; lane 8, pSRD-Fg23~; lane 9, pSRD-Fgl3-, lane 10,
pSRD-Fg123-.
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were metabolically labeled with EXPRE*S*S for 10 min
and then chased for 1 h in the presence or absence of the
glycosylation inhibitor tunicamycin. F proteins were immu-
noprecipitated with anti-F antiserum and analyzed by
SDS—polyacrylamide gel electrophoresis (PAGE) (23). As
shown in Fig. 2A, the wild-type F protein had mobility
identical to that of the uncleaved F, polypeptide (about 66
kDa) expressed in Sendai virus—infected cells (lanc 3),
while the three single-site mutant polypeptides, Fgl-, Fg2-,
and Fg3-, showed increased electrophoretic mobility (corre-
sponding to about 64 kDa) compared to that of the wild-
type F, (lanes 4-6). Two-site mutants, Fgl12-, Fg23-, and
Fgl3, migrated faster than the single-site mutants and
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showed an apparent molecular mass of 60 kDa (lanes 7-9).
These differences are consistent with the loss of one or two
of the three N-linked oligosaccharide chains, each contrib-
uting approximately 2,000 to 3,000 Da to the molecular
mass of the F protein. The Fgl23~ mutant protein migrated
even faster, and with the same mobility as the unglycosy-
lated F protein (Fp,,, Fig. 2A lane 10) synthesized in tunica-
mycin-treated Sendai virus—infected cells. An unidentified
polypeptide, whose mobility is indistinguishable from that
of two-site mutant F proteins, was found precipitated by
the anti-F antibody. We have not attempted to characterize
this polypeptide in detail because 1t did not occur in Sendai
virus~infected cells, but only in F-gene transfected cells. It

Fig. 4 Effect of temperature on
cell surface transport of the
glycosylation-defective mutant
F proteins. Transfected cells were
incubated for 48 h at 37°C (A) or
31.5°C (B) as described under “MA-
TERIALS AND METHODS.” The
cells were then fixed with para-
formaldehyde and incubated with
ant1-F antiserum. Bound antibod-
1es were visualized with FITC-con-
Jugated anti—rabbit IgG. Cells were
photographed at a magnification of
X200 a, pSRD, b, pSRD-F; ¢,
pSRD-Fgl-; d, pSRD-Fg2; e,
pSRD-Fg3; f, pSRD-Fgl2; g,
pSRD-Fg23-, h, pSRD-Fgl3-, 1,
pSRD-Fg123-
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may be pertinent to note that the polypeptide does not
seem to be glycosylated, since its mobility is unaffected by
tunicamycin treatment as can be seen in Fig 2B below. Fig-
ure 2B shows that polypeptides showing the same mobulity
as F,, were produced in every case where wild-type and
glycosylation-defective mutant F proteins were synthesized
in the presence of tunicamycin (lanes 3-11). These results
led us to conclude that all three glycosylation motifs of F
protein are utilized for N-linked glycosylation. Unglycosy-
lated HN protein co-precipitated with unglycosylated F pro-
tein in lane 11 probably reflected the aggregation of F and
HN proteins in tunicamycin-treated cells, since such co-pre-
cipitation was not observed in untreated cells (lane 12).

Immunoreactivity of the Glycosylation-Defective Mutant
F Protens with Monoclonal Antibodies—To examine
whether the glycosylation-defective mutant proteins can
acquire a mature structure or not, we analyzed the reactiv-
ity of mutant proteins with a polyclonal antiserum and con-
formation-specific MAbs {-236 and f49. MADb {-236 rec-
ognized both mature and immature forms of F protein,
while MAb f-49 recognized only the mature form of F pro-
tein. As shown in Fig. 3A, almost equal amounts of wild-
type and glycosylation-defective mutant F proteins were
precipitated with the polyclonal antiserum. When the same
cell lysates were immunoprecipitated with MAb -236, wild-
type, and glycosylation-defective mutant F proteins were
also recovered using this MAb (Fig. 3B), but mutants miss-
g oligosaccharide chain at g2, except for Fgl2-, were less
reactive with this MAb (Fig. 3B, lanes 5, 8, and 10). Differ-
ential reactivity with MAbs among the mutant proteins
was more pronounced with MAb f49. Mutant F proteins
Fg2-, Fg23-, and Fgl123- showed definitely reduced reactiv-
ity toward the MAb (Fig. 3C, lanes 5, 8, and 10). These
results indicated that the oligosaccharide chain attached at
the g2 site is important for the proper folding of the F pro-
tein.

Interestingly, mutants lacking an oligosaccharide chain
at gl showed increased immunoreactivity with MAb f49
(Fig. 3C, lanes 4, 7, and 9). Thus, Fg2- was less reactive
with MAb f-49 than Fgl2- (Fig. 3C, lanes 5 and 7) and
mutant Fg23- was less reactive with the antibody than
mutant Fgl23- (Fig. 3C, lanes 8 and 10). This implies that
the oligosaccharide chain at gl may somehow interfere
with the folding of the F protein.

Cell Surface Expression of Glycosylation Mutants—Loss
of oligosaccharide chains often leads to misfolding of the
proteins, and incorrect folding leads to impairment of their
cell surface expression. Therefore we tested the transport of
the glycosylation-defective mutant F proteins to the cell
surface by indirect immunofluorescence staining. As shown
in Fig. 4A, cells expressing wild-type F and mutants Fgl-,
Fg3, and Fgl3- (panels b, ¢, e, and h, respectively) were
brightly stained, while those expressing Fg2-, Fgl2-, and
Fgl123- were faintly stained. Cells expressing Fg23- showed
no fluorescence. These results indicated that the oligosac-
charide chain attached to the glycosylation site g2 is impor-
tant for cell surface transport of the F protein. It 1s
noteworthy that the unglycosylated form of F, Fg123- pro-
tein was transported to the cell surface, while Fg23- protein
was not. The Fg23- protein has only one oligosacchande
chain, at the glycosylation site gl. The oligosaccharide
chain attached at gl may somehow suppress the intracellu-
lar transport of the F protein.
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Reduced temperature has been reported to alleviate
impaired cell surface expression of mutant proteins in some
cases (24-26). Thus, we tested the effect of temperature
reduction on cell surface transport of glycosylation-defec-
tive mutant F proteins. Transfected cells were incubated at
37°C for 12 h, and then, after a temperature shift to 31.5°C,
were further incubated for 36 h. Indirect immunofluores-
cence staining was carried out as described under “MATERI-
ALS AND METHODS.” Although Fg23--expressing cells were
not stained at all after incubation at 37°C, the cells were
faintly but positively stained and fluoresced after incuba-
tion at 31.5°C (Fig. 4, A and B, panel g). These results
showed that the oligosaccharide chains attached to the F
protein affected the efficiency of intracellular transport of
the F protein, but they were not absolutely required for the
transport to the cell surface.

Cell Fuswon Activity of Glycosylation-Defective Mutant F
Proteins—Cell fusion induction by Sendai wvirus glycopro-
teins requires the cleavage of inactive precursor F, to the
active form complex, F|-F,, and co-expression of the HN
protein on the surface of the same cells (2). Therefore, we
first analyzed whether the F, peptide is formed from glyco-
sylation-defective mutant F proteins upon treatment with
trypsin. COS-1 cells transfected with wild-type or glycosyl-
ation-defective mutant F ¢DNA were washed once with
PBS containing 0.1% trypsin at 48 h after transfection The
cells were lysed with RIPA buffer, and then the lysate was
subjected to Western blot analysis for the occurrence of the
F, peptade. As shown 1n Fig. 5, wild-type and all glycosyla-
tion-defective mutant F proteins were detected. The mu-
tant proteins showed altered mobilities reflecting the loss of

» - W - —
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Fig. 5 Detection of F, peptide derived from the glycosylation-
defective mutant F, protein. Transfected COS-1 cells were
treated with (+) or without (—) 0 1% trypsin at 48 h after transfec-
tion Then the cells were lysed in RIPA buffer and cell lysates were
analyzed by Western blotting using 1:1,000 dilution of anti-F antise-
rum. Bound antibodies were detected by 1 10,000 dilution of HRP-
conjugated anti-rabbit IgG and ECL system Lane 1, pSRD; lane 2,
pSRD-F; lane 3, pSRD-Fgl-; lane 4, pSRD-Fg2-; lane 5, pSRD-Fg3-;
lane 6, pSRD-Fgl12-; lane 7, pSRD-Fg23; lane 8, pSRD-Fgl3-; lane
9, pSRD-Fg123; lanes Inf, Sendai virus—infected COS-1; lanes V,
Sendai virus grown 1n egg Astensks indicate F, peptides cleaved
from F, proteins
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oligosaccharide chans (lanes 3, 4, 5, 6, 7, 8, and 9). F,, the
cleavage product of F,, was clearly detected with wild-type
F and the Fgl-, Fg3-, Fgl2-, and Fgl3- mutants [lanes
2(+4), 3(+), 5(+), 6(+), and 8(+), respectively], while the F,
forms of the mutants lacking an oligosaccharide chain
attached at g2, except for Fgl2-, were not detected [lanes
4(+), 7(+), and H(+)). The F, fragment derived from the
Fgl2- mutant protein seemed to be further degraded into
smaller peptides [lane 6(+)]. This implies that the absence
of the g2-ohgosaccharide chain renders the F, peptide
highly susceptible to further proteolysis. The apparent lack
of F, cleavage in g2~ mutants may be explained by their
inefficient transportation to the cell surface. The F; mole-
cule detected in Fgl- expressing cells co-migrated with
wild-type F,, whereas those detected in Fg3-, Fgl2-, and
Fgl3-—-expressing cells migrated faster than the wild-type
F, molecule. This reflects the fact that the g2 and g3 sites
are located in the F, portion, while the gl site is in the F,
portion of the F protein.

We then assessed the ability of mutant F proteins to
induce cell fusion. We reported previously that introduction
of a tandem plasmid containing F and HN ¢cDNAs induced
cell fusion more efficiently than co-transfection of separate
F and HN ¢DNAs (2). Therefore, we constructed tandem
expression plasmids which carried each mutant F gene in
addition to the HN gene. Cells transfected with these plas-
mids were treated with trypsin to cleave the F proteins. We
used HeLa cells in the experiments that follow, since cell
fusion was readily detectable in these cells As shown in
Fig. 6, wild-type F and glycosylation-defective mutant pro-
teins Fgl-, Fg3-, Fgl2-, and Fgl3~ co-expressed with HN
protein induced cell fusion (panels B, C, E, F, and H, respec-
tively). In contrast, the cells expressing Fg2-, Fg23-, and
Fg123- proteins in addition to HN did not undergo cell
fusion. Extensive cell fusion was noted in cells expressing
Fgl- or Fgl3- protein together with the HN protein. We
also examined whether cell fusion could be observed at
31.5°C, since cell surface expression of g2 mutants at 37°C
was very low, as shown in Fig. 4A. However, we could not
observe significant syncytia formation at this temperature

either. These results showed that the oligosaccharide chain
attached at g2 18 important for correct folding of the F pro-
tein and induction of cell fusion. On the other hand, lack of
the oligosaccharide chain at gl enhances the cell fusion
actavity of the F protein.

DISCUSSION

Oligosaccharide chains attached to glycoproteins play im-
portant roles in formation and maintenance of their func-
tional structures and their biological functions (6). Previous
studies on the roles of oligosaccharide chains attached to
paramyxovirus glycoproteins F and HN showed that the
loss of oligosaccharide chains leads to a deficiency of the
intracellular transport, reduction or loss of function and
decrease of stability of the proteins (10, 27-30). However,
the functional significance of individual sugar chains has
not been clearly defined yet. Here we studied the usage of
three potential N-glycosylation sites and the significance of
individual ohigosaccharide chains to the biological activities
of Sendai virus F protein. Our data clearly showed that all
of these sites are occupied by oligosaccharide chains (Fig.
2). Deletion of ohigosaccharide chains attached to these sites
variously affected the structure and function of the F pro-
tein.

In previous reports in which folding of Sendai virus gly-
coproteins was analyzed in virus-infected cells (8) and in
vitro translation systems (31), glycosylation of the F protein
was shown to facilitate correct disulfide bond formation and
proper folding. Our analysis using mutant F proteins defec-
tive in specific glycosylation sites showed that the oligosac-
charide chain attached to the g2-site was largely re-
sponsible for this folding-promoting effect. At the same
time, we showed that the oligosaccharide chain at the gl
site has an opposite effect, namely, its deletion promoted
the folding of the F protein (Fig. 3C). Many studies have
shown that oligosaccharide chains facilitate the folding of
proteins by interacting with molecular chaperones such as
calnexin and calreticulin (32-35). Tomita et al. showed that
Sendai virus F protein interact with calnexin during its
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folding process (35). We are now investigating the interac-
tions of various glycosylation-defective mutants with vari-
ous molecular chaperons to elucidate the roles of individual
oligosaccharide chains folding of F' protein.

Loss of oligosacchande-attachment site gl or g3 did not
severely affect the transport of the F protein to the cell sur-
face, whale loss of g2 did (Fig. 4). The efficiency of transport
of glycosylation-defective mutant F proteins to the cell sur-
face largely paralleled their reactivity with MAb f-49. This
is consistent with the notion that loss of oligosaccharide
chains causes incorrect folding, and leads to impairment of
intracellular transport of proteins (24, 26, 36, 37). In fact,
our preliminary experiments indicated that more endo H-
sensitive products were accumulated in cells expressing
mutant F proteins devoid of g2-oligosaccharide chain after
1 h chase following 10 min pulse labeling than those ex-
pressing wild-type F protein (Segawa, unpublished obser-
vation). It should be noted, however, that this is not always
the case, since loss of the gl site partially alleviated the
effect of g2-site deficency. As a result, nonglycosylated F,
namely Fgl23- protein, was transported to the cell surface.
The deficiency of the intracellular transport of glycosyla-
fion-defective mutants was improved at reduced tempera-
ture (24, 26), so that all the defective proteins, including
Fg23-, were detected on the cell surface at 31.5°C (Fig. 4B).
This implies that glycosylation of F protein is not an abso-
lute requirement for their transport to the cell surface.

Glycosylation-defective mutants lacking an oligosaccha-
ride chain at g2 were very susceptible to trypsin treatment,
and glycosylation at gl again oppositely affected the sus-
ceptibility (Fig. 5). Thus, when wild-type and mutant F pro-
teins were co-expressed with HN and the cells were treated
with trypsin, the F, peptide was detected on the surface of
cells expressing wild-type F, Fgl-, Fg3-, Fgl2-, and Fgl3-,
but not in those expressing Fg2-, Fg23-, and Fgl23- Syncy-
tia formation roughly paralleled the presence of the F, pep-
tide after trypsin treatment (Fig. 6). Loss of the oligo-
saccharide chain at gl slightly increased the amount of F,
protein detected, and markedly enhanced the syncytia for-
mation. The gl-oligosacchande may negatively regulate the
cleavage efficiency of the F protein and the fusion-promot-
ing activity of the F-F, complex. This consistent with the
observation concerning avian influenza virus hemaggluti-
nin (HA) protein, that loss of the oligosaccharde chain near
the cleavage site increased cleavage efficiency, and that the
virus containing the mutant HA showed strong virulence
(38). Absence of the gl-oligosaccharide may partially com-
pensate for the destabilizing effect of loss of the g2-oligosac-
charide, and may confer fusion-inducing activity on the
Fgl2- mutant protein.

In conclusion, systematic analyses of Sendai virus F pro-
tein mutants defective in glycosylation at well-defined sites
led us to conclude that the sugar chain at g2 is indispens-
able for correct folding and biological activity of the F pro-
tein. Our analyses also revealed that the oligosaccharide
chain at the gl site appears to suppress protein folding,
and exerts negative control over the efficiency of syncytia
formation. Biological significance of this unusual effect of
glycosylation is intriguing but unclear. The glycosylation
site g3 is definitely glycosylated, but the oligosaccharide
chain at this site does not appear to affect any of the biolog-
ical activities of F protein tested so far.
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