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The biosynthesis and posttranslational processing of human metapneumovirus attachment G glycoprotein
were investigated. After pulse-labeling, the G protein accumulated as three species with molecular weights of
45,000, 50,000, and 53,000 (45K, 50K, and 53K, respectively). N-Glycosidase digestion indicated that these
forms represent the unglycosylated precursor and N-glycosylated intermediate products, respectively. After an
appropriate chase, these three naive forms were further processed to a mature 97K form. The presence of
O-linked sugars in mature G protein was confirmed by O-glycanase digestion and lectin-binding assay using
Arachis hypogaea (peanut agglutinin), an O-glycan-specific lectin. In addition, in the O-glycosylation-deficient
cell line (CHO 1dID cell), the G protein could not be processed to the mature form unless the exogenous Gal
and GalNAc were supplemented, which provided added evidence supporting the O-linked glycosylation of G
protein. The maturation of G was completely blocked by monensin but was partially sensitive to brefeldin A
(BFA), suggesting the O-linked glycosylation of G initiated in the trans-Golgi compartment and terminated in
the trans-Golgi network. Enzymatic deglycosylation analysis confirmed that the BFA-G was a partial mature
form containing N-linked oligosaccharides and various amounts of O-linked carbohydrate side chains. The
expression of G protein at the cell surface could be detected by indirect immunofluorescence staining assay.
Furthermore, cell surface immunoprecipitation displayed an efficient intracellular transport of G protein.

Human metapneumovirus (HMPV) is an etiologic agent
that causes a substantial proportion of lower respiratory tract
infections in infants and young children and is second only to
human respiratory syncytial virus (HRSV) as a cause of bron-
chiolitis in early childhood (see reference 32 and references
therein). It has been tentatively assigned to the Paramyxoviri-
dae family, subfamily Pneumovirinae, and the genus Metapneu-
movirus (65, 66). Although belonging to a different genus,
HMPV shares many features with HRSV (Pneumovirus genus)
with respect to the associated diseases (10, 21, 47, 68), suscep-
tible populations (11, 42, 48, 49, 51, 70), and similar genome
organization (5, 29, 65).

The HMPYV genome encodes three transmembrane proteins
including the fusion (F), the attachment (G), and the small
hydrophobic (SH) proteins (5, 65). Similar to HRSV, the G
protein of HMPV is the most divergent structural protein
among isolates (1, 5, 50). The deduced amino acid sequence of
the G protein contains a single hydrophobic region that is
located near the N terminus (amino acids 30 to 53) and is
thought to serve as both an uncleaved signal peptide and a
membrane anchor (1, 5, 65). The C-terminal three-fourths of
the molecule is thought to be extracellular. Such a type II
membrane orientation is also shared by HRSV G protein (15,
45, 71). Sequence analysis also shows that HMPV G protein
has a high content of serine and threonine residues (30 to
34%), which are potential acceptor sites for O-linked sugars (1,
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5, 50). The G protein also contains a high level of proline
residues (7 to 8.5%) (5) and three to six potential N-linked
glycosylation sites (1). The excessive potential O-glycosylation
sites, together with the high level of proline residues, suggests
a heavily glycosylated mucin-like structure for the G protein.
This structural feature is shared by the HRSV G protein as
well (Fig. 1) and makes both of them distinct from the hem-
agglutinin-neuraminidase (HN) or hemagglutinin (H) glyco-
proteins of other paramyxoviruses (31, 45, 56, 71).

The function of HMPV G is as yet unclear. Although it has
been proposed to play a role as an attachment protein, the
observation that a recombinant HMPYV deficient in G protein
is able to replicate both in vitro and in vivo implies that G
protein might not be essential for HMPV replication (3, 7).
For HRSV, both G and F protein appear to be protective
antigens. Immunization of BALB/c mice with recombinant
vaccinia viruses that each express an individual HRSV protein
shows that proteins F and G are the only proteins that induce
HRSV-neutralizing antibodies and long-lived resistance to
challenge HRSV replication (18). It seems likely that the
HMPV G might also be capable of stimulating a protective
immunity. However, in a recent report it was shown that the G
protein of HMPV is only weakly immunogenic in hamsters and
might not be a protective antigen (60). Whether or not a
protective immunity can be elicited by HMPV G protein re-
quires further study. Particularly, it requires confirmation in a
nonhuman primate that more closely models the natural hu-
man host (13).

Thus far, numerous reports have demonstrated that the
propagation of HMPV in vitro was very difficult (6, 8, 27, 67).
Its fastidious replication in cell culture, dependence on trypsin,
and restricted numbers of permissive cell lines have posed
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FIG. 1. Primary structures of the G surface glycoproteins of HMPV strain CAN99-80 and HRSV strain A2. CT, cytoplasmic tail (hatched box);
TM, transmembrane anchor (black box); ED, extracellular domain (open box); His, eight histidine residues attached to the C terminus of HMPV
G protein (dotted box).Upward-facing arrows identify the potential acceptor sites for N-linked carbohydrate. For each G protein, the 26 potential
acceptor sites for O-linked sugars predicted to be the most likely to be used are indicated as downward-facing bars.

challenges to research (4, 8). To date, there are no data avail-
able yet regarding the biosynthesis of the HMPV G protein.
Although a highly glycosylated protein with a mucinous origin
has been proposed for G (1, 5, 50), there is no experimental
evidence to confirm these predictions. Because of the potential
functional importance in the protection against HMPV infec-
tions, knowledge of the structure of this glycoprotein is essen-
tial. Using a transient-expression method, we analyzed here
the expression, glycosylation, intracellular transport, and cell
surface expression of G protein. This is the first report that
provides proof authenticating previous predictions concerning
the structural features of G protein that were made solely on
the basis of sequence analysis.

MATERIALS AND METHODS

Cells. LLC-MK2 cells (CCL7; American Type Culture Collection, Manassas,
VA) were maintained as a monolayer culture in Opti-MEM (Invitrogen, Burl-
ington, Ontario, Canada). CHO-K1 (CCL61; American Type Culture Collec-
tion) and CHO 1dID cells were grown in Ham F-12 nutrient mixture (Invitrogen).
Both media were supplemented with 5% (vol/vol) heat-inactivated fetal bovine
serum. The CHO 1dID cells were kindly provided by Monty Krieger (Massachu-
setts Institute of Technology, Cambridge, MA). All cells were maintained at 37°C
in an atmosphere of 5% CO,.

Antibodies. A rabbit antiserum to peptide sequence corresponding to amino
acid residues 148 to 161 of HMPV G protein was generated by Alpha Diagnostic
(San Antonio, TX). Anti-His antibody and fluorescein isothiocyanate (FITC)-
conjugated anti-mouse antibody were purchased from QIAGEN (Mississauga,
Ontario, Canada) and Pierce (Nepean, Ontario, Canada), respectively.

Plasmid construction. The coding sequence for the G gene of HMPV isolate
CAN99-80 (GenBank accession no. AY574247) was amplified by PCR and
extended at the C terminus by eight histidine residues using pBacPAKS8-CAN99-
80G as a template (1). The primer sequences are available upon request. The
amplicon was cloned into pTriEX1 vector (Novagen, Madison, WI) and desig-
nated pTriEX1-GHis. The sequence of this construct was substantiated by DNA
sequencing.

Transfection of cells. LLC-MK2, CHO-KI1, or IdID cells were seeded on
six-well plates at a density of 2.5 X 10°/well and grown at 37°C for 24 h. Prior to
transfection, 1 pg of DNA, 3 pl of Gene Juice (Novagen), and 100 ul of
Opti-MEM/well were mixed thoroughly, followed by incubation for 15 min at
room temperature. Subsequently, the transfection mixture was added to the cell

monolayer. Transfected cells were maintained at 37°C in an atmosphere of 5%
CO, for 24 h.

Metabolic labeling and immunoprecipitation. Radioisotopic labeling of trans-
fected cells and immunoprecipitation were performed as described previously
(40). Briefly, at 24 h posttransfection, cells were placed in methionine-free
minimal essential medium (MP Biomedicals, Solon, OH) for 45 min, after which
they were pulse-labeled for various periods (as specified in each figure legend)
with 300 wCi of [**S]methionine (MP Biomedicals)/ml. For pulse-chase experi-
ments, the labeling medium was removed after an appropriate pulse and re-
placed with complete minimal essential medium containing 5% fetal bovine
serum. At various intervals, cells were lysed with 1% Nonidet P-40 in 150 mM
NaCl-50 mM Tris-HCl-1 mM phenylmethylsulfonyl fluoride, incubated on ice
for 15 min, and centrifuged for 5 min. The cell extracts were incubated for 2 h at
4°C with anti-His antibody, after which 10% protein A-Sepharose (Amersham,
Baie d’Urfe, Quebec, Canada) was added for 1 h. For cell surface immunopre-
cipitation, after proper pulse and chase, the cells were first incubated with
antibody for 2 h at 4°C and then subjected to extensive washing, followed by cell
lysis and incubation with protein A-Sepharose as described above. The precipi-
tated immune complex was washed three times with radioimmunoprecipitation
assay buffer consisting of 50 mM Tris-HCI, 1% Nonidet P-40, 0.1% sodium
dodecyl sulfate (SDS), 1% sodium deoxycholate, 150 mM NaCl, and 1 mM
EDTA. Samples were solubilized by boiling for 5 min in SDS-polyacrylamide gel
electrophoresis (PAGE) sample buffer containing 5% B-mercaptoethanol and
2% SDS. Immunoprecipitated G protein was electrophoresed on an SDS-10%
polyacrylamide gel, followed by autoradiography.

Glycosidase digestion. Overnight digestion at 37°C with various glycosidases
(PROzyme, San Leandro, CA) was performed as follows. Immunoprecipitated
proteins were eluted from protein A-Sepharose beads by boiling them for 5 min
in commercial denaturing buffer (PROzyme). Enzymes and appropriate buffer
were added exactly according to the protocol provided by the manufacturer.

Lectin-binding assay. A lectin-binding study was carried out as described previ-
ously (16). Briefly, cell lysates were mixed for 1 h at 4°C with a one-tenth volume of
4% agarose beads conjugated to Arachis hypogaea lectin (Sigma, Oakville, Ontario,
Canada), which binds to galactose (1-3)-N-acetylgalactosamine (Gal-GalNAc), char-
acteristic sugar components of mucin-type O-linked glycoproteins (12, 38). After a
washing step, glycoproteins bound to lectin were eluted in radioimmunoprecipitation
assay buffer by heating at 95°C for 5 min. Subsequently, the eluted proteins were
subjected to immunoprecipitation.

Metabolic inhibitors. Monensin and brefeldin A (BFA) were purchased from
Sigma. Both drugs were added 45 min prior to labeling, and the drugs were
maintained during labeling and chase incubation (16, 17). The working concen-
trations of monensin and BFA were 20 puM and 5 pg/ml, respectively (16, 17).

Immunoblotting. Cell lysates prepared from pTriEX1-GHis- or pTriEX1-
transfected CHO-K1 or CHO IdID cells were resolved by SDS-10% PAGE and
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FIG. 2. Expression of G protein. (A and B) LLC-MK?2 cells were infected with (lanes 2 to 4) or without (lane 5) HMPV isolate CAN99-80. At
4,7, and 8 days postinfection (dpi; lanes 2, 3, and 4), the cell lysates were prepared under reducing (A) and nonreducing (B) conditions and
analyzed by immunoblotting assay with rabbit antiserum raised against peptide sequence of G148-161. Lane 1 shows a protein marker (Invitrogen),
for which the sizes are shown in kilodaltons (indicated on the left). (C) pTriEX1 (lane 2)- or pTriEX1-GHis (lane 3)-transfected LLC-MK2 cells
were analyzed by immunoblotting assay using the peptide antiserum under nonreducing conditions. Lane 1 shows a protein marker (Invitrogen),
for which the sizes are shown in kilodaltons (indicated on the left). (D) pTriEX1-GHis (lane 1)- or pTriEX1 (lane 2)-transfected LLC-MK2 cells
were pulse-labeled with [**S]methionine at 300 wCi/ml for 2 h. Labeled proteins were immunoprecipitated with anti-His antibody. Recovered
proteins were resolved by gel electrophoresis, followed by autoradiography. Molecular size standards are indicated on the left. (E) pTriEX1-
GHis-transfected cells were pulse-labeled with [*>S]methionine at 300 wCi/ml for 20 min and chased for various times as indicated on the top. Cell
lysates were immunoprecipitated with the anti-His antibody. Recovered proteins were treated with (+) or without (=) Endo H and resolved by
gel electrophoresis, followed by autoradiography. Molecular size standards are indicated on the left.

transferred onto polyvinylidene difluoride membrane sheets (Bio-Rad, Missis-
sauga, Ontario, Canada). Anti-His antibody diluted 1:1,000 was used to probe
the G protein. After incubation with horseradish peroxidase-conjugated anti-
mouse antibody, the immunoblots were visualized by using enhanced chemilu-
minescent substrate (Pierce, Ottawa, Ontario, Canada).

Immunofluorescence microscopy. LLC-MK2 cells were grown to 80% conflu-
ence on a 24-well plate and transfected with pTriEX-GHis as described above.
At 48 h posttransfection, cells were fixed with 4% paraformaldehyde for 10 min.
The fixed cells were incubated with anti-His antibody for 1 h, followed by
incubation with FITC-conjugated anti-mouse antibody for 1 h. For intracellular
staining, before primary antibody incubation, the cells were first permeabilized
with 0.1% Triton X-100 for 15 min. Fluorescence microscopy was done with a
Zeiss Axiovert microscope.

RESULTS

Expression of G protein. The replication of HMPV in vitro
was extremely inefficient (6, 8, 28, 67). The time required for
viral propagation varied from 10 to 14 days (27, 66). Consistent
with this slow replication feature, in a preliminary time course
immunoblotting assay the optimum expression of G in the
virus-infected cells was not observed until 8 days postinfection
(Fig. 2A and B). As shown in Fig. 2A, under reducing condi-
tions, a rabbit antiserum raised against the peptide sequence of
G148-161 effectively recognized three forms of G protein, with
approximate molecular weights of 40,000, 45,000, and 48,000
(40K, 45K, and 48K, respectively; lanes 3 and 4). In contrast,
under nonreducing conditions, an additional form between 80
and 90K could also be detected (Fig. 2B, lane 4). Our result
was in accordance with previous reports, in which the molec-
ular weight of the virion-associated mature G protein has been
reported to be about 80,000 to 100,000, regardless of the re-
ducing or nonreducing conditions (7, 8, 60). By analogy to RSV
G, the 80 to 100K form might represent a fully processed
mature product, whereas the smaller forms could be the pre-
mature species in the maturation of G glycoprotein (16). Sur-
prisingly, when the peptide antiserum was used to react with
the viral G protein in an immunoprecipitation assay, it was

unable to recognize the mature form of G (data not shown).
This observation might be associated with possible conforma-
tional changes between the native protein in the immunopre-
cipitation assay and the denatured protein in the immunoblot-
ting test. In any case, the slow replication character of HMPV
and the conformational dependence of the peptide antiserum
deeply hampered our in-depth characterization of the biosyn-
thesis of protein G. Therefore, to express a recombinant G
protein containing a readily detectable epitope and out of the
context of viral infection appeared to be a reasonable alterna-
tive choice.

To do this, LLC-MK2 cells were transfected with pTriEX1-
GHis, which encodes a G protein containing eight histidine
residues at the C terminus (Fig. 1). The synthesized G protein
was first analyzed by immunoblotting assay using the peptide
antiserum under nonreducing conditions (Fig. 2C, lane 3). The
recombinant G protein accumulated as three discrete bands
and one broad band (45, 50, 53, and 100K). Subsequently, the
expression of the recombinant G protein was also analyzed by
radioimmunoprecipitation assay using anti-His antibody,
which confirmed the production of four major forms of G
protein (45K, 50K, 53K, and 97K) (Fig. 2D, lane 1). There was
one extra band that migrated slightly slower than 53K, whose
signal strength was relatively weak. This band may represent a
nonspecific cellular protein because it was also detectable in
empty vector-transfected cells (Fig. 2D, lane 2). Obviously, the
electrophoresis patterns of the recombinant and viral G pro-
tein were similar, except that the recombinant G proteins mi-
grated slightly slower than their counterparts produced in the
virus-infected cells. Such a minor variation was likely due to
the presence of the His tags on the recombinant proteins that
marginally retarded their electrophoresis mobility. It is evident
that the recombinant G protein was comparable to the authen-
tic viral protein. In view of its expeditious expression and the
great efficacy of the anti-His antibody independent of protein



13438 LIU ET AL.

conformation, the pTriEX1-GHis construct was preferentially
used in the following experiments.

To examine the kinetic of G protein synthesis, a pulse-chase
analysis was performed in conjunction with endo-p-N-acetyl-
glucosaminidase H (Endo H) digestion. After 20 min of pulse-
labeling, intracellular G proteins were first detected as three
bands: 45, 50, and 53K (Fig. 2E, lane 1). With time of chase,
these bands gradually disappeared coincidently with the ap-
pearance of the 97K form (lanes 3, 5, and 7). After 2 h of chase,
only a trace amount of the 53K form remained visible, and the
97K form became the predominant species (lane 7), suggesting
a precursor-product relationship. The molecular sizes of the
50K and 53K forms could be reduced by Endo H digestion to
45K (lanes 2, 4, 6, and 8), indicating the presence of high-
mannose type N-linked sugars. In contrast, the mature form of
97K was Endo H resistant, suggesting the intracellular trans-
port of mature G from the endoplasmic reticulum (ER) to the
Golgi apparatus (20, 34). The electrophoresis mobility of the
45K precursor was not influenced by Endo H treatment, sug-
gesting that it was deficient in N-linked sugars. The deduced
molecular size for the G-protein backbone was only 26K, which
was considerably smaller than 45K form. However, because the
45K form was also resistant to O-glycanase digestion (see Fig.
3), it is unlikely that the difference is caused by O glycosylation.
Furthermore, when G protein was produced in the rabbit re-
ticulocyte lysates, a cell-free system lacking the activity of post-
translational modifications, the molecular weight of the in
vitro-synthesized G was also about 45,000 (data not shown).
Therefore, the 45K species was indeed a product representing
G-protein backbone and was not a result of O-linked glycosy-
lation or other unidentified modifications. The reason for the
slower mobility of this form than that predicted was unclear.
We suggested that it might be caused by aberrant migration
under electrophoresis (72).

Deglycosylation analysis of protein G. To further character-
ize the glycosylation of G protein, labeled proteins were sub-
jected to various enzymatic deglycosylations. Treatment of O-
glycanase had no effects on the electrophoresis mobilities of
the three immature forms, a finding that was in agreement with
the conclusion that these premature species were either N
glycosylated or unglycosylated (Fig. 3, lane 2). The mature
form of the G protein was also resistant to O-glycanase diges-
tion (lane 2). However, this resistance might be due to the
presence of sialic acid on the G molecule, which blocked the
action of O-glycanase.

Indeed, like HRSV G protein (16), sialidase treatment con-
verted the mature G protein into a somewhat more diffuse
form with a slight increase in the apparent molecular weight
(lane 3). It has been observed that the electrophoresis migra-
tion of a glycoprotein can be either accelerated or retarded
after sialidase digestion (16, 19, 59). As reported previously,
these alterations were signs of an interplay between effects on
shape versus charge (16). The elimination of sialic acid would
enable proteins to navigate the separation matrix faster; how-
ever, the removal of its negative charge would reduce the
negative charge of the protein and thereby impede the migra-
tion of protein on the gels (16). In contrast to the mature G
protein, three immature forms were not affected by sialidase
digestion, indicating that they were not sialylated. This was
consistent with the concept that sialic acid is found at the
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FIG. 3. Enzymatic deglycosylation of G protein. pTriEX1-GHis
(lanes 1 to 6)- and pTriEX1 (lane 7)-transfected cells were pulse-
labeled with [**S]methionine for 1 h, followed by immunoprecipitation.
The recovered proteins were treated with (+) or without (—) various
glycosidases as follows: lanes 1 and 7, mock digested; lane 2, O-gly-
canase; lane 3, sialidase; lane 4, O-glycanase plus sialidase; lane 5,
O-glycanase plus sialidase and PNGase F; lane 6, PNGase F. Digested
proteins were resolved by electrophoresis, followed by autoradiogra-
phy. Molecular size standards are indicated on the left.

termini of completed N-linked and O-linked side chains and is
not known to occupy the internal positions of sugar chains or
to be a temporary component of growing chains (16).

Double digestion with sialidase and O-glycanase decreased
the amount of the detectable mature G protein and generated
a variety of smaller species that migrated dispersedly (lane 4).
The absence of complete digestion of mature G was likely due
to incomplete enzymatic removal of O-linked oligosaccharides
(39). Triple digestion with sialidase, O-glycanase, and PNGase
F further converted the heterogeneous mixture, as well as the
N-glycosylated 53K and 50K forms into the unglycosylated 45K
species with enhanced signal strength (lane 5). Single digestion
with PNGase F converted the 53K and 50K forms to 45K (lane
6). The M, reduction of mature G protein after PNGase F
digestion was marginal, a finding which reflected that the rel-
ative mass contribution of N-linked sugars to the mature G
protein is much less than that of the extensive O-linked oligo-
saccharides.

Lectin-binding assay of G. To confirm the presence of O-
linked oligosaccharides on G protein, radioisotope-labeled G
protein was examined for its ability to bind with 4. hypogaea
(peanut agglutinin), a lectin specific for the Ser/Thr-linked
mucin-type sugar chain (16, 46, 57). A. hypogaea binds Gal-
GalNAc (16, 22) and has been used for the purification of
O-linked glycoproteins. As shown in Fig. 4, only the mature
form of G protein bound to A. hypogaea (lane 2), indicating the
presence of Gal-GalNAc, a core structure for O-linked sugars.
In contrast, the N-glycosylated intermediates and unglycosy-
lated precursor did not bind to A. hypogaea, a finding that was
consistent with the expected specificity.

Expression of protein G in CHO-K1 and CHO 1dID cells. To
strengthen our conclusion that the G protein is O glycosylated,
we also compared the expression of protein G in CHO-K1 and
CHO 1dID cell lines by using an immunoblotting assay. The
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FIG. 4. Lectin-binding assay. pTriEX1-GHis (lanes 1 and 2)- or
pTriEX1 (lane 3)-transfected cells were pulse-labeled with [*S]methi-
onine at 300 wCi/ml for 2 h, and then cell lysates were prepared. In
lane 1, the lysates were directly subjected to immunoprecipitation with
anti-His antibody, whereas in lanes 2 and 3 the lysates were incubated
with 4% agarose beads conjugated with 4. hypogaea lectin for 1 h.
Subsequently, recovered proteins were eluted from the lectin beads
and subjected to immunoprecipitation. Samples were analyzed by elec-
trophoresis, followed by autoradiography. Molecular size standards are
indicated on the left.

hallmark of the 1dID cell that makes it distinct from the wild-
type CHO-K1 cell is that it is deficient in the enzyme activity of
UDP-galactose/UDP-N-acetylgalactosamine 4-epimerase (33,
38). Unlike the wild-type CHO cell the 1dID cells, under nor-
mal culture conditions in which glucose is the sole external
source of monosaccharide, cannot convert the UDP-glucose
and UDP-N-acetylglucosamine to UDP-Gal and UDP-Gal-
NAc, which are required to add galactose and N-acetylgalac-
tosamine to N-linked and O-linked oligosaccharides on glyco-
proteins (33, 38). Galactose is required for the completion of
both N- and O-linked chains, whereas N-acetylgalactosamine is
only added to O-linked glycans and is always the first sugar
linked to serine or threonine residue. Therefore, in 1dID cells
O-linked glycosylation is deficient and N-linked glycosylation is
incomplete (33, 38, 72). On the other hand, however, all of the
structural and functional defects of the 1dID mutants can be
reversed by providing the cells with alternative sources of the
aforementioned two sugars, namely, galactose and N-acetyl-
galactosamine, which are the normal products of the epime-
rase enzyme (33, 38, 72).

When pTriEX1-GHis was expressed in wild-type CHO cells,
the detected G protein could be divided into two size groups
(Fig. 5, lane 2). The fast-migrating group ranging from 48K to
55K represented the premature forms, including unglycosy-
lated precursor and N-glycosylated intermediates. The slowly
migrating group consisted of a broad 97K band representing
the fully processed mature form (lane 2). An additional band
running between the mature and the premature forms might
represent a nonspecific cellular protein because it was also
detectable in empty vector-transfected cells (lanes 7 and 8). In
contrast, the synthesis of the mature form of G protein was
abolished in the O-glycosylation-deficient 1dID cells (lane 3),
indicating that the mature G protein was indeed O glycosy-
lated. The generation of the N-glycosylated premature forms
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FIG. 5. Expression of G in CHO-K1 and CHO IdID cells. pTriEX1-
GHis (lanes 2 to 6)- or pTriEX1 (lanes 7 and 8)-transfected CHO-K1
(lanes 2 and 7) or CHO 1dID cells (lanes 3 to 6 and lane 8) were grown
in Ham F-12 medium supplemented with (+) or without (—) exoge-
nous galactose (25 mM) and N-acetylgalactosamine (400 M) as indi-
cated at the top. Cell lysates were prepared and analyzed by immuno-
blotting. Lane 1 shows a protein marker (Invitrogen) for which the
sizes are shown in kilodaltons (indicated on the left).

in wild-type CHO-K1 and 1dID cells could be further inhibited
by tunicamycin treatment, resulting in the production of un-
glycosylated G protein (data not shown). Subsequently, the
synthesis of G protein in 1dID cells under various conditions
with respect to sugar addition was further investigated. When
galactose was added (lane 4), the M, of N-glycosylated forms
was slightly increased, a result probably due to the addition of
galactose to the sugar chains. When N-acetylgalactosamine was
added, conditions where incomplete O-linked and N-linked
glycosylation were permitted, a heterodisperse population be-
tween 48 and 70K was generated (lane 5). Notably, when both
galactose and N-acetylgalactosamine were added to restore the
complete O-linked and N-linked glycosylation, the mature
form of 97K protein emerged as expected (lane 6).

Altered O glycosylation of protein G in the presence of mon-
ensin and BFA. In general, O-linked glycosylation is mainly a
posttranslational and postfolding event that does not occur until
the protein reaches the Golgi complex and has already passed the
ER quality control (2, 30, 69). Monensin, a polyether antibiotic,
blocks transport between the medial and trans-Golgi compart-
ments (24, 61) and can thereby indirectly inhibit the addition or
elongation or both of O-linked sugars within the trans-Golgi com-
partment (16, 45, 54). It has been used to inhibit O-linked glyco-
sylation of HRSV G and rubella virus E2 proteins, respectively
(16, 45, 54). BFA, the fungal metabolite, blocks protein traffic
from the ER to the Golgi complex (43, 44, 53). In addition, it
induces a rapid and reversible disassembly of Golgi complexes
(23, 63, 64) and concomitantly induces a relocation of the cis-,
medial-, and at least some of the trans-Golgi markers and enzyme
activities to the ER (16, 19, 41), whereas enzymes are not redis-
tributed from the more distal trans-Golgi network (TGN) (14, 16,
25). Therefore, BFA interrupts posttranslational processing oc-
curring in the TGN.

To further characterize and dissect the intracellular compart-
ments for O-linked glycosylation of G protein, transfected cells
were treated with monensin or BFA. After a 1-h pulse-labeling
and a 1-h chase, in the absence of any drugs, the majority of newly
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FIG. 6. Effect of monensin and BFA treatment on O-linked glyco-
sylation of G protein. (A) pTriEX1-GHis (lanes 1 to 3)- and pTriEX1
(lane 4)-transfected cells were pulse-labeled with [**S]methionine for
1 h, followed by a 1-h chase and immunoprecipitation. The pulse-
labeling and chase were performed with (+) or without (—) inhibitors
(monensin or BFA) of exocytosis as indicated at the top. Samples were
analyzed on SDS-10% PAGE, followed by autoradiography. Molecu-
lar size standards are indicated on the right. (B) Cells were transfected
with pTriEX1-GHis (lane 1 to 6) or mock transfected with empty
vector pTriEX1 (lane 7). Proteins were synthesized in the presence of
BFA and labeled with [*>S]methionine for 1 h, followed by a 1-h chase.
The immunoprecipitated G proteins were treated with (+) or without
(—) various glycosidases as follows: lanes 1 and 7, mock digested; lane
2, O-glycanase; lane 3, sialidase; lane 4, sialidase plus O-glycanase; lane
5, sialidase and O-glycanase plus PNGase F; lane 6, PNGase F. En-
zyme-digested samples were resolved by electrophoresis, followed by
autoradiography. Molecular size standards are indicated on the left.

synthesized G protein had been converted to the mature form
(Fig. 6A, lane 1). Upon monensin treatment, the maturation of
the 97K form was dramatically compromised, and the G protein
accumulated as N-glycosylated intermediate products (lane 2). It
was apparent that the generation of N-glycosylated intermediates
took place in a cellular compartment before the trans-Golgi com-
plex, a finding in agreement with the observation that they were
Endo H sensitive. The data also showed that O glycosylation of
the G protein does not occur in the ER or in cis or medial

pTriEX1-GHis

pTriEX1

J. VIROL.

compartments of the Golgi complex (16). In contrast, in the
presence of BFA all of the intermediate forms were efficiently
processed into a heterogeneous species migrating between 55 and
80K (lane 3), implying that O glycosylation occurred in the pres-
ence of BFA but was incomplete (14). This indicated that O
glycosylation of the G protein begins in the trans compartment of
the Golgi complex.

Enzymatic deglycosylation of BFA-G. To further depict the
glycosylation of G protein synthesized in the presence of BFA,
the BFA-G was subjected to various enzymatic digestions as
indicated in Fig. 3. The electrophoresis mobility of BEA-G was
not influenced by single digestion with O-glycanase (Fig. 6B,
lane 1 versus lane 2), suggesting the potential existence of sialic
acid may hinder the cleavage of O-linked sugars. This assump-
tion appeared to be correct since the apparent molecular
weight of BFA-G could be substantially reduced by sialidase
digestion (lane 3). Unlike the mature G protein, after desialy-
lation the migration of BFA-G became faster. It is likely that
the BFA-G may contain a greater content of sialic acid than
the mature G protein. The M, of BFA-G could be further
reduced by double digestion with sialidase and O-glycanase
(lane 4), indicating the presence of O-linked sugars, which
were readily accessed by O-glycanase with the facilitation
of sialidase. Triple digestion with sialidase, O-glycanase, and
PNGase F gave rise to a band with a smear tail. The leading
edge of the band comigrated with the unglycosylated precursor
(lane 5). Single digestion with PNGase F converted the BFA-G
protein into two major forms: a discrete band corresponding to
the unglycosylated precursor and a heterogeneous species con-
taining O-linked sugars and sialic acids (lane 6). Taken to-
gether, the results suggested that the BFA-G was a partial
mature form of protein G containing both N-linked and O-
linked glycosylation.

Cell surface expression of protein G. To determine the cell
surface expression of protein G, pTriEX1-GHis-transfected
LLC-MK?2 cells were analyzed by indirect immunofluorescence
assay with the anti-His antibody. The results showed abundant
expression of the G protein both in the cytoplasm (Fig. 7Aa)

B)
Chase (min) 0 20 40 60 60
116-
o7-| L A
66-
45-
31-
21-
12 3 4 5

FIG. 7. Surface expression of G protein. (A) pTriEX1-GHis (a and c)- or pTriEX1 (b and d)-transfected LLC-MK2 cells were fixed with 4%
paraformaldehyde and treated with 0.1% Triton X-100 for internal (a and b) or not treated for surface (c and d) immunofluorescence staining assay
using anti-His and FITC-conjugated anti-mouse antibodies. (B) pTriEX1-GHis (lanes 1 to 4)- or empty vector (lane 5)-transfected cells were
pulse-labeled for 10 min and chased for various times as indicated at the top. Cells were subsequently reacted with anti-His antibody, followed by
extensive washing and cell lysis. The antibody-antigen complex was precipitated by using protein A-Sepharose. Eluted proteins were analyzed by
electrophoresis, followed by autoradiography. Molecular size standards are indicated on the left.
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and at the surface (Fig. 7Ac) of transfected cells. The fluores-
cent staining observed with the anti-His antibody was specific
since no reactivity was detected in the cytoplasm or on the
surface of cells transfected with empty vector (Fig. 7Ab and d).
The result indicated that G protein was capable of traveling
through the secretory pathway and was incorporated on the
plasma membrane.

To determine the time course expression of protein G on
plasma membrane, cell surface immunoprecipitation was per-
formed after 10 min of labeling and an appropriate chase. The
result showed that the G protein appeared at the cell surface
exclusively in its fully processed mature form (Fig. 7B). The
transit time required for G protein to reach the cell surface was
about 20 min, which was comparable to that of RSV G protein
(17). The glycosylation pattern of G protein present on plasma
membrane was the same as that of the mature form located
intracellularly (data not shown).

DISCUSSION

The aim of the experiments presented here was to charac-
terize the biosynthesis, glycosylation, intracellular transport,
and cell surface expression of HMPV G glycoprotein. Such a
study has been greatly facilitated by the application of a re-
combinant G protein containing a His tag at the C terminus. In
our experiments, four species of G protein could be detected:
45K, 50K, 53K, and 97K. Pulse-chase analysis and in vitro
translation experiments (data not shown) indicated that the
45K form was an unglycosylated protein backbone, the S0K
and 53K forms were premature naive forms during posttrans-
lational processing, and the 97K species was the fully processed
mature form. The size of the predicted backbone of protein G
is considerably smaller than that estimated from SDS-PAGE.
This result is consistent with a recent report in which the in
vitro-translated protein G had a mass of 45 kilodaltons and was
much bigger than that predicted (58). A similar discrepancy
has also been reported for HRSV G protein (72). It has been
proposed that a high proline content may account for the
anomalous mobility of proteins on gels and that all mass de-
terminations by gel electrophoresis of proteins with a high
content of proline or carbohydrates are just approximations
(72).

The 50K and 53K forms were solely modified by N-linked
glycosylation since their sizes could be reduced to 45K by
PNGase F but not by O-glycanase digestion. The apparent
molecular weight of the mature G protein was about 97,000,
which was consistent with former reports (7, 8, 60) and strongly
suggested that this form also contains significant amount of
O-linked sugars. This notion was supported by three lines of
evidence. First, the mature 97K G protein bound to A4. hy-
pogaea, an O-glycan-specific lectin (16, 22, 46, 57). Second, the
mature G protein could be converted to a heterodisperse spe-
cies after enzymatic digestion of sialidase and O-glycanase.
Complete conversion of the mature G protein to solely N-
glycosylated species was not efficiently produced by the treat-
ment described above. A possible explanation could be that
blocked oligosaccharide cleavage sites or protein conforma-
tional constraints inhibited the complete access of O-glycanase
to the O-linked oligosaccharides (39). Finally, the mature form
of G protein was only detectable in wild-type CHO-K1 cells
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but not in CHO 1dID cells, a well-characterized cell line that is
deficient in O-linked glycosylation (33, 38). Remarkably, the
complete glycosylation of G protein in 1dID cells was rescued
by the exogenous addition of Gal and GalNAc to the culture
medium. These observations showed that the difference in the
electrophoresis mobilities between the immature and mature
forms of G protein was due to variable glycosylation and ruled
out the possibility that the 97K form was a dimer of the im-
mature forms.

The CHO 1dID cell line has provided a powerful tool for the
study of the structure and function of O-linked glycoprotein.
Historically, it has been used to characterize a variety of viral
and nonviral glycoproteins (9, 12, 33, 35-38, 72). The absence
of mature G protein in 1dID cells consolidated our data derived
from LLC-MK2 cells and unequivocally demonstrated that
HMPV G protein is O glycosylated. It appeared that more
than half of the molecular weight of the mature G protein is
contributed by O-linked sugars, which was a reminiscent of
HRSV G (26, 56, 71). However, it is also likely that, as sug-
gested for the HRSV G, the apparent high molecular weight of
the mature HMPV G protein represents an artifact of reduced
SDS binding due to the O-linked sugars, and thus the real
molecular weight might be much lower than that estimated by
SDS-PAGE (16).

The location of the subcellular compartment where O-linked
glycosylation is initiated is still controversial and may be de-
pend on the type of UDP-GalNAC and GalNAc transferase
(GalNAc-T) (69). The location may range from subregions of
the ER, a proximal Golgi compartment, to an intermediate
ER-Golgi compartment (ERGIC), and beyond the ERGIC to
more distal compartment(s) of the exocytic pathway (52, 55,
62). The maturation of G protein was severely hampered in the
presence of monensin. In contrast, in the presence of BFA,
although G protein was physically blocked in the ER, it could
be partially O glycosylated. As mentioned above, BFA allows
the redistribution of enzymes before the TGN into the ER and
processing of the immobilized proteins efficiently (16, 19, 41).
Therefore, the partial sensitivity of O glycosylation to BFA and
the complete sensitivity to monensin indicated that both initi-
ation and elongation of O-linked sugar chains begin in the
trans-Golgi compartment, but the O glycosylation is not com-
plete until the G protein reaches the TGN.

BFA-G was sensitive to the sialidase, indicating that sialyla-
tion took place before the TGN. In some studies, sialytrans-
ferase was not redistributed by BFA (14, 19). On the other
hand, sialylation of BFA-arrested protein was reported by oth-
ers (16, 64). As reported previously, this could be linked to the
cell type-specific variability in the distribution of sialytrans-
ferase in the trans-Golgi cisternae or TGN (16). It turned out
that the BFA-G contained more sialic acids than did the ma-
ture G protein. Such a phenomenon was also observed for
HRSV G, for which the sialylation had a greater effect on
BFA-G’s electrophoresis mobility than on that of the mature G
protein (16). It has been suggested that this difference might be
caused by the redistribution of sialytransferase to the ER,
which adds sialic acids excessively on the immobilized protein
(16). After sialidase and O-glycanase digestion, the molecular
weight shift of BFA-G was more apparent than that of the
mature form. This might be related to the different conforma-
tional status between the partial and complete mature G pro-
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tein. In the former status, the O-linked sugars might be well
exposed and readily accessible for the O-glycanase.

Using the anti-His antibody, we could detect the cell surface
expression of G protein. Considering that the His tag was
attached at the extreme C-terminal end of the G protein, these
data confirmed that the C terminus of the G protein was
exposed on the exterior of the transfected cells, in agreement
with a type II membrane orientation that has been proposed
for the G protein (45). Cell surface immunoprecipitation dem-
onstrated that after 20 min of chase the mature form of the G
protein appeared at the cell membrane, indicating an efficient
intracellular transport of G protein. This observation was quite
similar to that of RSV G protein and provided additional proof
supporting an earlier conclusion that the type II membrane
orientation is not obligatorily associated with a reduced transit
rate (17).

These results indicate that the biosynthesis and intracellular
processing of the HMPV G protein are very similar to those of
the HRSV G protein. Both of them were initially synthesized
as N-glycosylated intermediate forms that were subsequently
processed to mature form, which contained extensive O-linked
carbohydrates. The O glycosylation of both G proteins oc-
curred in the Golgi apparatus and terminated in the TGN. All
of them had a type II membrane orientation and could be
exported to the cell surface efficiently. It is reasonable to spec-
ulate that the similar structure features of HMPV G and
HRSV G may define comparable functions for both proteins,
which in turn may determine equivalent roles in viral patho-
genesis. However, such a notion remains to be further clarified.
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