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The Punta Toro virus (PTV) middle size (M) RNA encodes two glycoproteins, G1 and G2, and possibly a nonstructural
protein, NSy. A partial cDNA clone of the M segment which contains G1 and G2 glycoprotein coding sequences but
lacks most of the NSy sequences was inserted into the genome of vaccinia virus under the control of an early vaccinia
promoter. Cells infected with the recombinant virus were found to synthesize two polypeptides with molecular weights
of 65,000 (G1) and 55,000 (G2) that reacted specifically with antibody against PTV. Studies using indirect immunofluo-
rescence microscopy revealed that these proteins accumulated intracellularly in the perinuclear region. The results of
endoglycosidase H digestion of these glycoproteins suggested that both G1 and G2 glycoproteins were transported
from the RER to the Golgi complex. These proteins were not chased out from the Golgi region during a 6-hr incubation
in the presence of cycloheximide. Surface immune precipitation and '**|-protein A binding assays also demonstrated
that the majority of the G1 and G2 glycoproteins are retained intracellularly. These results indicate that the PTV glyco-

proteins contain the necessary information for retention in the Golgi apparatus.

INTRODUCTION

The family Bunyaviridae comprises a large and het-
erogeneous group of arthropod-borne viruses with cer-
tain structural features in common (Bishop and Shope,
1979; Bishop et al., 1980). The viruses are enveloped,
and contain two surface glycoproteins, G1 and G2, an
internal nucleocapsid-associated protein N, and a
large internal protein (L) believed to be a transcriptase
component. The nucleocapsid consists of three single-
stranded RNA genome segments, L, M, and S. On the
basis of genetic recombination and sequence analysis,
it has been concluded that the S RNA encodes the nu-
cleocapsid protein N and a nonstructural protein NSg;
the M RNA encodes two glycoproteins G1 and G2 and
in some genera a nonstructural protein, NSy; and the
L. RNA probably contains the information for the viral
transcriptase (Bishop et al., 1982; Bouloy et al.,, 1984
Cabradilla er al., 1983; Collett et al., 1985; Eshita and
Bishop, 1984; Fuller et a/, 1983; Ihara et al., 1985;
Lees et al, 1986; Ronnholm and Pettersson, 1987;
Schmaljohn et a/., 1987).

A characteristic feature of the members of the Bun-
yaviridae is their intracellular maturation by budding at
smooth-surfaced membranes in the Golgi region (Mur-
phy et al., 1973). It has been reported for Uukuniemi
virus, a member of the genus Uukuvirus, that both G1
and G2 glycoproteins accumulate in the Golgi region
during virus infection (Kuismanen et af., 1982, 1984).

' To whom requests for reprints should be addressed.
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It has also been demonstrated by using temperature-
sensitive mutants that the intracellular accumulation of
glycoproteins occurs in the absence of virus matura-
tion (Gahmberg et al., 1986). Intracytoplasmic virus
budding has also been described for coronaviruses
(Dubois-Dalcq et al., 1982; Holmes et al., 1981: Tooze
et al., 1984; Tooze and Tooze, 1985), flaviviruses
(Leary and Blair, 1980), toroviruses (Fagerland et al.,
1986; Weiss and Horzinek, 1986}, and rotaviruses (Al-
tenburg et al., 1980; Petrie et al., 1984). It has been
reported that the E1 glycoprotein of the coronaviruses,
when expressed from cloned DNA, accumulated intra-
cellularly (Machamer and Rose, 1987; Rottier and
Rose, 1987). Furthermore, evidence has recently been
reported which indicates that one of three hydrophobic
membrane-spanning domains of this protein is respon-
sible for retention in the Golgi complex (Machamer and
Rose, 1987).

Punta Toro virus (PTV) is one of some 36 arthropod-
borne viruses assigned to the Phlebotomus fever sero-
group (Phlebovirus genus, Bunyaviridae, Bishop et al.,
1980) and has structural and morphological features
similar to other members of the family Bunyaviridae.
The S RNA of PTV has an unusual ambisense coding
strategy. One protein (N} is coded in a subgenomic, vi-
ral-complementary S mRNA species and a second pro-
tein (NSs) is coded by a viral sense mRNA (lhara et al.,
1984). The M RNA segment possesses a single open
reading frame in the viral-complementary sequence
that is presumed to code for a polyprotein precursor.

0042-6822/88 $3.00
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In addition to the G1 and G2 glycoprotein coding se-
guences, a sequence capable of coding a polypeptide
of approximately 30 kDa was found preceding the G1
coding sequences, although the putative NS,, protein
product corresponding to this sequence has not been
identified either in virions or in infected cells. The esti-
mated sizes of NSy, G1, and G2 from the predicted
amino acid sequence are 30,510, 60,897, and 55,005
Da, respectively (lhara et al., 1985). We have con-
structed vaccinia virus recombinants expressing the
G1 and G2 glycoproteins of PTV, in order to study the
possible existence of signals for intracellular retention
in bunyavirus glycoproteins. We report here the ex-
pression of the two glycoproteins of PTV, and their lo-
calization in infected cells in the absence of other viral
components.

MATERIALS AND METHODS
Cells and virus

CV-1, Vero, and HelLa T4* cells (Maddon et a/., 1986)
were maintained in Dulbecco's modified Eagle's me-
dium (DMEM) supplemented with 10% newborn bo-
vine serum. Human TK™143 cells maintained in the
above medium supplemented with 25 ug/ml of b-
bromo-2-deoxyuridine (5-BUdR). Vaccinia virus stocks
were prepared and titrated by plaque assay in CV-1
cells. PTV stocks were prepared and titrated in Vero
cells.

Construction of a vaccinia recombination plasmid
containing the G1 and G2 glycoprotein genes

All DNA manipulations were carried out as described
by Maniatis et al. (1982). Four cDNA clones, 5-79, 10-
99, 6-37, and 4-148, which were previously used for
sequence analysis, had been cloned into the Pstl site
of pBR322 (Ihara et al., 1985). By a series of restriction
digestions and ligations with these clones, a full-length
PTV M cDNA clone was constructed and inserted into
pGEM-3 (Promega Biotech, Madison, WI), designated
as pGEM-M. It was found, however, by analysis of pro-
tein synthesis in an /in vitro transcription and translation
system using pGEM-M and by subsequent sequence
analysis that pGEM-M contained deletion mutations in
the middle of the G1 glycoprotein coding region. It was
also found that the sequences preceding the G1 cod-
ing sequences seem to have some inhibitory effects on
growth of bacterial colonies. Because of these prob-
lems, most of the 5’ sequence preceding the G1 coding
region was removed by digestion with Ba/31 exonucle-
ase. In order to repair the mutations, the Ncol-Xbal re-
striction fragment which contains the mutated region

NSMm 827 Gt 2444 G 3955
PGEM-M - 1T XX T T
1 delete NSM sequences
- T T
i
fragment from 5-79
replace fragment
ATG addition
765 *
PpGEM-G(A} AATG ry— —— T
pGEM-G(G) GATG
702
cata I - S un|

pGEM-G(C)

insert into Sma | site of pSC11

Fia.. 1. Construction of PTV-M clones with shortened 5’ end se-
quences. Most of the &' sequence preceding the G1 coding se-
quence was removed from pGEM-M, which contains a full-length
PTV M sequence with mutations, by Ba/31 digestion. The mutations
were repaired by replacing the restriction fragment with the correct
sequences. The translation initiation codon was generated for
pGEM-G(A) and pGEM-G(G) by C/al linker addition as described un-
der Materials and Methods. The fragments containing PTV M seg-
ment sequences were excised from pGEM and inserted into the
Smai site of pSC11.

was replaced by the corresponding fragment from
clone 5-79, one of the original clones used for se-
quence analysis (Fig. 1). After transformation and col-
ony selection, two clones were obtained, one of which
contained an M fragment beginning with nucleotide
residue 702 that had an ATG at nucleotide residue 716,
whereas the other contained a fragment beginning
with residue 765 and lacked an initiation codon for syn-
thesis of G1 and G2 glycoproteins. The clone contain-
ing an ATG codon in the region preceding the G! coding
sequences was designated as pGEM-G(C) since it pos-
sesses a C residue at the -3 position upstream from
the translation initiation site. The clone which did not
have an ATG sequence was further modified to intro-
duce a translation initiation codon. After digestion with
EcoR| and treatment with Klenow DNA polymerase,
Clal linkers were added at the ends of the DNA in order
to provide an ATG sequence. This segment was then
digested with Clal and treated with Klenow polymerase
following digestion with either Pstl or Sall in order to
remove plasmid sequences. These segments were in-
serted into either pGEM-3 digested with Sall and
treated with Klenow polymerase following Pstt diges-
tion or pGEM-3 digested with Xbal and treated with
Kienow polymerase following Sall digestion. As a re-
sult, pGEM-G{A) which contains an A residue at the -3
position from the initiation codon, and pGEM-G(G) with
a G residue at the -3 position, were obtained (Fig. 1).
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The PTV glycoprotein gene was excised by BamHlI
from the three clones, pGEM-G(C), pGEM-G(A), and
pGEM-G(G), treated with Klenow polymerase, and in-
serted into the Smal site of the pSC11 vaccinia recom-
bination plasmid {Chakrabarti et a/., 1985).

Construction of a vaccinia recombination plasmid
containing the influenza HA gene

The cDNA clone of the WSN-HA gene in pBR322
was kindly provided by Dr. Debi Nayak. The HA gene
was excised from pBR322 and recloned into the Pstl
site of pUC 13 (Stephens et al., 1986). The plasmid was
liniarized by BamH! digestion, treated with Ba/31
exonuclease to remove dG and dC homopolymeric
tails at the &' end, treated with Klenow DNA polymer-
ase, and then digested with Hindlll. The HA gene frag-
ment was separated from the pUC13 vector, inserted
into Hindlll-Hincll-digested pGEM-3, excised by Xbal-
Hindlll digestion, treated with Klenow DNA polymer-
ase, and inserted into the Smal site of pSC11.

Isolation of vaccinia virus recombinants

For isolation of vaccinia recombinants, CV-1 cells
were infected with vaccinia virus {strain IHD-J) at a mul-
tiplicity of infection (m.o.i.) of 0.05. At 2 hr after infec-
tion, cells were transfected with a calcium phosphate
precipitate of 10 ug of plasmid and 15 ug of salmon
sperm DNA/m| of HEPES-buffered saline (Graham and
Van der Eb, 1973). Stocks of TK™ vaccinia virus were
prepared in TK™143 cells (Smith and Moss, 1983). To
select for recombinants, TK™143 cells were infected
with 50-100 PFU of TK™ vaccinia virus in the presence
of BUdR (25 ug/ml). At 48 hr after infection, the mono-
layers were overlayed with 1% low-melting-point aga-
rose containing 300 ug/ml of 5-bromo-4-chloro-3-indo-
lyl-B-D-galactopyranoside (X-Gal). AT 4-6 hr, blue
plaques were picked and further purified by two addi-
tional rounds of plaque purification.

Antisera and immunoprecipitation of radiolabeled
proteins

Hyperimmune mouse ascitic fluids specific for PTV
and monoclonal antibodies against G1 and G2 glyco-
proteins were kindly provided by Drs. J. F. Smith and
D. Pifat (USAMRIID, For Petrick, MD). Rabbit antiserum
against A/WSN/33 influenza virus was prepared as de-
scribed elsewhere (Roth and Compans, 1980). CV-1
cells or Hel.a T4* cells were infected with vaccinia vi-
rus recombinants or PTV atanm.o.i.of 510 10. At 16 hr
p.i., cells were washed with phosphate-buffered saline
(PBS) and incubated in methionine-free medium for 2
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Fic. 2. (A) SDS-PAGE analysis of PTV-specific polypeptides ex-
pressed in vaccinia recombinant-infected cells. CV-1 cells were in-
fected with PTV (lane a), wild-type vaccinia virus (lane b), VW-G(C)
(lane c), VW-G(G) (lane d), or VV-G(A) (lane e). Samples were immuno-
precipitated as described under Materials and Methods and ana-
lyzed on 10% polyacrylamide gels. (B) TM and/or PMSF treatment of
VV-G-infected HelLa T4 cells. Cells infected with PTV {lanes a and
¢), W-G (lanes b and d), or VV-HA (lanes e and f) were incubated in
medium containing 1.0 mM/ml of PMSF in the presence {lanes b, d,
and f) or absence (lanes a, ¢, and e) of 1.0 ug/ml of TM prior to and
during the [**S}methionine labeling. Cell lysates were immunoprecip-
itated and analyzed by SDS-PAGE.

hr. At 18 hrp.i., cells were labeled with [*3S]methionine
(100 uCi/ml) in methionine-free medium for 1 hr. For
pulse—chase experiments, cells were pulsed for 10 min
and then chased in Eagle's medium containing 10 mM
methionine for an appropriate period. Cells were then
washed three times in ice-cold PBS and lysed with 0.3
ml of lysis buffer (50 mM Tris—HCI (pH 7.5), 0.15 M
NaCl, 1% Triton X-100, 0.1% SDS, 20 mM EDTA). Nu-
clei were removed by centrifugation at 13,000 g for 5
min at 4°. The cell lysates were incubated with 5 ul of
mouse ascites against PTV for 4 hr at 4° with constant
mixing. For immunoprecipitation of cell-surface anti-
gens, antibody was added before cells were lysed and
incubated for 30 min on ice. After washing to remove
unbound antibody, radiolabeled polypeptides were im-
munoprecipitated with protein A-Sepharose CL-4B
(Pharmacia, Inc., Piscataway, NJ). The precipitates
were washed three times with cold lysis buffer, resus-
pended in sample buffer, boiled for 5 min, and analyzed
on 10% SDS-polyacrylamide gels (Laemmli, 1970).

Effect of tunicamycin

Hela T4* cells were infected with PTV or vaccinia
recombinants at an m.o.i. of 10. After 16 hr p.i., cells
were incubated in methionine-free medium containing
1.0 mM of phenylmethylsulfonyl fluoride (PMSF)
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FiG. 3. Localization of PTV glycoproteins in VV-G-infected Hela T4" cells by indirect immunoflucrescence microscopy. At 18 hr p.i., V-G-
infected cells were fixed with ethanol containing 6% acetic acid and indirectly stained with anti-PTV hyperimmune mouse ascites fluid by using
fluorescein-conjugated goat anti-mouse IgG (a). The same cells in (a) were doubly stained by using rhodamine-conjugated wheat germ agglutinin
{b). The cells were treated with cycloheximide (50 ug/ml) at 16 hr p.i. for 6 hr. VV-G-infected cells before treatment (c) and after 6 hr exposure with
drug (d, e, and f} were stained with anti-PTV mouse ascites fiuid (¢ and d), anti-G1 monoclonal antibody (e), or anti-G2 monocional antibody (f).

{Sigma, St. Louis, MQ) in the presence or absence of
1.0 ug/ml of tunicamycin (TM) (Calbiochem, La Jolla,
CA) for 2 hr. Samples were then labeled with [*°S]me-
thionine for 1 hr and examined by immunoprecipitation
as described. During the labeling period, PMSF and
TM were maintained in medium of treated cells.

Indirect immunofluorescence

Hela T4* cells on glass coverslips were infected
with vaccinia virus, recombinant vaccinia viruses, or

PTV atan m.o.i. of 10. At appropriate times after infec-
tion, cells were washed with PBS and fixed with etha-
nol containing 5% acetic acid for 20 min at —20° or
with 2% formaldehyde for 10 min at room temperature.
Cells were then washed with PBS and reacted with an-
tibodies specific for PTV for 30 min followed by a fluo-
rescein-conjugated goat anti-mouse IgG or a fluo-
rescein-conjugated goat anti-rabbit IgG (Southern
Biotechnology Associates, Inc., Birmingham, AL).
Infected cells were also labeled simuitaneously with
rhodamine-conjugated wheat germ agglutinin (E-Y
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FiG. 4. Endo H digestion of the G1 and G2 glycoproteins produced
by V-G. At 18 hr p.i., V-G-infected cells were pulse labeled for 10
min {lanes a and b) and chased for 60 min {lanes ¢ and d), 120 min
{lanes e andf), 180 min {lanes g and h) or 240 min (lanesi and j). Cells
were then lysed and immunoprecipitated. Half of each sample was
further treated by endo H at 37° for 16 hr (lanes b, d, f, h, and j). All
samples were then analyzed on 10% SDS-PAGE.

Laboratories, Inc., San Mateo, CA) in some experi-
ments. The celis were washed with PBS, mounted, and
observed with a Nikon Optiphot microscope equipped
with a modified B2 cube.

Endoglycosidase H digestion

Immunoprecipitated samples were boilded for 5 min
in SDS-PAGE sample buffer and the protein A-Sepha-
rose was removed. The supernatants were diluted 156-
fold with 0.1 M sodium acetate, pH 6.0, and incubated
for 16 hr at 37° in the presence of 8 mU/ml of endogly-
cosidase H (endo H} (Boehringer-Mannheim Biochemi-
cals, Indianapolis, IN) and 1 mM of PMSF. Samples
were then precipitated with 10% TCA for 1 hr at Q°,
washed with cold ethanol/ether (1:1), and resus-
pended for SDS—PAGE analysis.

'28|-protein A binding assay

To quantitate antigen expressed on cell surface, sur-
face radioimmunoassays were performed by a method
described by Stephens et al. (1986). HelLa T4* cells on
glass coverslips were infected with vaccinia virus or the
vaccinia virus recombinant at an m.o.i. of 10. At appro-
priate times after infection, cells were washed three
times with PBS/1% bovine serum albumin (BSA), over-
laid with 10 ul of antibody diluted 1:10 in PBS/1% BSA,
and incubated for 30 min at 4°. Cells were then washed
three times with PBS/1% BSA and incubated with
200,000 cpm of '?®-protein A (Amersham, Arlington

Heights, IL) prepared in PBS/1% BSA for 30 min at
room temperature. The label was removed, the cells
were washed three times with PBS/1% BSA, and the
bound radioactivity was determined. Nonspecific bind-
ing of the "?®l-protein A to cells infected with wild-type
vaccinia virus was determined for each antisera and
subtracted from each value.

RESULTS

ldentification of glycoproteins produced from
vaccinia virus recombinants in CV-1 cells

To compare the levels of PTV glycoprotein synthe-
sis, monolayers of CV-1 cells were infected with wild-
type vaccinia virus, PTV, or the vaccinia recombinants
described above which contain the PTV glycoprotein
gene with the different sequences in the translation ini-
tiation region. At 18 hr p.i., cells were labeled for 1 hr
with [*S]methionine, harvested, and immunoprecipi-
tated. Two polypeptides, which have electrophoretic
mobility similar to those of the G1 and G2 glycoproteins
synthesized in PTV-infected cells, were precipitated
from cells infected with vaccinia recombinants using
antibody specific for PTV (Fig. 2A). The polypeptide
corresponding to the G2 glycoprotein occasionally ap-
peared as a doublet. The appearance of the lower band
was not consistently observed, and it may be a differ-
ently glycosylated form of the G2 glycoprotein. A sim-
ilar observation of the synthesis of a heterogeneous
Hantaan (HTN) G1 glycoprotein was reported by Pen-
siero et al. (1988). The level of protein synthesis was
much higher for the recombinants which contain G or
A at the -3 translation initiation position than the one
which contained C. Therefore, one of the recombi-
nants which contains G at the -3 position was chosen
as a prototype (designated VV-G) and used for further
experiments.

The effect of tunicamycin (TM) on the synthesis of
the proteins was also examined as shown in Fig. 2B.
At 16 hr p.i., cells infected with PTV or recombinants
were exposed to medium containing TM for 2 hr. Cells
were then labeled with [**S]methionine for 1 hr, lysed,
and immunoprecipitated. The G1 glycoproteins syn-
thesized from the VV-G recombinant, in either the pres-
ence or absence of TM, showed slightly slower mobil-
ity on the gel then those synthesized in PTV-infected
cells. The G2 glycoprotein appeared as multiple bands
in the presence of TM, which may indicate a partial in-
hibition of glycosylation. The amount of G1 and G2 gly-
coproteins detected in the presence of TM was sig-
nificantly lower than that in the absence of TM. In con-
trast, under the same condition, the glycosylation of
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influenza HA glycoprotein was completely inhibited
and similar amounts of both glycosylated and unglyco-
sylated forms of HA were detected. When a higher con-
centration of TM (1.5 ug/ml) was used, neither the G1
nor G2 glycoprotein was detected (data not shown).
Therefore, the unglycosylated forms of G1 and G2 gly-
coproteins appear to be relatively unstable and quickly
degraded even in the presence of PMSF.

Localization of the glycoproteins in HeLa T4* cells
infected with recombinants

The intracellular localization of the expressed glyco-
proteins was examined in HelLa T4 cells because this
cell line shows minimal cytopathic effect with vaccinia
virus infection when compared to most other cell lines,
and is therefore well suited for studies of protein local-
ization (R. Owens and R. Compans, submitted for publi-
cation). HeLa T4* cells were infected with the VV-G re-
combinant, and at 18 hr p.i., cells were fixed and exam-
ined using indirect immunofiuorescence microscopy.
The proteins expressed from VV-G were localized in a
perinuclear region which coincided with the region
stained by wheat germ agglutinin, a marker for the
Golgi complex {Figs. 3a and b). Recombinant VV-G-in-
fected cells were also treated with cycloheximide to
determine whether G1 and G2 glycoproteins are
chased out from the Golgi region. As shown in Fig. 3,
both glycoproteins were retained in the Golgi region af-
ter a 6-hr chase with cycloheximide. The accumulation
of these proteins in a localized region of the cytoplasm
was much more apparent in cycloheximide-treated
cells (d, e, and f) compared to the cells before treat-
ment (c).

In order to further investigate the intracellular loca-
tion of the glycoproteins, the processing of their oligo-
saccharide side chains was studied by treatment with
endo H. After pulse labeling of VV-G-infected cells and
various chase periods, proteins were immunoprecipi-
tated and digested with endo H (Fig. 4). The G1 synthe-
sized from the VV-G recombinant acquired endo H re-
sistance within a 2-hr chase period, suggesting that it
contains complex-type oligosaccharide side chains.
The G2 glycoprotein, on the other hand, appears to
contain both high mannose-type and complex- or inter-
mediate-type of sugar moieties. These results indicate
that the G1 and G2 glycoproteins are transported from
the RER to the Golgi complex where the maturation of
oligosaccharides takes place.

No significant amount of surface expression of viral
glycoproteins was observed on celis infected with PTV
or VV-G when examined by surface immunofluores-
cence {Figs. 5e and f). In contrast, the vaccinia recom-

binant expressing the influenza HA glycoprotein is
shown as a control which exhibits typical surface pro-
tein expression (Fig. 5h).

The lack of significant surface expresison of the PTV
glycoproteins was also examined by two biochemical
approaches. At 18 hr p.i., cells infected with the VV-G
recombinant were pulsed for 10 min with [**S]methio-
nine, chased with medium containing excess cold me-
thionine for 30, 60, 120, and 180 min, and the pres-
ence of proteins on cell surfaces was analyzed by sur-
face immune precipitation. As shown in Fig. 6, lanes f-
j, only faint bands were seen in the surface immunopre-
cipitate. No increase in the intensity of G1 or G2 pro-
teins was seen during the chase, indicating that the
proteins are not being transported to the cell surface
during this time period. It was also confirmed that the
ascitic fluids specific for PTV possess virus neutralizing
activity, and hence have the ability to react with extra-
cellular forms of PTV glycoproteins {data not shown).
In order to determine whether the PTV glycoproteins
are secreted, supernatants of VV-G-infected cell cul-
tures were examined. At 16 hr p.i., infected cells were
labeled with [*3S]methionine for 6 hr, and proteins pres-
entin culture media were immunoprecipitated and ana-
lyzed by SDS-PAGE. No detectable amount of the G1
or G2 glycoproteins was found in the medium (data not
shown).

Cell-surface expression was also quantitated by '2%-
protein A binding assays at different time points of in-
fection. The vaccinia recombinant expressing HA was
again used as a control for surface expression. As
shown in Fig. 7, HA was detectable on the cell surface
at 8 hr p.i. and the amount increased until 16 hr p.i.
In contrast, PTV glycoproteins were barely detectable
until 16 hr p.i., and the level of maximum '?®|-protein A
binding was significantly lower than that observed with
HA. Throughout the experiment, no significant cyto-
pathic effect was observed. The percentage of live
cells in recombinant-infected cultures determined by
trypan blue staining was the same as in uninfected
cells.

DISCUSSION

We have constructed vaccinia virus recombinants
containing a partial cDNA clone of the M genome seg-
ment of PTV, which encodes the G1 and G2 glycopro-
teins. Although a complete M segment clone was ini-
tially obtained, because of a mutation in the G1 glyco-
protein gene and apparent inhibitory effects of the
sequence preceding the G1 glycoprotein gene on bac-
terial growth, which interfered with attempts to repair
mutations, most of the 5’ sequences preceding the G1
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FiG. 5. Lack of surface expression of PTV glycoproteins. Cells were infected with PTV (a and ¢), VV-G (b and f), vaccinia virus (c and g}, or VV-
HA (d and h). At 18 hr p.i. cells were fixed either with ethanol containing 5% acetic acid (a, b, ¢, and d) or with 2% formaldehyde (e, f, g, and h).
Left panels show intracellularimmunofluorescence and right panels show surface immunofluorescence.

coding sequences had to be eliminated to obtain glyco-
protein expression. This recombinant virus, VV-G,
efficiently produced two polypeptides that were recog-
nized by antibody against PTV.

It has been suggested that the two glycoproteins of
bunyaviruses, including PTV, are derived from a large
precursor protein following proteolytic cleavage (Col-
lett et al., 1985; Eshita and Bishop; 1984, thara et a/.,
1985). Although the precursor molecule for the glyco-
proteins has never been identified in virus-infected

cells, it was produced in an in vitro translation system
using mRNA isolated from Uukuniemi virus-infected
cells (Uimanen et al., 1981). The VV-G recombinant
produced two glycoproteins similar in size to G1 and
G2 from PTV-infected cells, suggesting that the cleav-
age between G1 and G2 occurs correctly. It was ob-
served, however, by using tunicamycin (TM) that the
unglycosylated form of G1-synthesized from recombi-
nants had a slightly higher molecular weight than that
from PTV-infected cells. Since only one predicted gly-
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FiG. 6. Assay of PTV glycoproteins on the cell surface by immune
precipitation. At 18 hr p.i., HeLa T4* cells infected with V-G were
labeled with [**S]methionine for 10 min (lanes a and f) and chased
for 30 min (lanes b and g}, 60 min (lanes ¢ and h), 120 min (lanes d
and i), or 180 min (lanes e and j) in medium containing 10 mM unla-
beled methionine. Cells were lysed and reacted with anti-PTV ascites
fluid (lanes, a, b, ¢, d, and e) or treated with anti-PTV ascites fluid
and then lysed (lanes f, g, h, i, and j). Following immunoprecipitation,
radiolabeled polypeptides were analyzed by SDS-PAGE.

cosylation site was found in the G1 glycoprotein se-
quence including the extra short sequences at the '
end in VV-G (lhara et al., 1985), it is likely that the de-
crease in the size of G1 glycoproteins in the presence
of TM reflects the complete inhibition of glycosylation.
Also, the apparent molecular weight of the unglycosyl-
ated form of G1 glycoprotein in PTV -infected cells cor-
responded to the size predicted from sequence analy-
sis (60,000 Da). The observed difference in size (2-3
kDa) between unglycosylated G1 of PTV and of W-G
may, therefore, correspond to the extra 24 amino acids
preceding the G1 glycoprotein, which are derived from
the putative NSy, coding region. In this case, cleavage
between G1 and the partial NSy, sequence may not
take place. Although there seems to be a consensus
sequence after alanine for the potential cleavage sites
in the putative precursor protein for PTV as well as Rift
Valley Fever virus (RVFV) (Ihara et al., 1985; Collett et
al, 1985), the present results indicate that an addi-
tional factor such as secondary structure of the protein
may also be necessary for proper cleavage. Uncleaved
precursor proteins were not detected in either PTV- or
recombinant-infected cells in the presence of protease
inhibitors and/or TM. Therefore, glycosylation is appar-
ently not essential for cleavage.

The PTV glycoproteins seem to contain the neces-
sary information for intracellular localization as well.
The majority of proteins produced from the V-G, re-
combinant remain intraceilularly thorughout the infec-
tion period. The intracellular location of these glycopro-
teins was further examined by digestion of proteins
with endo H. It is generally considered that the time
required for the acquisition of endo H resistance corre-
sponds to the transport time from the RER to the Golgi
complex (Strous and Lodish, 1980). The finding of endo
H resistant forms of G1 and G2 glycoproteins indicates
that these glycoproteins are transported from the RER
to the Golgi complex. Furthermore, after 6 hr treatment
with cycloheximide, both glycoproteins were still local-
ized in the Golgi region by immunofluorescence, indi-
cating that these proteins are retained in the Golgi
complex. At late times postinfection, small amounts of
proteins were detected on the cell surface by '?l-pro-
tein A binding assays but not by immunofluorescence.
Since these glycoproteins were retained in the Golgi
region for 6 hr in the presence of cycioheximide, any
transport from the Golgi complex to the cell surface
must be extremely slow if it takes place. Cell-surface
expression of small amounts of glycoproteins has aiso
been reported for other bunyaviruses (Kuismanen et
al., 1982; Madoff and Lenard, 1982; Gahmberg et a/.,
1986). However, these proteins may be present on
cell-associated virions (Smith and Pifat, 1982).

Recently, it has been reported that glycoproteins of
Hantaan virus (HTN), Hantavirus genus of bunyaviri-
dae, when expressed from a cloned M segment gene,
also accumulate intracellularly (Pensiero et al., 1988;

% 125 | Protein-A Bound

HRS

FiG. 7. '25-protein A binding assays of HeLa T4* cells infected with
V-G or VV-HA. Hela T4™ cells were infected with VV-G (O), VV-HA
(@), or wild-type vaccinia virus. At 4-hr intervals, cells were used in
25)_protein A binding assays. Background levels of '*I-protein A
binding determined by infection with vaccinia virus were subtracted
from all plotted values. Infection with vaccinia virus yielded back-
ground levels of protein A binding that were 2.0-3.5% for anti-PTV
and 4—6% for anti-influenza antiserum.
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Schmaljohn et al., 1987). Unlike PTV or RVFV, the HTN
M genome segment lacks the 5’ sequences which may
encode another protein. Instead it possesses 18 amino
acids following the first ATG of the M segment, and
preceding the G1 glycoprotein, which may simply act
as a signal peptide. These results, as well as the pres-
ent observations, indicate that the glycoproteins of
bunyavirus are synthesized, processed, and localized
properly without a requirement for any other viral com-
ponents, such as viral nucleocapsid or virus-coded
nonstructural proteins.

The precise location in the glycoproteins of the sig-
nals for intracellular retention remains to be deter-
mined. A recent study of the E1 glycoprotein of a coro-
navirus (Machamer and Rose, 1987) indicated a role of
hydrophobic sequences in protein retention. Deletion
of one of the hydrophobic membrane spanning do-
mains of these glycoproteins, which are normally re-
tained at intracellular membranes, resuited in their se-
cretion or transport to the surface. 1t will be of interast
to carry out similar studies to determine the precise re-
tention signal for PTV glycoproteins.
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