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Abstract

Members of the Bunyaviridae family acquire their envelopes by budding into the Golgi
complex (GC). The accumulation of the membrane glycoproteins G1 and G2 in the GC
probably determines the site of maturation. Here we have studied the intracellular transport
and targeting to the GC of G1 and G2 of Uukuniemi virus, a member of the Phlebovirus
genus, and report on their expression from cloned cDNAs either together or separately by
using a T7 RNA polymerase-driven vaccinia virus expression system. When G1 and G2 were
expressed together from a full-length cDNA as the pl110 precursor, both proteins were
localized to the Golgi complex, as evidenced by colocalization with the Golgi marker
enzyme mannosidase II. Immunofluorescent staining indicated that G1 expressed alone also
localized to the GC. However, pulse-chase experiments showed that G1 remained endogly-
cosidase H sensitive. G2 expressed alone remained associated with the endoplasmic reticu-
lum (ER). G2 could be rescued from the ER and transported to the GC by coexpression
with G1 from separate mRNAs. Coexpression also increased the efficiency of G1 transport
to the GC. With none of the constructs could the glycoproteins be observed on the cell
surface.

These results show that efficient export of G1 and G2 from the ER requires coexpression
of both proteins, in conformity with our previous results showing that G1 and G2 form
heterodimeric complexes in the ER. Since G1 expressed alone is retained in the GC, we
conclude that G1 contains a retention signal for localization to the GC. G2 might thus
become associated with the GC indirectly via its interaction with G1.

Keywords: Bunyaviridae; Phlebovirus; Uukuniemi virus; Golgi complex; Membrane glycopro-
teins; Protein transport
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1. Introduction

A number of enveloped viruses mature intracellularly, rather than at the plasma
membrane (PM), by budding through endomembranes. Examples of such viruses
that have been studied in more detail include rotaviruses (endoplasmic reticulum;
ER), coronaviruses (intermediate compartment, Golgi complex; GC), her-
pesviruses (inner nuclear membrane) and Bunyaviridae (GC) (Pettersson, 1991;
Griffiths and Rottier, 1992; Hobman, 1993). The molecular basis for utilizing these
sites of budding is unknown. One important factor is the targeting to and retention
in the budding compartment of one or several of the viral spike proteins. It is
thought that the membrane proteins of the above viruses contain a structural motif
that defines their compartmentalization. Only in the M (E1) glycoprotein of
coronaviruses has such a signal so far been localized, although somewhat conflict-
ing conclusions have been reported (Swift and Machamer, 1991; Armstrong and
Patel, 1991). Since many cellular membrane proteins also are transported to and
retained in specific intracellular compartments, the viral spike proteins may be
used as good models for studying the molecular processes underlaying compart-
mentalization.

Extensive work has indicated that members of the Bunyaviridae family bud into
the GC (for references see Pettersson et al., 1988; Pettersson, 1991; Matsuoka et
al.,, 1991; Hobman, 1993). Virus particles are thereafter transported in large
vesicles, which fuse with the PM, thereby releasing the virus into the extracellular
space. As a model, we are using Uukuniemi (UUK) virus, a member of the
Bunyaviridae family recently reclassified into the Phlebovirus genus (Francki et al.,
1991). The tripartite single-stranded genome of UUK virus has been completely
sequenced from cloned cDNA (Ronnholm and Pettersson, 1987; Simons et al.,
1992; Elliott et al., 1992). As for all other Bunyaviridae (Elliott et al., 1990), the G1
and G2 membrane proteins are encoded by the middle-sized (M) RNA segment as
a 110,000-dalton (p110) precursor (Rénnholm and Pettersson, 1987) that is cotrans-
lationally cleaved in the ER roughly in the middle (Ulmanen et al., 1981; Kuisma-
nen, 1984). Both proteins have the same size (about 490 amino acids), and each
contains four N-linked glycans (Pesonen et al., 1982) and have 26 cysteine residues
in their respective ectodomains. Their amino acid sequences are not, however,
related.

Pulse-chase experiments have shown that G1 forms its intramolecular disul-
phide-bonds much faster than G2 (less than 10 min vs. 45-60 min) in the ER,
reflecting vastly different kinetics of protein folding. G1 and G2 also heterodimer-
ize in the ER. Our results further indicated that G1 and G2 are dependent on
each other for export out of the ER (Persson and Pettersson, 1991). To be able to
study the ER to Golgi transport and the retention in the GC of G1 and G2 in the
absence of other UUK virus processes, we have expressed the proteins together or
separately in BHK21 cells by using the T7 RNA polymerase-driven vaccinia virus
system (Fuerst et al., 1986; Elroy-Stein et al., 1989). Our results show that G1 and
G2, expressed together are targeted to and retained in the GC. G2 expressed
alone is unable to leave the ER on its own, while G1 is able to exit the ER on its
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own and become retained in the GC. Thus, a Golgi-retention signal is likely to
reside in the G1 glycoprotein.

2. Materials and methods
2.1. Cells and viruses

BHK21 /clone-13 cells were cultivated on plastic dishes or bottles, or on
coverslips in Eagle’s minimum essential medium (EMEM), supplemented with 5%
fetal calf serum (FCS) (Gibco Ltd., Middlesex, England), 5% tryptose phosphate
broth (TPB), glutamine, penicillin, and streptomycin. HeLa cells were grown in the
same medium but supplemented with 10% FCS and without TPB.

The recombinant vaccinia virus (vVITF7-3) expressing T7 RNA polymerase (Fuerst
et al., 1986; Elroy-Stein et al., 1989) was kindly provided by Dr. Bernard Moss.
Virus stocks were prepared from infected HeLa cell homogenates and the titer was
determined by plaque assay on HeLa cells according to standard protocols (Mac-
kett et al., 1985).

2.2. Construction of recombinant plasmids

The ¢cDNA inserts encoding p110 (the precursor of G1 and G2), G1 alone, and
G2 alone were essentially the same as described by Ronnholm (1992). We first
modified the plasmid pTF7-5, generously provided by Dr. B. Moss (Elroy-Stein et
al., 1989) by inserting into the unique BamHI site between the T7 promoter and
transcription terminator a polylinker containing cleavage sites for 5" Pstl, Kpnl
and Sall 3'. A 3 kb Pst1-Sall fragment containing the whole p110 coding sequence
and cloned into plasmid pGEM-3 (Promega) was isolated from an agarose gel and
ligated into the PstI-Sall-cleaved modified pTF7-5 plasmid. This generated the
plasmid pTF-M. The plasmid pTF-G1, containing the whole of G1 coding se-
quence and the first 98 N-terminal residues of G2, was generated by first cutting
pTF-M with Stul (cleaves at nucleotide 1848 within the G2 region) and Hincll
(cleaves in the polylinker region downstream of the cDNA insert), followed by
blunt-end ligation. To express G2 alone, a construct into which an ATG-codon
(also generating an Ncol site) was introduced at the N-terminus of the signal
sequence of G2, was engineered by using the polymerase chain reaction (Rénnholm,
1992). This fragment was cloned into plasmid pGEM-4 (Promega) downstream
from the SP6 promoter to give pGEM-4 /G2. An Xbal-Pst1 fragment containing
the whole G2 insert was isolated and cloned into pGEM-3Zf(-) (Promega) down-
stream from the T7 promoter, vielding plasmid pGEM-G2. To increase the
translation efficiency of G2, an Ncol-Sall fragment containing the G2 cDNA
insert was cloned into Ncol-Sall-cleaved pTM1 plasmid (Elroy-Stein et al., 1989)
to generate pTM1-G2. This plasmid contains the internal ribosome entry site from
encephalomyocarditis virus.
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2.3. Infection and transfection

Monolayers of BHK21 cells were usually grown to 60-80% confluency before
infection with the recombinant vaccinia virus vIF7-3. Before infection, the cells
were washed once with EMEM containing 0.04% bovine serum albumin (BSA)
and serum-free EMEM was added. Cells were infected with vIF7-3 at a multiplic-
ity of about 10-20 PFU / cell and incubated at 37°C for 45 min. The virus was then
removed and replaced by 2 ml of Optimem medium (Gibco BRL). The cells were
transfected with plasmid DNA (1-5 wg) using 5-20 ug LipofectinR according to
the protocol recommended by the manufacturer (Gibco BRL).

2.4. Metabolic labelling and pulse-chase

Monolayers of BHK21 cells grown in 6 cm dishes were infected with recombi-
nant vI'F7-3 virus and transfected with the plasmid constructs as described above.
At 4 or 5 h post transfection, cells were incubated with methionine- and serum-free
EMEM containing 0.2% BSA for 45 min, followed by pulse-labelling with 100
wCi/ ml of [**SImethionine (Amersham International, Buckinghamshire, England)
for 20 min. In chase experiments, an excess of unlabelled methionine (10 mM) was
added to the cultures for the indicated time periods. Cytoplasmic extracts were
prepared as described previously (Persson and Pettersson, 1991) by lysing the cells
in solubilization buffer (1% Triton X-100, 5 mM EDTA, 150 mM NaCl, 100
IU/ml of aprotinin, in 20 mM Tris-HCl, pH 8.0). The solubilized cells were
scraped off the dishes and centrifuged in a Biofuge for 5 min at maximum speed.
The supernatants were frozen in liquid nitrogen and stored at —80°C until
analyzed.

In control experiments, cells were infected with Uukuniemi virus at a m.o.i. of
about 10, incubated with methionine-free medium for 45 min at 17 h p.i., and then
labelled with [**S]methionine for 10 min and chased with unlabelled methionine as
described previously (Persson and Pettersson, 1991).

2.5. Immunoprecipitation and endoglycosidase H treatment

The preparation of polyclonal anti-G1 and -G2 antisera in rabbit, as well as
monoclonal antibodies against G1 and G2 have been described previously
(Wikstrom et al., 1989; Persson and Pettersson, 1991). The monoclonal antibodies
used in this study are called 6G9 (G1-specific) and 11D4 (G2-specific). Aliquots of
solubilized cells, or subcellular fractions, were incubated with preimmune serum
together with 10% Pansorbin (Sigma) for 60 min on a rotating device at 6°C
(Persson and Pettersson, 1991). When monoclonal antibodies were used, samples
were pretreated with a non-relevant ascites fluid. In analyses where only polyclonal
antibodies were used, the samples were pretreated with SDS and NaCl at final
concentrations of 0.5% and 0.5 M, respectively, and then diluted ten times prior to
the addition of preimmune serum. After clearing the samples from bacteria,
relevant antibodies were added to each sample followed by incubation at 6°C for 3
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h. Protein A-Sepharose 4B-CL (25 ul of a 50% suspension) was added and the
samples were mixed for 60 min at 6°C. The Sepharose-bound immune complexes
were pelleted, washed twice with high salt (1% NP-40, 400 mM NaCl, 5 mM
EDTA, 100 IU / ml of aprotinin in 50 mM Tris-HCI, pH 8.0) and twice with 10 mM
Tris-HCI, pH 8.0, resuspended in 35 wl sample buffer. After heating to 95°C for 3
min and cooling, the immunoprecipitates were alkylated by adding 5 wl of 0.5 M
iodoacetamide. The samples were analyzed on 10 to 15% polyacrylamide gradient
slab gels (Maizel, 1971).

Samples to be treated with endoglycosidase H (endo H) (Boechringer-Man-
nheim) were first immunoprecipitated and the protein-A Sepharose-bound im-
mune complexes were washed as described above. The Sepharose pellets were
resuspended in 25 ul of 0.3% SDS, in 50 mM Na-acetate, pH 5.6, and heated for 2
min at 95°C. The Sepharose was removed by centrifugation and the supernatants
divided into two equal aliquots. Ten ul of endo H (0.25 U/ ml) was added to one
of the aliquots, whereas 50 mM Na-acetate was added to the other. After
incubation for 17 h at 37°C, additional enzyme and buffer were added, and
incubation was continued for another 4 h. Sample buffer was then added followed
by analysis by SDS-PAGE.

2.6. Immunofluorescence

BHK21 cells grown on coverslips were infected and transfected as outlined
above. At 6 h after transfection, cells were washed twice with ice-cold PBS and
fixed with 3% paraformaldehyde in PBS for 15 min at room temperature (RT).
After washing, the cells were incubated with 10 mM glycine in PBS for 20 min at
RT, washed again and subsequently permeabilized with 0.1% Triton X-100 in PBS
for 30 min at RT. For surface immunofluorescence, the permeabilization step was
omitted. The cells were incubated for 30 min with appropriate dilutions (in PBS
containing 0.1% BSA) of relevant mono- or polyclonal antibodies and bound
antibodies were visualized by incubating the cells with FITC-conjugated anti-rabbit
IgG or TRITC-conjugated anti-mouse IgG antibodies for an additional 30 min
period. The Golgi complex was localized by using a monoclonal antibody against
the Golgi marker antigen CTR433 (Jasmin et al., 1989), kindly provided by Dr.
Michel Bornens, or a rabbit polyclonal antiserum against mannosidase II, a
medial-Golgi marker enzyme (Moremen et al., 1991), kindly provided by Dr. Kelley
Moreman and Dr. Marilyn Farquhar.

3. Results
3.1. Construction and expression of recombinant plasmids
To express the membrane glycoproteins G1 and G2 of UUK virus in BHK21

cells, we have utilized the T7 RNA polymerase-driven vaccinia virus expression
system (Fuerst et al., 1986; Elroy-Stein et al., 1989). The details of constructing the
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Fig. 1. Schematic representation of the ¢cDNA inserts derived from the Uukuniemi virus M RNA
segment that was used to generate the recombinant plasmids pTF-M, pTF-G1, and pGEM-G2 (for
details see Section 2). Numbers refer to positions of amino acids starting from the initiating methionine
codon of G1 (Ronnholm and Pettersson, 1987). Restriction enzyme sites used for cutting the inserts
prior to cloning into the plasmids are as indicated. Vertical bars at the N-termini of G1 and G2 indicate
the borders of the signal sequences.

three different plasmids used below are described in Section 2. We first trans-
ferred the ¢cDNA encoding p110, the precursor of G1 and G2 from the plasmid
pGEM-G1 /G2 (Rénnholm, 1992), to a modified pTF7-5 plasmid. In the plasmid,
called pTF-M, the insert is expressed under the control of the T7 promoter and it
contains the whole p110 open reading frame (Fig. 1).

A G1l-expressing plasmid called pTF-G1 was constructed by deleting the bulk of
the G2 region from pTF-M. In this plasmid, the coding sequence of the first 98
N-terminal amino acids of G2 downstream from G1 are retained (Fig. 1). By
expressing various tail deletion mutants we have found that the presence or
absence of this 98-residue fragment does not affect the transport or localization of
G1 (unpublished data).

The plasmids pGEM-G2 and pTM1-G2 were constructed by first introducing an
ATG-codon immediately upstream of the internal signal sequence of G2 (Fig. 1)
using PCR technology, followed by cloning into the expression plasmids pGEM-
37Zf(-) and pTM1. The PCR-amplified fragments were completely sequenced to
check for mutations.

The size of the products generated from plasmids pTF-M, pTF-G1 and pTM1-
G2 were analyzed in BHK21 cells infected with vIF7-3 and transfected with
different plasmids followed by labelling with [**SImethionine for 3 h (5 to 8 h post
transfection). The products were immunoprecipitated with polyclonal anti-G1
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Fig. 2. SDS-PAGE analysis of metabolically labelled G1 and G2 expressed from various recombinant
plasmids. Cells were infected with vITF7-3 recombinant vaccinia virus and transfected with plasmids
pTF-M (lanes 3 and 4), pTF-G1 (lane 5), and pTM1-G2 (lane 6) or left untransfected (lanes 7 and 8).
The cells were then labelled between 5 and 8 h post transfection with [>*Slmethionine followed by
immunoprecipitation with the indicated antibodies and SDS-PAGE. G1 and G2 immunoprecipitated
from UUK virus-infected cells pulse-labelled for 10 min (lane 9), or from virions (lane 2), served as
controls. The position of the 69 kD molecular weight marker is indicated (lane 1).

and/ or -G2 antisera and analyzed by SDS-PAGE. Products with sizes correspond-
ing to those present in virions (Fig. 2, lane 2) and synthesized in UUK virus-in-
fected cells were identified (Iane 9). Note that reduced and alkylated G1 migrates
ahead of G2, while the order is reversed under non-reduced conditions (Persson
and Pettersson, 1991).

The polyclonal anti-G1 and anti-G2 antisera unspecifically coprecipitated a
vaccinia virus protein that migrated between G1 and G2 (Fig. 2, lanes 7 and 8).
Thus, we conclude that the proteins expressed from all three plasmids had the
expected sizes indicating glycosylation and proper cleavage.

3.2. Immunolocalization of G1 and G2 expressed together or separately

Since vaccinia virus causes cytopathic effects and in particular at later stages of
the infectious cycle may interfere with the biosynthesis and transport of cellular
and heterologous membrane proteins, we have carried out all experiments at early
time points, usually between 4 and 8 h p.i. Time-course experiments indicated that
G1 and G2 were first detected about 3.5-4 h post transfection. We have previously
found that the reactivity of our poly- (Pab) and monoclonal (Mab) antibodies
towards immature (ER-localized) and mature (Golgi complex-localized) forms of
the glycoproteins vary considerably (Kuismanen et al., 1984; Wikstrom et al., 1989).
These differences most likely reflect conformational maturation during folding in
the ER and subsequent intracellular transport. The reactivity of the antibodies has
to be taken into account when assessing the intracellular distribution and transport
of the expressed proteins. In the present study, we have used two G1-specific and
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Fig. 3. Immunolocalization of G1 and G2 expressed from pTF-M. BHK21 cells were infected with
vTF7-3 followed by transfection with pTF-M. The G1 and G2 proteins were localized by indirect
double-immunofluorescence at 6 h after transfection. The cells were stained with anti-G1 Pab (A) and
anti-G2 Mab (B), or anti-G1 Mab (C) and anti-a-mannosidae 11 (D), a marker for the Golgi complex.

two G2-specific antisera: (a) rabbit polyclonal anti-G1 or anti-G2 antisera pre-
pared against SDS-PAGE-purified G1 or G2 (Wikstrom et al., 1989), which
preferentially recognize the ER-forms of the glycoproteins; (b) monoclonal anti-
bodies that preferentially recognize the mature Golgi-forms of the glycoproteins
(Persson and Pettersson, 1991). The different reactivities of the G1 antibodies are
illustrated, e.g., in Figs. 6A~6C and 6E, where cells expressing G1 alone have been
double-stained with the two types of antibodies.

We first analyzed the localization of G1 and G2 expressed from pTF-M,
encoding the p110 precursor. As shown by double immunofluorescence (Figs. 3A
and 3B), using anti-G1 Pab and anti-G2 Mab, both proteins colocalized to a
juxtanuclear region. Double-staining with anti-G1 Mab (Fig. 3C) and a rabbit
polyclonal antiserum against mannosidase I1 (Fig. 3D), a medial-Golgi marker
(Moremen et al., 1991), showed that this region corresponds to the Golgi complex.
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Fig. 4. Immunolocalization of G1 and G2 expressed separately from plasmids pTF-G1 and pGEM-G2.
BHK21 cells were infected with vITF7-3 and transfected with the respective plasmids (A and B), or
cotransfected with both plasmids (C and D) followed by indirect immunofluorescence at 6 h after
transfection. The cells were stained with anti-G1 Mab (A), anti-G2 Pab (B), anti-G1 Pab (C), or anti-G2
Mab (D).

G1 and G2 could not be chased out from the GC as indicated by treating the cells
with cycloheximide (50 wg/ml for 3 h (6-9 h post transfection). The treatment
did not alter the intracellular localization of G1 or G2, nor was any immunoreac-
tivity observed on the cell surface (data not shown). Thus, we conclude that G1
and G2 when expressed from the same mRNA, and in the absence of other viral
proteins, are targeted to and retained in the GC.

When cells were transfected with pTF-G1, G1 could also be visualized in the
GC with the anti-G1 Mab (Fig. 4A). In contrast, G2 expressed alone from
pGEM-G2 (not shown) or pTM1-G2 (Fig. 4B) was localized by the anti-G2 Pab to
a reticular perinuclear region, including the nuclear membrane. This pattern is
reminiscent of the ER. The anti-G2 Mab stained cells only very weakly, with no
Golgi-profiles evident (data not shown). Double-staining with anti-G2 (Fig. 5A)
and CTR433 (Fig. 5B), a Golgi marker (Jasmin et al., 1989), also showed that G2 is
not concentrated in the GC. These results suggested that G2 was retained in the
ER. With none of the constructs was any immunofluorescence detected on the cell
surface (data not shown). To confirm that G1 expressed alone was indeed localized
to the region of the GC, transfected cells were double-stained either with anti-G1
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Fig. 5. Colocalization of G2 and CTR433, a marker for the Golgi complex. BHK21 cells were infected
with vTF7-3 and transfected with pTM1-G2. The cells were stained with anti-G2 Pab (A) and CTR433
Mab (B).

Mab and mannosidase II (Figs. 6C and 6D), or anti-G1 Pab and anti-CTR433 Mab
(Figs. 6E and 6F). In both cases, G1 colocalized with the Golgi-markers.

To analyze whether G2 expressed from pTM1-G2 could be rescued out from
the ER by coexpression with G1, cells were cotransfected with pTF-G1 and
pTM1-G2. It should be noted that G1 and G2 are now expressed from separate
mRNAs. As shown in Fig. 4, both G1 and G2 were found in the GC, as evidenced
by double-staining with the anti-G1 Pab (Fig. 4C) and the anti-G2 Mab (Fig. 4D).
Thus, G1 was apparently able to interact with G2 and thereby to facilitate the exit
of G2 from the ER.

3.3. Pulse-chase analyses of the intracellular transport of G1 and G2

Previous studies have indicated that in UUK virus-infected cells G1 acquires
endoglycosidase H-resistant glycans during its transport through the GC, while the
glycans of G2 remain largely endo H-sensitive (Kuismanen, 1984). Thus, the
kinetics and efficiency of transport can be studied by pulse-chase only for G1. Cells
infected with vTF7-3 and subsequently transfected with pTF-M, pTF-G1, pGEM-
G2 separately, or pTF-G1 and pGEM-G2 together were pulse-labelied for 20 min
with [**S]methionine followed by chases with an excess of unlabelled methionine
for different time periods as indicated in Fig. 7. Samples from cytoplasmic extracts
were subjected to immunoprecipitation with the anti-G1 Pab, and half of the
immunoprecipitates were treated with endo H. Finally, the samples were analyzed
by SDS-PAGE and autoradiography. G1 expressed from pTF-M started to acquire
endo H-resistance from 30 min on (Fig. 7A), reaching a level of about 70%
resistance by the end of the chase. During the chase, no degradation of G1 was
observed. The appearance of one fully and three partially resistant bands is most
likely explained by the fact that G1 has four sites for N-glycosylation. The observed
pattern suggests that only some of the glycans on G1 became terminally modified.
The pattern and kinetics of acquisition of endo H-resistance was similar for G1 in
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CTR433

Fig. 6. Colocalization of G1 with markers for the Golgi complex. BHK21 cells were infected with
vTF7-3 and transfected with pTF-G1. The cells were double-stained with anti-G1 Mab (A) and anti
G1-Pab (B) to show the differential reactivity of the two antisera. Anti-G1 Pab preferentially recognizes
the ER-form, while anti-G1 Mab preferentially stains the mature Golgi-form of G1. Double-staining
with anti-G1 Mab (C) and anti-w-mannosidase II (D), or anti-G1 Pab (E) and anti-CTR433 (F), show
that G1 expressed alone colocalizes with the Golgi markers.
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UUK virus-infected cells, although sialylation known to occur (Kuismanen, 1984)
caused smearing of the partially resistant bands (Fig. 7D) to a much larger extent
than in G1 expressed from pTF-M.

A
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Fig. 7. Acquisition of endoglycosidase H-resistant glycans of G1 expressed from different plasmids.
Cells were infected with vTF7-3 and transfected 45 min later with the various plasmids. At 5 h post
transfection, cells were labelled with [358]methionine for 20 min followed by chase periods up to 150
min in the presence of unlabelled methionine. UUK virus-infected cells, pulse-labelled for 10 min,
served as a control. Immunoprecipitated G1, either treated with endo H or left untreated, was analyzed
by SDS-PAGE and autoradiography. The panels show the results from cells transfected with pTF-M
(A), pTF-G1 (B), pTF-G1 + pGEM-G2 (C), and from virus-infected cells (D). G1, = endo H-resistant
G1, G1, = endo H-sensitive G1.
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G1 expressed alone from pTF-G1 did not seem to acquire endo H-resistant
glycans (Fig. 7B). The decreased recovery of G1 during the chase indicated that G1
is rapidly degraded. When cells were cotransfected with pTF-G1 and pGEM-G2,
some G1 again acquired endo H-resistant glycans (Fig. 7C), suggesting that
interaction with G2 is required for terminal glycosylation to occur. The fact that
G1 also in this coexpression experiment appeared to be degraded faster than when
expressed together with G2 from the same mRNA (Figs. 7A and 7D) is likely to be
due to the fact that the balanced (equimolar) expression of G1 and G2 in every cell
is very difficult to achieve. We have found that G1 is much more efficiently
expressed than G2 from their respective plasmid constructs. Therefore, G1 without
a G2 partner would be degraded (compare with Fig. 7B).

From these experiments we conclude that G1 becomes partially glycosylated
when coexpressed with G2, while terminal glycosylation apparently does not occur
when G1 is expressed alone. The interpretation of this finding is discussed below.

4. Discussion

The purpose of the experiments described above was to analyze the intracellular
transport and localization of the membrane proteins G1 and G2 of Uukuniemi
virus, with the specific aim of finding out whether either of the glycoproteins when
expressed separately could be targeted to and retained in the Golgi complex. The
results can be summarized as follows. When expressed together from the same or
separate mRNA, G1 and G2 both localized to the GC. Similarly, G1 expressed
alone was also targeted to and retained in the GC. Exit from the ER was, however,
inefficient. G2 expressed alone was apparently unable to exit the ER, but could be
rescued onto the exocytic pathway by coexpression with G1. Two further conclu-
sions can be drawn from the results. Firstly, that the hydrophobic sequence
preceding G2, as has been postulated previously (Kuismanen, 1984; Ronnholm and
Pettersson, 1987), functions as an internal signal peptide for the translocation of
G2 through the ER membrane. Secondly, that G1 and G2 translated from separate
mRNASs can interact with each other, presumably by forming heterodimers (Per-
sson and Pettersson, 1991), i.e. there is no need to generate G1 and G2 from the
p110 precursor by cleavage in order to form a transport competent complex (see
below). Similar results have been obtained regarding the formation of mixed
influenza virus haemagglutinin trimers (Boulay et al., 1988).

The finding that G1 and G2 expressed together accumulate in the GC is in
conformity with our previous results obtained with a temperature-sensitive mutant
(ts12). In this mutant, the defect most likely resides in the NSs protein, derived
from the S RNA segment (J.F. Simons and R.F. Pettersson, unpublished results),
and G1 and G2 are thus wild-type. In cells infected with ts12 at the restrictive
temperature (39°C), G1 and G2 were targeted to and retained in the GC in the
absence of ribonucleoprotein accumulation in the GC, and virus budding (Gahm-
berg et al., 1986a, b). This implied that the Golgi-targeting information resides in
either G1 or G2.

The use of the T7 RNA polymerase-driven transcription of the mRNAs ensured
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an efficient expression of G1 and G2. Since vaccinia virus is cytopathic to cells, we
carried out the experiments as early as possible in the infectious cycle. However,
similar results were obtained also at later time points (about 12 h post transfection;
data not shown). In a recent study, results similar to those reported here were
obtained for G1 and G2 expressed by using a SV40 expression vector (Rénnholm,
1992). However, the transfection efficiency and the level of expression using this
system were too low to allow characterization of the efficiency and kinetics of the
intracellular transport of G1 and G2. Thus, the proteins could only be localized by
immunofluorescence.

Our previous results indicated that G1 and G2 form heterodimeric complexes in
the ER. Apparently only properly folded (disulphide-bonded) glycoproteins are
able to dimerize. Since newly synthesized G1 folds much faster than newly made
G2, it seems unlikely that G1 and G2 synthesized from the same p110 precursor
will end up in the same heterodimer. Instead, it seems that a pool of G1 and G2
molecules exists in the ER from which G1/G2 heterodimers can be recruited. It
was therefore not surprising to find that G1 and G2 synthesized from separate
mRNAs were able to interact and to become transported out of the ER.

As has been observed previously in virus-infected cells (Persson and Pettersson,
1991), the transport to the GC of G1 and G2 expressed together was rather slow
and inefficient as documented by the partial acquisition of endo H-resistant
glycans in G1. The basis for this is unknown, but may be due to an inherent
property of the glycoproteins. We found previously that G2 required the continu-
ous synthesis of G1 in order to become transported to the GC. Whether G1 also
required concomitant synthesis of G2 remained less clear (Persson and Pettersson,
1991). The results obtained here confirm the finding that G2 is unable to exit the
ER on its own. Presumably transport competence is only acquired after dimeriza-
tion with G1. It is well known that oligomerization in the ER of protein complexes
is usually required to achieve competence to exit the ER (Rose and Doms, 1988;
Hurtley and Helenius, 1989). It was therefore somewhat surprising to find that G1
was able to exit the ER and to reach the GC on its own. The same observation was
made for G1 expressed by using the SV40-based system (Roénnholm, 1992). As
shown in Figs. 3A, 5C and 5E, G1 was clearly localized to a juxtanuclear region
identified as the GC by double-staining with antibodies against Golgi markers.
Based on immunofluorescence, only a fraction of G1 was transported to the GC.
G1 expressed alone was rapidly degraded and no evidence for acquisition of endo
H-resistant glycans was obtained. This latter finding was unexpected and could
mean (1) that the amount of endo H-resistant G1 transported to the GC was below
detection level as studied by this method, (2) that G1 did not reach the medial-Golgi
where endo H-resistance is acquired, or (3) that the G1 transported to the GC
could not be used as a substrate for N-acetylglucosamine transferase. At present
we cannot distinguish between these alternatives. Whether the fraction of G1 that
is able to exit the ER is transported as monomers or oligomers (e.g. homodimers)
remains another open question.

Since G1 expressed alone was retained in the GC in the absence of G2, we
conclude that a signal for Golgi-localization resides in this protein. The question
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whether G2 also contains a Golgi-retention signal could not be addressed in this
study, since G2 expressed alone remained in the ER. The glycoproteins of Punta
Toro virus (PT, another phlebovirus) also dimerize and are retained in the GC
(Matsuoka et al., 1988; Chen et al.,, 1991; Chen and Compans, 1991). Recent
results suggest that the Golgi-localization signal of PT virus is present in G1, and
that G2 becomes targeted to the GC indirectly by virtue of its interaction with G1.
The latter conclusion was drawn from the fact that G2 expressed alone remained
in the ER, while an anchor-minus soluble G2 was secreted out of the cell, but
became targeted to the GC when coexpressed with a membrane-anchored G1
(Chen et al., 1991). The Golgi-retention signal in G1 of PT was recently mapped to
the transmembrane domain and cytoplasmic tail (Matsuoka et al., 1994).

Regarding the behaviour of Hantaan virus (the prototype member of the
Hantavirus genus) glycoproteins, conflicting results have been obtained. Our own
studies indicated that neither G1 nor G2 could exit the ER on their own, while
both proteins localized to the GC when coexpressed (Ruusala et al., 1992). In
contrast, Pensiero and Hay (1992) found that G1 alone could be targeted to the
GC, while G2 remained in the ER. This conclusion was based solely on im-
munofluorescence localization of Hantaan virus G1 and G2 expressed from recom-
binant vaccinia viruses late in the infection (17 h p.i.). The reason for the different
results remains at present unclear, especially since the same ¢cDNA clones were
used in both studies. It is possible that the differences are not real, but are simply
due to different interpretations by Pensiero and Hay of results that in fact are the
same as those reported by Ruusala et al. (1992).

Using the T7-vaccinia virus expression system, Nakitare and Elliott (1993) found
that G1 and G2 of Bunyamwera virus (the prototype member of the Bunyavirus
genus) expressed from the full-length M segment ¢cDNA localized to the Golgi
complex. In a recent paper, they further show that G2 and NSm was localized to
the GC when expressed alone, while G1 was retained in the ER. G1 could be
rescued out of the ER by coexpressing G2 (Lappin et al., 1994). These results are
very similar to those presented here. Thus, the results with several bunyaviruses
now clearly indicate that the two spike proteins are targeted and retained in the
GC in the absence of other viral proteins, and that the retention signal specifying
Golgi localization resides in only one of the glycoproteins.

The nature of the Golgi-retention signal remains to be determined by express-
ing genetically modified forms of UUK virus G1. The regions of interest include
the cytoplasmic tail (which could be as long as about 100 amino acids) (Rénnholm
and Pettersson, 1987) and the transmembrane domain with its flanking borders
(Matsuoka et al., 1994). Mapping of the Golgi-specific coronavirus glycoprotein M
(E1) (Swift and Machamer, 1991) and e.g. the cellular Golgi-enzymes sialyl-
(Munro, 1991; Wong et al., 1992) and galactosyl- (Nilsson et al., 1991; Teasdale et
al., 1992) transferases have shown that the transmembrane domain and the
sequences flanking that domain are necessary and sufficient to retain these
proteins in the GC. It will be interesting to see whether anchoring of the
Bunyaviridae glycoprotein(s) to Golgi-membranes is based on similar domains and
mechanisms.
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