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Members of the Bunyaviridae family mature by a budding process in the Golgi complex. The site of
maturation is thought to be largely determined by the accumulation of the two spike glycoproteins, G1 and G2,
in this organelle. Here we show that the signal for localizing the Uukuniemi virus (a phlebovirus) spike protein
complex to the Golgi complex resides in the cytoplasmic tail of G1. We constructed chimeric proteins in which
the ectodomain, transmembrane domain (TMD), and cytoplasmic tail (CT) of Uukuniemi virus G1 were
exchanged with the corresponding domains of either vesicular stomatitis virus G protein (VSV G), chicken
lysozyme, or CD4, all proteins readily transported to the plasma membrane. The chimeras were expressed in
HeLa or BHK-21 cells by using either the T7 RNA polymerase-driven vaccinia virus system or the Semliki
Forest virus system. The fate of the chimeric proteins was monitored by indirect immunofluorescence, and their
localizations were compared by double labeling with markers specific for the Golgi complex. The results showed
that the ectodomain and TMD (including the 10 flanking residues on either side of the membrane) of G1 played
no apparent role in targeting chimeric proteins to the Golgi complex. Instead, all chimeras containing the CT
of G1 were efficiently targeted to the Golgi complex and colocalized with mannosidase II, a Golgi-specific
enzyme. Conversely, replacing the CT of G1 with that from VSV G resulted in the efficient transport of the
chimeric protein to the cell surface. Progressive deletions of the G1 tail suggested that the Golgi retention
signal maps to a region encompassing approximately residues 10 to 50, counting from the proposed border
between the TMD and the tail. Both G1 and G2 were found to be acylated, as shown by incorporation of
[*H]palmitate into the viral proteins. By mutational analyses of CD4-G1 chimeras, the sites for palmitylation
were mapped to two closely spaced cysteine residues in the G1 tail. Changing either or both of these cysteines

to alanine had no effect on the targeting of the chimeric protein to the Golgi complex.

Enveloped viruses acquire their lipoprotein coat by budding
though one of several host cellular membranes. The plasma
membrane is the budding site for the majority of such viruses
(e.g., alpha-, arena-, orthomyxo-, paramyxo-, rhabdo-, and ret-
roviruses). In such cases, virus particles are released directly
into the extracellular space following budding. Many viruses,
however, bud at internal membranes, such as the endoplasmic
reticulum (ER) (e.g., rota- and flaviviruses), inner nuclear
membrane (herpesviruses), ER-Golgi intermediate compart-
ment (corona- and poxviruses), and the Golgi complex (Bun-
yaviridae and rubella virus) (36). In these cases, virus particles
are released from the infected cells either after cell lysis (e.g.,
rotaviruses) or after transport of virus-containing vesicles to
the cell surface, where the vesicles fuse with the plasma mem-
brane, releasing the virus particles (e.g., coronaviruses bunya-
viruses, and rubella virus).

The site of intracellular budding is thought to be largely
dependent on the properties of the viral membrane glycopro-
teins forming the spikes (36). This conclusion is derived from
the observation that viral spike proteins usually, but not always
(14), accumulate in the budding compartment. However, an
active role for the nucleocapsids or other viral components
cannot be excluded. Several studies have indicated that one or
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more of the spike proteins are targeted to and retained in the
budding compartment. For correct localization, the spike pro-
teins must contain signals for compartment-specific targeting
and retention, similarly to normal compartment-specific cellu-
lar proteins. To date, no clearly defined signals have been
identified for viral proteins, although the first transmembrane
domain (TMD) (22, 53) or a combination of the cytoplasmic
tail and the TMDs (2, 21) of the coronavirus M protein, or the
TMD of rubella virus E2 (10) protein, has been implicated.
The identification of retention signals is important for under-
standing the mechanisms of virus budding and protein com-
partmentalization.

Members of the Bunyaviridae family have for a long time
been known to bud into the Golgi complex. An important
determinant for this site of maturation seems to be the accu-
mulation of the two membrane glycoproteins G1 and G2 in this
organelle (36, 37). Recent work has shown that G1 and G2
of several Bunyaviridae members coexpressed from cloned
cDNAs are targeted and retained in the Golgi complex in the
absence of other viral components. Only one of the two pro-
teins seems to contain the Golgi-targeting signal, while the
other one accumulates in the Golgi complex by binding to the
signal-containing one (4, 19, 25, 26, 34, 40).

We are using Uukuniemi (UUK) virus as a model to study
the mechanism of budding of Bunyaviridae in the Golgi com-
plex. As for all Bunyaviridae members, UUK virus has a tri-
partite, single-stranded, circular, and negative-sense RNA ge-
nome (7). The middle-sized segment (M) encodes a precursor
(p110) of the glycoproteins G1 and G2 (41, 50). Processing of
p110 occurs cotranslationally in the ER (1, 15, 50), followed by
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FIG. 1. Schematic representation of the parental and chimeric cDNAs used
for expression studies to map the Golgi localization signal in G1. The structures
of G1 (open bar) and VSV G (lightly shaded bar) are shown at the top together
with the amino acid sequence of the TMD and cytoplasmic tail of G1. The
residues are numbered from 1 to 98, starting with the arginine bordering the
TMD of G1. The G1 cDNA also encodes 98 residues of the downstream G2 to
allow proper processing between G1 and G2 (1). G1-A and G1-B are chimeras
between G1 and VSV G. In G1-A, the TMD and 10 flanking residues of G1 have
been replaced by the corresponding region from VSV G. In G1-B, the TMD,
cytoplasmic tail, and G2 sequences have been replaced by the TMD and tail of
VSV G. The chicken lysozyme (dark bar) and the chimera G1-C, containing
lysozyme fused with the TMD, cytoplasmic tail, and the G2 sequence, are shown
below. The number of amino acid residues of each domain in the parental
proteins is indicated below each bar. ss, signal sequence.

N-glycosylation, folding, and heterodimerization of G1 and
G2. G1 folds rapidly, while G2 folds very slowly. During these
early maturation events in the ER, G1 and G2 are bound to the
chaperone grp78/BiP and to protein disulfide isomerase (35).
Following a lag period, the G1-G2 complex is transported to
the Golgi complex, where the glycans of G1 acquire endogly-
cosidase H (endo H) resistance, while G2 remains largely endo
H sensitive (15). Further transport of G1 and G2 is arrested in
the Golgi complex, and nucleoproteins also accumulate in this
organelle (16, 17, 18). In virions released from infected cells,
G1 and G2 have been reported to exist as homodimers (39).
Expression of G1 and G2 from cloned cDNAs has shown that
G1 expressed alone is able to exit the ER and travel to the
Golgi complex, while G2 expressed on its own is retained in the
ER. Coexpression of G2 with G1 encoded by separate cDNAs
allows G2 to become exported from the ER and targeted to the
Golgi complex (26, 40). From these experiments, we have
concluded that G1 contains the necessary information for tar-
geting the G1-G2 complex to the Golgi complex.

In this study, we show that the signal for Golgi-targeting
resides in the membrane-proximal half of the 98-residue-long
cytoplasmic tail of G1. The evidence for this was derived from
expression of chimeric proteins in which different G1 domains
were exchanged with corresponding domains of proteins nor-
mally transported to the plasma membrane. We also show that
both G1 and G2 are palmitylated. Mutational analyses identi-
fied two cysteine residues in the cytoplasmic tail of G1 as sites
for palmitylation. Abolishment of both palmitylation sites had
no effect on the targeting to and retention in the Golgi com-
plex.

MATERIALS AND METHODS

Materials. Enzymes used in the molecular cloning were purchased from either
Amersham, Boehringer Mannheim, New England Biolabs, or Promega. Eagle’s
minimum essential medium (MEM), fetal calf serum, HEPES, L-glutamine,
OptiMem, penicillin, streptomycin, tryptose phosphate broth, and Lipofectin
were obtained from Life Technologies, Gibco-BRL; a Sequenase kit, version 2.0,

J. VIROL.

was from United States Biochemical; [**S]methionine and [9,10(n)->H]palmitic
acid were from Amersham; bovine serum albumin (BSA), Triton X-100, cyclo-
heximide, iodoacetamide, p-phenylenediamine, tetramethyl rhodamine isothio-
cyanate-conjugated anti-mouse immunoglobulin G (IgG), and fluorescein iso-
thiocyanate-conjugated anti-rabbit IgG were all from Sigma; En®Hance was from
Du Pont; a monoclonal antibody against CD4, endo H, and dithiothreitol were
from Boehringer Mannheim; the polyclonal antiserum against CD4 was from
Intracel; Pansorbin was from Calbiochem; and Trasylol (aprotinin) was from
Bayer. Oligonucleotides were synthesized with an Applied Biosystems model 392
synthesizer (Perkin-Elmer).

Cells. HeLa cells were grown in MEM supplemented with 5% fetal calf serum,
2 mM L-glutamine, 100 IU of penicillin/ml, and 100 pg of streptomycin/ml.
BHK-21 cells were grown in the same medium supplemented with 5% tryptose
phosphate broth.

Construction of recombinant cDNA. The construction of a cDNA encoding G1
has previously been reported (26). Chimeric proteins were constructed by using
standard PCR technology, replacing corresponding domains of the G protein of
vesicular stomatitis virus (VSV G) (42), chicken lysozyme (28), or CD4 (23) with
the cytoplasmic tail and/or the TMD of G1. The cDNAs for VSV G, chicken
lysozyme, and CD4 were kindly provided by J. K. Rose (Yale University, New
Haven, Conn.) S. Munro (MRC Laboratory, Cambridge, England), and M.
Marsh (MRC Laboratory, University College, London, England), respectively.
Primers were designed such that no additional amino acids were introduced
between the fused domains. In the case of C-terminally truncated constructs, a
translational stop codon was introduced at the end of the coding sequence. All
cDNA regions cloned from PCR products were completely sequenced by the
dideoxy chain-terminating method, using Sequenase.

Chimeric cDNAs containing domains from G1, VSV G, and chicken lysozyme
were cloned into the vector pTF7-5X (derived from pTF7-5 [8, 26] and contain-
ing an Xmal cloning site) under the T7 promoter. All CD4 chimeric cDNAs,
which were first cloned into the vector BSSK (Stratagene), were subsequently
cloned as Hincll fragments into the Smal site of the vector pSFV1 (20) under the
SP6 promoter. The primers used and the details of the PCR and cloning strat-
egies are available at http://www.licr ki.se.

Virus infection, metabolic labeling, and isolation of virions. Subconfluent
BHK-21 cells in plastic dishes were washed with adsorption medium (MEM
containing 0.2% BSA, 20 mM HEPES [pH 7.2], 2 mM L-glutamine, 100 TU of
penicillin/ml, and 100 pg of streptomycin/ml) and infected with UUK virus at a
multiplicity of infection of about 10 PFU/ml. Following a 60-min adsorption
period, the virus was aspirated, adsorption medium was added, and incubation
continued at 37°C. After 7 h, duplicate dishes were labeled overnight either with
0.1 mCi of [**S]methionine per ml supplemented with 5 mM unlabeled methi-
onine (after the cells were starved for 45 min in methionine-free MEM) or with
0.5 mCi of [9,10(n)-*H]palmitic acid per ml. The medium containing the virions
was collected and centrifuged at 11,500 X g for 30 min to remove cell debris. The
supernatants were diluted in phosphate-buffered saline (PBS) followed by puri-
fication over a cushion of 30% sucrose in TNE buffer (50 mM Tris-HCI [pH 7.5],
100 mM NaCl, 1 mM EDTA) at 100,000 X g for 45 min at 4°C. The virus pellet
was resuspended in PBS and boiled for 3 min in nonreducing electrophoresis
sample buffer (final concentrations, 82 mM Tris-HCI [pH 8.8], 0.17% bromo-
phenol blue, 9.8% sucrose, and 3% sodium dodecyl sulfate [SDS]).

Expression of cDNA constructs. Two expression systems were used: the T7
RNA polymerase-driven vaccinia virus (VV) expression system, using VV
VvTF7-3 for T7 polymerase expression (8), kindly provided by Bernard Moss, or
the Semliki Forest virus (SFV) expression system, kindly provided by P.
Liljestrom (20).

Subconfluent monolayers of HelLa cells were seeded onto coverslips approx-
imately 18 h prior to use. The cells were washed with MEM containing 0.04%
BSA, infected with VV vTF7-3 at a multiplicity of infection of about 10 to 20
PFU/ml, and incubated for 45 min at 37°C. After removal of VV and rinsing with
OptiMem, the cells were transfected with 0.5 to 1 pg of cDNA by using Lipo-
fectin according to the manufacturer’s recommendations.

For the SFV expression system, linearized pSFV1-cDNA was first transcribed
in vitro by SP6 RNA polymerase before electroporation of the capped mRNA
into trypsinized and PBS-washed BHK-21 cells. The cells were diluted in BHK
medium, seeded onto coverslips or plastic dishes, and incubated at 37°C.

Metabolic labeling and pulse-chase. The electroporated and seeded BHK-21
cells were incubated for 5 h, starved for 45 min in methionine-free MEM, and
labeled with 0.1 mCi of [*>S]methionine per ml for 20 min. Cells were chased for
the time periods indicated with an excess of unlabeled L-methionine (5.6 mM)
and solubilized with 1% Triton X-100 buffer containing 20 mM Tris-HCI (pH
8.0), 150 mM NaCl, 5 mM EDTA, and 100 IU of aprotinin. For labeling with
palmitate, electroporated cells were incubated for 3 h at 37°C, then labeled for
5 h with [*H]palmitic acid at a concentration of 0.5 mCi/ml in BHK medium, and
thereafter solubilized in 1% Triton X-100 buffer.

Immunoprecipitation and endo H treatment. Proteins were immunoprecipi-
tated from Triton X-100-solubilized cells as described previously (35) by using a
polyclonal antiserum against CD4. Samples to be analyzed by endo H digestion
were resuspended in endo H buffer (50 mM sodium acetate [pH 5.5], 0.3% SDS)
and boiled for 3 min. After centrifugation at 11,400 X g for 10 min, the super-
natant was divided into two aliquots. To one of the tubes, 2.5 mU of endo H was
added, whereas an equal volume of 50 mM sodium acetate was added to the
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FIG. 2. Localization by indirect immunofluorescence of chimeric proteins expressed in HeLa cells. HeLa cells were infected with vIF7-3 expressing T7 RNA
followed by transfection of plasmids encoding the chimeric proteins shown in Fig. 1: G1-A (A to C), G1-B (D to F), and G1-C (G to I). Cells were either
permeabilized with Triton X-100 (A, B, D, E, G, and H) to stain intracellular proteins or left nonpermeabilized (C, F, and I) to detect surface staining. At 5 h after
transfection, cells were treated for 2 h with ¢ ximide prior to staining with a monoclonal antibody against G1 (A and C), a polyclonal antiserum against G1 (D
and F), a peptide antiserum against the G1 tail (G), or a monoclonal antibody against chicken lysozyme (I). To localize the Golgi complex in cells expressing G1-A,
G1-B, and G1-C, cells were double-stained with a polyclonal antiserum against mannosidase II (B) or monoclonal antibody CTR433 (E and H).
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other. After incubation for 17 h at 37°C, additional enzyme and buffer were
added to the samples. After incubation for a further 4 h, reducing electrophoresis
sample buffer (82 mM Tris-HCI [pH 8.8], 0.17% bromophenol blue, 9.8% su-
crose, 3% SDS, 16 mM dithiothreitol was added. The samples were boiled for 3
min and cooled, and iodoacetamide was added to a final concentration of 63 mM.
The samples were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
as described by Maizel (24) followed by fluorography using En*Hance.

Indirect immunofluorescence microscopy. HeLa or BHK-21 cells grown on
coverslips were transfected as described above. After 5 or 6 h, cycloheximide to
a final concentration of 0.18 mM was added to inhibit further protein synthesis.
The cells were incubated for an additional 2 or 3 h and then washed with cold
PBS, fixed with 3% paraformaldehyde in PBS for 15 min at room temperature,
washed with PBS, quenched with 10 mM glycine for 20 min at room temperature,
washed, and permeabilized with 0.1% Triton X-100 for 30 min at room temper-
ature. The permeabilization step was omitted for surface immunofluorescence
staining. Cells were incubated with PBS containing 0.1% BSA and thereafter
incubated for 30 min with primary antibodies, washed with PBS-BSA, incubated
for 30 min with tetramethyl rhodamine isothiocyanate-conjugated anti-mouse
IgG or fluorescein isothiocyanate-conjugated anti-rabbit IgG secondary antibod-
ies, washed, and mounted in 50% glycerol containing 50 mM Tris-HCI (pH 8.0)
and 9.2 mM p-phenylenediamine. As Golgi markers, monoclonal antibody
CTR433 (12) (kindly provided by M. Bornens) or a rabbit polyclonal antiserum
against mannosidase II (27) (kindly provided by K. Moremen and M. Farquhar)
was used. Additional antibodies used were 6G9, a monoclonal antibody against
G1 (54), a polyclonal antiserum against G1 (54), a polyclonal antiserum against
a 12-amino-acid-long peptide sequence in the G1 tail (VRQKMFNLTRLS,
corresponding to amino acids 72 to 83 in the C terminus of G1) (1), a monoclonal
antibody against chicken lysozyme (kindly provided by M. Marsh), a monoclonal
antibody against CD4 (Boehringer Mannheim), or a polyclonal antiserum
against CD4 (Intracel). Immunofluorescence micrographs were taken by using
an Axiophot fluorescence microscope (Zeiss).

RESULTS

Exchanging domains between G1 and two exported proteins.
A retention signal for Golgi localization could in principle be
located anywhere in the UUK virus G1 glycoprotein. We
therefore set out to determine whether such a signal is located
in the ectodomain, TMD, or cytoplasmic tail of G1. To this,
end we first constructed a chimeric protein containing the
ectodomain and cytoplasmic tail of G1 and the TMD and 10
flanking residues from the VSV G protein. The latter protein
is rapidly and efficiently transported to the cell surface (43).
The cytoplasmic tail of G1 also contained 98 N-terminal resi-
dues of G2 to allow for correct cleavage downstream of the G2
signal sequence (construct G1-A in Fig. 1) (1). The construct
was expressed in HeLa cells by using the T7 RNA polymerase-
driven VV system. As shown by indirect immunofluorescence,
this chimeric protein was efficiently retained in the Golgi com-
plex (Fig. 2A) and colocalized with mannosidase II, a medial
Golgi marker (52) (Fig. 2B). No protein was found on the cell
surface of nonpermeabilized cells (Fig. 2C). A reticular stain-
ing including the nuclear membrane was also evident. This
reflects the inefficiency by which G1 is exported out of the ER
in the absence of G2 (26, 35). In this experiment, as in all
similar ones described below, the cells were treated with cy-
cloheximide for 2 h before fixation and staining to stop further
protein synthesis.

We next expressed a chimera in which the TMD and cyto-
plasmic tail of G1 were replaced by the corresponding domains
from VSV G (construct G1-B in Fig. 1). Intracellularly, this
construct displayed an ER-like staining pattern, with some
staining also in the Golgi complex (Fig. 2D and E). However,
a prominent surface immunofluorescence was also evident
(Fig. 2F), suggesting that the Golgi retention signal had been
removed.

Finally, we fused the cytoplasmic tail and TMD of G1 with
chicken lysozyme, a protein normally secreted from cells. Ly-
sozyme has been used as a reporter in similar experiments for
studying retention of resident Golgi glycosyltransferases (28).
The G1 domains were able to efficiently retain the reporter
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FIG. 3. Localization by indirect immunofluorescence of chimeras between
G1 and CD4 expressed in BHK-21 cells. (A) Schematic representation of chi-
meras between G1 and CD4. The structures of the wild-type CD4 (shaded bar)
and G1 (open bar) proteins are shown at the top together with the number of
amino acids of the different domains. All chimeras contain the CD4 ectodomain.
CD4-TC contains the TMD and cytoplasmic tail of G1, CD4-C contains the
cytoplasmic tail of G1, and CD4-T contains only the TMD from G1 and the
ectodomain and cytoplasmic tail of CD4. ss, signal sequence. (B) The chimeric
proteins were expressed in BHK-21 cells by using the SFV system. In vitro-
transcribed mRNAs were electroporated into cells followed by localization of the
chimeric proteins by indirect immunofluorescence. At 6 h posttransfection, cells
were treated with cycloheximide for 3 h followed by permeabilization with Triton
X-100 and staining with a monoclonal antibody to CD4 (a, ¢, d, f, and g) and a
polyclonal antiserum against mannosidase II (manlI; b and e). TC, CD4 ectodo-
main with the TMD and cytoplasmic tail (C) of G1; C, CD4 ectodomain with the
cytoplasmic tail of G1; T, CD4 ectodomain and cytoplasmic tail with the G1
TMD.

protein in the Golgi complex (Fig. 2G and H). No surface
staining was observed (Fig. 2I).

Taken together, analyses of expression of these chimeric
constructs indicated an important role for the cytoplasmic tail
in retaining G1 in the Golgi complex.

Expression of G1-CD4 chimeric proteins. As we have shown
before (26, 35) and pointed out above, G1 expressed alone is
quite inefficiently exported out of the ER in the absence of G2.
As a consequence, the bulk of G1 remains in the ER, hamper-
ing the interpretation of results from expressing chimeric pro-
teins containing the G1 ectodomain. We therefore used CD4
as a reporter protein for further studies. CD4 is a monomeric
N-glycosylated cell surface marker protein of helper T cells
which is efficiently transported to the cell surface (Fig. 3B-g).
Chimeric proteins containing the CD4 ectodomain and either
the TMD and the cytoplasmic tail of G1 or only the cytoplas-
mic tail (Fig. 3A) were expressed in BHK-21 cells by using the
SFV system (20). Both chimeras were retained in the Golgi
complex (Fig. 3B-a and B-d) colocalizing with mannosidase II
(Fig. 3B-b and B-e). No surface staining was evident in cells
expressing CD4-TC (Fig. 3B-c) or CD-C (see Fig. 4B-b). In
contrast, a chimera consisting of the ectodomain and cytoplas-
mic tail of CD4 and TMD of G1 (Fig. 3A) was not retained
intracellularly but was efficiently expressed on the cell surface
(Fig. 3B-f). Thus, these results were consistent with those ob-
tained above for chimeras between G1 and VSV G or for
lysozyme and indicated the importance of the cytoplasmic tail
for Golgi localization.

Effect on the intracellular localization of progressive dele-
tions of the cytoplasmic tail of G1. To further delineate the
domain of the G1 tail responsible for Golgi localization, we
made progressive deletions from the C terminus of G1. Trans-
lational stop codons were introduced in the G1 tail after res-
idues 98 (cleavage site between G1 and G2 [41]), 81, 49, 19,
and 4, counting from the proposed border between the TMD
and the tail (Fig. 4A). The mutants were expressed in BHK-21
cells by using the SFV system. Removal of the 98 N-terminal
residues of G2 had no effect on the Golgi localization (Fig. 4B-a).
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FIG. 3—Continued.



4722 ANDERSSON ET AL.

We have recently shown that the internal signal sequence of G2
remains covalently linked to the G1 tail (1). Deletion of this
17-residue-long hydrophobic sequence likewise did not affect the
Golgi localization (Fig. 4B-c). Deleting a further 32 residues (con-
struct CD4-C,,) had a minor effect on Golgi retention, allowing a
portion of the reporter protein to leak out to the cell surface (Fig.
4B-e and B-f). Deleting 79 (CD4-C,,) residues caused a substan-
tial portion of the chimera to be transported to the plasma mem-
brane (Fig. 4B-h). However, some protein still remained in the
Golgi even after 3 h of cycloheximide treatment (Fig. 4B-g).
Finally, CD4 with only four residues from the G1 tail was as
efficiently expressed on the cell surface as was wild-type CD4 (Fig.
4B-i and B+j). Thus, from these experiments, we conclude that the
retention signal is localized approximately between residues 4 and
50.

Tail deletion mutants acquire endo H-resistant glycans. To
analyze the efficiency by which the CD4-G1 deletion mutants
were transported to the medial Golgi complex, we carried out
pulse-chase labeling of transfected cells. The CD4 protein con-
tains two N-linked glycans, and only one of them becomes
endo H resistant (46) (Fig. 5, bottom panel). All deletion
mutants acquired endo H resistance within 60 to 120 min, with
some minor variations in the kinetics between the constructs.
In two cases (CD4-C,, and -C,), a small fraction of the mol-
ecules remained endo H sensitive even after a 3-h chase. In the
case of the mutants with a longer tail (CD4-C, -Cg,, and -C,,)
(Fig. 5), the untreated proteins migrated as a doublet or as a
smear. The reason for this is unclear, but could be due to a
different degree of terminal glycosylation (e.g., sialylation) or
acylation (see below).

The cytoplasmic tail of G1 is palmitylated. As shown in Fig.
6A and reported recently (1), both G1 and G2 in virions can be
labeled with radioactive palmitate (1). To localize the site(s)
for palmitylation, we expressed some of the CD4-G1 tail de-
letion mutants (CD4-C, -C,,, and -C,,) in BHK-21 cells in the
presence of [*H]palmitic acid or [**S]methionine (controls).
Wild-type CD4 served as a positive control, since it is known to
be palmitylated at two cysteine residues in the cytoplasmic tail
(6). In the chimeric CD4-G1 constructs, the palmitylation sites
in CD4 were deleted automatically when the CD4 tail was
replaced with that of G1. The labeled proteins were immuno-
precipitated and analyzed by SDS-PAGE. Labeling with
[?*S]methionine showed that all constructs were expressed with
roughly equal efficiency (Fig. 6B). Wild-type CD4 and the
chimeric CD4-G1 mutants containing either the whole 98-
residue G1 tail (CD4-C) or 49 residues (CD4-C,,) were readily
labeled with [*H]palmitate, while CD4-C,4 (19 tail residues)
was not (Fig. 6C). Thus, we conclude that the cytoplasmic tail
of G1 between residues 20 and 98 contains a site(s) for palmi-
tylation.

Mapping of the palmitylation sites in G1. Palmitylation
most frequently takes place at cysteine residues via a thioester
linkage (see Discussion). We therefore analyzed whether ei-
ther one of the two cysteine residues at positions 25 and 28
(Fig. 7A) are used as sites for palmitate addition. Since CD4-
Cyg, (containing 81 residues from the G1 tail) was found to be
palmitylated (Fig. 7C, lane 6), we carried out site-directed
mutagenesis on this construct. The cysteine residues at posi-
tion 25 or/and 28 were changed to alanine, and the mutants
were expressed in BHK-21 cells in the presence of either
[**S]methionine (Fig. 7B, lanes 2 to 5) or [*H]palmitic acid
(Fig. 7C, lanes 6 to 9). As shown in Fig. 7C, both single-site
mutants were labeled with [*H]palmitic acid, while the double-
site mutant was not. The intensity of the incorporated label in
the single-site mutants (lanes 7 and 8) was less than that in the
nonmutated CD4-Cg, protein (lane 6), while all four constructs
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FIG. 4. Expression of C-terminally truncated CD4-G1 tail mutants in
BHK-21 cells. (A) Schematic representation of C-terminally truncated CD4-G1
chimeras. The ectodomain and TMD of CD4 were fused to progressive deletions
of the G1 cytoplasmic tail by PCR. Translational stop codons were introduced at
the cleavage site between G1 and G2 (CD4-C), just before the G2 signal se-
quence (-Cg;), and at positions 49 (-Cy), 19 (-C,), and 4 (-C,), counting from
the TMD (Fig. 1). (B) The chimeric proteins were expressed in BHK-21 cells by
using the SFV system. At 6 h posttransfection, cells were treated with cyclohex-
imide for 3 h. Cells were either fixed and permeabilized with Triton X-100 (a, c,
e, g, i, and j) or fixed without permeabilization (b, d, f, and h) prior to staining
with a monoclonal antibody against the CD4 ectodomain.

were labeled equally with [**S]methionine. We conclude that
both cysteine residues in the cytoplasmic tail of G1 are used as
sites for palmitylation.

Removal of palmitylation sites does not affect Golgi local-
ization of CD4-G1 chimeras. To study whether palmitylation of
the G1 cytoplasmic tail plays any role in targeting CD4-Cg, to
the Golgi complex, we expressed each of the mutants described
above in BHK-21 cells. The localization of the chimeric mutant
proteins was monitored by indirect immunofluorescence using
a monoclonal anti-CD4 antibody. As shown in Fig. 8, all three
mutants (Cg;-C25a, Cgi-C2sA, and Cg;-C2s28A) were targeted to
and retained in the Golgi complex (Fig. 8A to C) as efficiently
as the nonmutated CD4-Cyg, protein (Fig. 8E). Like the CD4-
Cg, control, the double mutant was not expressed on the cell
surface (Fig. 8D and F). Thus, it appears that palmitylation of
the G1 tail is not necessary for Golgi localization.

DISCUSSION

Our strategy to determine the basis for Golgi localization of
the UUK virus G1 glycoprotein was based on the assumption
that a special motif or domain somewhere in G1 harbors a
signal for Golgi targeting and retention. By removing such a
signal, G1 should be released from the transport block and
appear on the cell surface. Conversely, attaching the signal to
a reporter protein that is normally transported to the cell
surface should result in the retention of the protein in the
Golgi. In this study, we have mapped the signal to the cyto-
plasmic tail of G1 and shown by expression of chimeric pro-
teins that the cytoplasmic tail is both necessary and sufficient
for Golgi localization.

Our previous work has shown that the G1 glycoprotein is
responsible for keeping the G1-G2 heterodimeric complex in
the Golgi complex (26, 40). Similar results have also been
obtained for other Bunyaviridae members. For all members
studied so far, it seems that the Golgi retention signal is
present in the protein located N terminally in the glycoprotein
precursor. This protein has also been referred to as Gy, while
the C-terminally located one has been called G (19). The G2
(Gn) glycoprotein of Bunyamwera (19) and La Crosse (4)
viruses (members of the Bunyaviridae genus) and the G1 (Gy)
of Hantaan virus (a hantavirus) (34) and Punta Toro (PT) virus
(a phlebovirus) (25) are all retained in the Golgi complex when



VoL. 71, 1997 GOLGI RETENTION SIGNAL IN A VIRAL GLYCOPROTEIN 4723

FIG. 4—Continued.
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FIG. 5. Kinetics of transport from the ER to or past the medial Golgi com-
plex of C-terminally truncated CD4-G1 tail chimeras. The CD4 and chimeras
depicted in Fig. 4A, containing the ectodomain and TM domain of CD4 fused to
progressive deletions of the G1 cytoplasmic tail, were expressed in BHK-21 cells
by using the SFV system. At 5 h posttransfection, cells were starved in methi-
onine-free medium for 45 min and then pulse-labeled with [**S]methionine for
20 min followed by a chase with an excess of unlabeled methionine for the
indicated time periods. Cell lysates were subjected to immunoprecipitation with
a polyclonal antiserum against CD4. One half of the precipitates was left un-
treated and one half was digested with endo H prior to analysis by electrophore-
sis on an SDS-10 to 15% polyacrylamide gradient gel.

expressed in the absence of Gc. It seems that G accumulates
in the Golgi complex indirectly by binding to Gy,

By replacing the ectodomain of G1 with either chicken ly-
sozyme (a secreted protein) or the ectodomain of CD4 (a
monomeric plasma membrane protein), we could exclude a
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FIG. 6. The cytoplasmic tail of G1 is palmitylated. (A) UUK virus-infected
BHK-21 cells were metabolically labeled overnight with either [**S]methionine
(lane 1) or [*H]palmitic acid (lane 2), and the purified viruses were analyzed by
SDS-PAGE. (B and C) CD4 and three CD4-G1 chimeras with progressive
truncations of the G1 cytoplasmic tail (CD4-C, -C49, and -C,o) (Fig. 4A) were
expressed in BHK-21 cells by using the SFV system. [**S]methionine-labeled (B)
or [*H]palmitic acid-labeled (C) proteins were isolated from cell lysates by
immunoprecipitation using a polyclonal antiserum against CD4. The immuno-
precipitates were analyzed on an SDS-10 to 15% polyacrylamide gradient gel.
The positions of molecular weight markers (mw) are shown in kilodaltons to the
right. G1 and G2, UUK virus glycoproteins; N, nucleocapsid protein.
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FIG. 7. Identification of the palmitylation sites in the cytoplasmic tail of G1
by site-directed mutagenesis. (A) Chimeric proteins containing the ectodomain
and TMD of CD4 fused to the cytoplasmic tail of G1 were subjected to site-
directed mutagenesis. The cysteine residues at position 25 (-Cg;-C254), position
28 (-Cg;-c28A), or both positions (-Cg;-C2528A) were changed to alanine residues
(boldface letters). (B and C) The above-described mutants were expressed in
BHK-21 cells by using the SFV system. [**S]methionine-labeled (B, lanes 2 to 5)
or [*H]palmitic acid-labeled (C, lanes 6 to 9) proteins were isolated from cell
lysates by immunoprecipitation using a polyclonal CD4 antiserum followed by
analysis on an SDS-10 to 15% polyacrylamide gradient gel. The position of the
69-kDa marker is shown to the left.

Golgi retention signal in this domain. Likewise, by replacing
the G1 TMD and 10 residues flanking each side of the TMD
with the corresponding sequences from VSV G protein, we
found that this chimeric protein was still retained in the Golgi
complex, indicating no or a minor role of the TMD and flank-
ing residues. This is in striking contrast to the essential role of
the TMD and/or lumenal stalk region in retaining resident
Golgi glycosyltransferases (all type II membrane proteins) in
the Golgi apparatus (see below).

Those constructs in which the cytoplasmic tail of G1 was
attached to the CD4 reporter protein were targeted to and
retained in the Golgi complex, while constructs lacking the G1
tail were expressed on the cell surface. Progressive deletions of
the tail, together with the result from the VSV G chimera,
tentatively localized the Golgi signal to a region spanning res-
idues 10 to 50, counting from the TMD border toward the C
terminus. At this stage, we have not further narrowed down the
region essential for retention.

The only Bunyaviridae protein for which attempts have been
made to map the Golgi retention signal is the G1 protein of PT
virus (25). By expressing mutants with progressive deletions
from the C terminus, as well as chimeras between G1 and the
MCF murine leukemia virus envelope protein, the TMD and
the cytoplasmic domain adjacent to the TMD were found to be
important. Since we found no role for the TMD of UUK virus
G1, the conclusions from the results with PT virus G1 are
partly at variance with our results. Although the G1 proteins of
UUK and PT viruses (both members of the Phlebovirus genus)
show a low degree of sequence homology (about 15%) (41), no
apparent sequence homology could be found in the proposed
TMD or cytoplasmic tail region. The differences in the inter-
pretation of the results may relate to the difficulties in defining
exactly the borders between the ectodomain, TMD, and cyto-
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FIG. 8. Removal of palmitylation sites has no affect on the targeting of
CD4-G1 tail chimeras to the Golgi complex. The CD4-Cg,; chimeras in which
cysteine 25 (A), cysteine 28 (B), or both cysteines (C) (Fig. 7A) were mutated to
alanine residues, as well as CD4-Cg, with both palmitylation sites intact (E), were
expressed in BHK-21 cells by using the SFV system. At 6 h posttransfection,
cycloheximide was added for 3 h followed by indirect immunofluorescence of
permeabilized (A, B, C, and E) or nonpermeabilized (D and F) cells, using a
CD4 monoclonal antibody.

plasmic tail of G1 in the two viruses. In the case of UUK virus
G1, the TMD has been predicted to consist of a 19-residue-
long hydrophobic stretch of amino acids flanked by charged
residues (1, 41). However, the sequence upstream from the
presumed TMD is also quite hydrophobic, but it is at many
points interrupted by charged residues, making it uncertain
whether it could span the lipid bilayer. To acquire the correct
topology of G1, this upstream region would have to span the
membrane twice (1). The proposed length of the cytoplasmic
tail of G1 of PT virus is 76 residues (25) (compared to 98
residues for UUK virus G1), assuming that the 15-residue-long
internal signal sequence for G2 is not cleaved off similarly to
the situation for UUK virus (1). Again, the sequence upstream
from the proposed TMD is strikingly hydrophobic. Thus, fur-
ther analyses of the domain structure and topology of the
C-terminal portion of UUK and PT virus G1 proteins are
required to allow definite comparison of the sequences speci-
fying Golgi localization.

We identified two cysteine residues in the cytoplasmic tail of
G1 as sites for palmitylation. G2 was also labeled with
[PH]palmitic acid. Fatty acid acylation usually occurs on cys-
teine residues located in the cytoplasmic tail or within the
TMD of membrane proteins (6, 9, 11, 45, 51, 55). The tail of
G2 is only five residues long and does not contain any cysteines
(41). The likely site for palmitylation is therefore a cysteine
residue within the TMD two residues inward from the TMD-

GOLGI RETENTION SIGNAL IN A VIRAL GLYCOPROTEIN 4725

tail border. We found that elimination of palmitylation at ei-
ther or both sites in the G1 tail had no effect on Golgi reten-
tion. At this point, we have not carried out a detailed analysis
on the other possible role(s) of fatty acylation of G1. Although
the cytoplasmic tails of many viral glycoproteins have been
found to be palmitylated, the role of palmitylation remains in
most cases unknown. A role in virus formation (11, 56) or
fusion activity (30) has been proposed, while other reports
have found no role in assembly (13) or biosynthesis (31). It is
conceivable that the topology of the UUK virus G1 tail is
affected by the presence of palmitates. Thus, it is possible that
fatty acylation plays a role in, e.g., virus assembly. Experiments
aimed at studying this would require the development of a
reverse genetics system for Bunyaviridae.

Like members of the Bunyaviridae family, coronaviruses and
rubella virus also bud into the Golgi complex or the ER-Golgi
intermediate compartment. In the case of coronaviruses, the M
membrane glycoprotein seems to determine the site of bud-
ding. In the avian infectious bronchitis coronavirus, the first
(m1) of the three membrane-spanning domains is essential for
Golgi retention (22). When the TMD of VSV G is replaced by
the infectious bronchitis coronavirus m1 domain, the chimera
is retained in the Golgi complex and can be recovered in
detergent-insoluble oligomers. Exclusion from transport vesi-
cles due to oligomerization has been proposed as the mecha-
nism for retention (53). In contrast, the Golgi retention signal
of the mouse hepatitis coronavirus seems to be composed of
two regions: the 22 C-terminal residues of the cytoplasmic tail
and the TMDs (2, 21). In the case of rubella virus, the TMD of
the E2 membrane glycoprotein has recently been shown to be
important for Golgi localization. Again, replacing the TMD of
VSV G with that of E2 resulted in the accumulation of the
chimeric protein in the Golgi complex (10). The mechanism
for retaining the mouse hepatitis coronavirus M protein and
rubella virus E2 protein in the Golgi complex has not been
elucidated. The conclusion that one can draw from these viral
systems is that the domains responsible for targeting a viral
protein to the Golgi apparatus are complex and may vary from
one protein to another.

The retention signal of resident Golgi glycosyltransferases
has been reported to be located mainly in the TMD (28, 29,
48), with some role played also by flanking sequences (5). Two
models have been proposed for Golgi retention of these en-
zymes. According to one, the length (and not the primary
sequence per se) of the hydrophobic TMD (15 to 17 residues
for Golgi proteins, compared to 20 or more residues for plasma
membrane proteins) would result in the segregation of Golgi-
specific proteins into cholesterol-poor domains followed by
exclusion of the proteins from transport vesicles (3, 28, 29).
According to the other model, hetero-oligomerization (kin rec-
ognition) between enzymes located in the same cisternae (such
as N-acetylglucosaminyltransferase I and mannosidase II)
would result in hetero-oligomers too large to be included into
transport vesicles. Initial results suggested that the TMD
played an essential role in this kin recognition (32), but more
recent findings with N-acetylglucosaminyltransferase I suggest
that the stalk region on the lumenal side of the membrane may
be exclusively responsible for kin recognition and perhaps also
for Golgi retention (33). Interpretation of the results is further
complicated by the finding of cell-specific differences in the
recognition of Golgi retention signals (49). Thus, the definition
of Golgi retention signals and obtaining an understanding of
the mechanism by which such signals are capable of retaining
proteins in the Golgi have turned out to be very difficult.

At present, the mechanism by which G1 and G2 are retained
in the Golgi complex is not known. Our results exclude a role
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for the ectodomain of G1 in forming large (transport-incom-
petent) complexes though lateral interaction of the spikes.
Likewise, a role for the TMD comparable to that of glycosyl-
transferases could also be excluded. Retention could be the
result of the cytoplasmic tail interacting with an intercisternal,
submembranous Golgi matrix (47). Alternatively, the G1 tail
could mediate oligomerization of the spikes, thereby excluding
them from transport vesicles. Finally, the tail could contain a
retrieval (recycling) signal for keeping the spike complexes in
the Golgi region. Such signals have been found in some trans-
Golgi network-localized proteins that recycle between the
plasma membrane and the Golgi complex (38, 44). In sum-
mary, the localization of a Golgi retention signal to the cyto-
plasmic tail of UUK virus G1 may serve as a useful model to
elucidate some aspects of retention of Golgi-specific proteins.
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