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Previous studies suggested that varicella-zoster virus derives its final envelope from the trans-Golgi network
(TGN) and that envelope glycoproteins (gps) are transported to the TGN independently of nucleocapsids. We
tested the hypothesis that gpl is targeted to the TGN as a result of a signal sequence or patch encoded in its
cytosolic domain. cDNAs encoding gplI wild type (wt) and a truncated mutant gplI(trc) lacking transmembrane
and cytosolic domains were cloned by using the PCR. Cells transfected with cDNA encoding gpI(wt) or gpI(trc)
synthesized and N glycosylated the proteins. gpI(wt) accumulated in the TGN, some reached the plasmalemma,
but none was secreted. In contrast, gpl(trc) was retained and probably degraded in the endoplasmic reticulum;
none was found on cell surfaces, but some was secreted. The distribution of gpI(trc) was not affected by deletion
of potential glycosylation sites. To locate a potential gpl-targeting sequence, cells were transfected with cDNA
encoding chimeric proteins in which the ectodomain of a plasmalemmal marker, the interleukin-2 receptor
(tac), was fused to different domains of gpl. A chimeric protein in which tac was fused with the transmembrane
and cytoplasmic domains of gpl was targeted to the TGN. In contrast, a chimeric protein in which tac was fused
only with the gpl transmembrane domain passed through the TGN and concentrated in endosomes. We
conclude that gpl is targeted to the TGN as a result of a targeting sequence or patch in its cytosolic domain.

Studies of the transport and modification of viral envelope
proteins have made important contributions to the under-
standing of the pathways and mechanisms of viral maturation
(11, 25). Insight into the steps by which a virus is assembled
from its components can provide information that may ulti-
mately lead to antiviral therapies. A critical element in the
maturation of a virus is the mechanism by which the viral
nucleocapsid becomes enclosed in an infection-competent
membrane. The site of this envelopment may be determined by
the targeting of the viral envelope glycoproteins (gps). For
example, the E1 and E2 gps of rubella virus are transported to
the Golgi region, which is believed to be the site of its envel-
opment (13, 14), whereas the gps of coronavirus, flavivirus, and
rotavirus accumulate in the endoplasmic reticulum (ER),
which is thought to provide the envelope for these virions (23).
The most extensively investigated of the alphaherpesviruses
has been herpes simplex virus; however, the site at which her-
pes simplex viruses are enveloped is controversial. Electron
microscopic observations first suggested the hypothesis that
the viruses acquire an envelope while budding through the
inner nuclear membrane (5, 20, 21). This idea has received
considerable support; thus, herpes simplex virus gps have been
localized to the nuclear membrane by immunofluorescence,
immunoelectron microscopy, and subcellular fractionation (3,
5, 25). Unfortunately, however, studies of the localization of
herpes simplex virus gps have not been able definitively to
exclude the possibility that the gps are located in the outer,
rather than the inner, nuclear membrane. Since the outer nu-
clear membrane is continuous with the ER, the localization of
gps in the nuclear envelope could reflect only their site of
biosynthesis and not targeting related to viral envelopment. A
second alphaherpesvirus, pseudorabies virus, has been re-
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ported to be assembled in two stages (27): a primary envelope
is acquired as the nucleocapsids bud through the inner nuclear
membrane; however, this envelope is lost as the nucleocapsids
penetrate the ER to enter the cytosol, and the secondary (fi-
nal) envelope is acquired within the Golgi apparatus.

A prior study of the maturation of varicella-zoster virus
(VZV) has indicated that the process is similar to that pro-
posed for pseudorabies virus (9). After the VZV nucleocapsid
is assembled in the nucleus, it acquires a temporary envelope
by budding through the inner nuclear membrane. This budding
delivers the newly enveloped virions to the perinuclear space,
which is continuous with the lumen of the ER. Virions in the
ER fuse with the ER membrane, releasing nucleocapsids into
the cytosol. The nucleocapsids migrate to the trans-Golgi net-
work (TGN), where they acquire a second and final envelope.
An important feature of this model is that the envelope gps of
VZV are processed separately from the nucleocapsids. These
gps follow the ER—Golgi route along which they are glycosy-
lated and acquire mannose 6-phosphate (Man 6-P) residues
(7). The mature gps are then united with the nucleocapsids in
the TGN (9). This pathway suggests that the gps of VZV may
be targeted to the TGN in which they accumulate prior to viral
envelopment. The current study was undertaken to test the
hypothesis that gps of VZV are targeted to the TGN as a result
of an intrinsic signal sequence present in the cytosolic domain
of these molecules.

MATERIALS AND METHODS

PCR cloning. The VZV gpl gene was cloned from VZV genomic DNA of the
Ellen strain. Amplification of the full-length gpl gene was performed with the
primers 5'-CCCGGTACCGAGGGTCGCCTGTAATAT-3' (VZGPIL5) and
5'-CCCTCTAGATGCCCCGGTTCGGTGATCA-3" (VZGP1L3), which flank
the open reading frame of the gpI gene (6). A truncated form of the gpl gene,
which lacks the cytoplasmic and membrane-spanning domains, was amplified
with primers VZGPIL5 and 5'-CCCTCTAGATAGTCGCCGGTGGCTGA
CC-3' (VZGP18S3). Amplifications were performed as described previously (17).
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FIG. 1. (A) In vitro translation. Polypeptides were generated from cDNAs
encoding gpI(wt) and gpl(trc) by in vitro translation in media containing [°S]me-
thionine. The products of in vitro translation were analyzed by SDS-PAGE.
Lanes: C1, control, reaction mixture only, no plasmid was added; C2, control,
only the plasmid vector was added; S1, plasmid containing cDNA encoding
gpl(trc) was added; L1, plasmid containing cDNA encoding gpI(wt) was added.
The arrows indicate the positions of specific translation products corresponding
to the 60-kDa gplI(trc) and the 80-kDa gpI(wt). The specific translation products
are not seen in the control lanes. Nonspecific translation products of lower
molecular size are also present in the control lanes (arrowheads). (B) Immuno-
precipitation of in vitro translation products. The authenticity of the identifica-
tion of the products of in vitro translation was verified by immunoprecipitation
with a human antiserum to VZV (7, 9). Lanes: L1, reaction mixture to which the
plasmid containing cDNA encoding gpI(wt) was added; S1, reaction mixture to
which the plasmid containing cDNA encoding gpI(trc) was added; C1, control
reaction mixture to which no plasmid vector was added; C2, control reaction
mixture to which no plasmid was added. Specific immunoprecipitates of the
appropriate sizes were found only in lanes L1 and S1.

After an initial incubation for 3 min at 94°C, reaction mixtures were subjected to
35 of the following cycles: 1 min at 94°C, 1 min at 58°C, and 3 min at 72°C.

Two-thirds of the PCR-amplified DNA in TE buffer (10 mM Tris [pH 7.4], 1
mM EDTA) was digested with Asp718 and Xbal. After gel purification, the
digested PCR fragments were cloned into the multiple cloning sites of the
eucaryotic expression vector, pPSVK3 (Pharmacia, Piscataway, N.J.), which had
been digested with the same enzymes. After ligation, Escherichia coli (DH5a)
was transformed with the plasmids. Positive clones were selected by small-scale
DNA preparation and restriction enzyme digestion with Asp718 and Xbal. Plas-
mid DNA from selected subclones was amplified and purified by CsCl gradient
centrifugation. The authenticity of all constructs was verified by sequencing,
using a kit (Sequenase version 2.0; U.S. Biochemical Corp., Cleveland, Ohio).
Authenticity of cloned cDNA encoding gpI wild type (wt) and a truncated
mutant gplI(trc) was also verified by in vitro translation (Fig. 1A), which was
carried out using a transcription and translation coupling kit (rabbit reticulocyte
lysate system; Promega Biotec) according to the manufacturer’s instructions.
Translated proteins were identified by immunoprecipitation. In vitro translation
products were diluted 1:10 with buffer (100 mM NaCl, 1% Triton X-100, 0.5%
deoxycholate, 5 mM B-glycerophosphate) and immunoprecipitated with human
anti-VZV polyclonal antibody (1:100). After 2 h on ice, protein G-Sepharose
(Calbiochem, San Diego, Calif.) was added, and 30 min later the resulting
precipitate was pelleted by centrifugation. After washing with buffer (10 mM Tris
[pH 7.0], 1 mM EDTA, 0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100,
0.4% deoxycholate), the immune complex was released from protein G by adding
Laemmli sample buffer (LSB) and boiling for 5 min. Immunoprecipitates were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by
fluorography (Fig. 1B).

Deletion of glycosylation sites and preparation of chimeric proteins. cDNA
constructs were prepared, encoding gpl mutants in which glycosylation sites were
deleted as well as chimeric proteins in which domains of gpl were fused to the
extracellular domain of the human interleukin-2 receptor (tac). Schematic rep-
resentations of the constructs prepared are shown in Fig. 2. Methods used were
essentially those described by Ho et al. (12) and Sharon et al. (24). In the first
step, two overlapping DNA fragments were amplified by the terminal primers
and overlapping internal primers encompassing the designed mutant. The prod-
ucts of this first round of amplification were gel purified and used for a second
round of PCR amplification in which only the terminal primers were used. The
terminal primers were VZGP1L5 and VZGP1S3 (defined above). The internal
primers were as follows: glycosylation site 1, 5'-ATTGTTGTAAACACGG
GCACACTGTTTGA-3" and 5'-CAGTGTGCCCGTGTTTA-3'; glycosylation
site 2, 5'-AAAACAAGAAACCCTGCGCCCGCAGTAACT-3' and 5'-TGC
GGGCGCAGGCTTTC-3'; and glycosylation site 3, 5'-CATGCAGATAACT
ACGCCGCATATTGTCTG-3' and 5'-ATATGCGGCGTAGTTAT-3'. For prep-
aration of fusion proteins, the terminal 5’ tac primer was 5'-CCCGGTACC
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AAGGGTCAGGAAGATGGA-3', which was paired with VZGP1L3. The in-
ternal primers were 5'-GGGGGTAATTTCTGTTGTAAATATGGACGT-3'
and 5'-TTTACAACAGAAATTACCCCCGTAAAC-3'.

Transfection of cells. Cos-7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing heat-inactivated 10% fetal bovine serum (FBS),
100 U of penicillin per ml, and 100 U of streptomycin per ml. Cultures were
maintained at 37°C with 5% CO,. Transfection was performed by electropora-
tion. Cos-7 cells (107) were released from dishes with trypsin (0.5 ml). Trypsiniza-
tion was stopped by adding 0.5 ml of cold electroporation buffer (DMEM, 10%
bovine calf serum, 20 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid]). A cell suspension (0.8 ml, containing 107 cells per ml) was trans-
ferred into a 0.4-cm gap cuvette (Bio-Rad Laboratories, Richmond, Calif.), and
40 wg of DNA was added. After incubation on ice for 5 min, the cuvette was
placed in the chamber of a Gene Pulser electroporation unit (Bio-Rad Labora-
tories) and pulsed at 300 V, 960 wF. After electroporation, the cuvette was put
on ice for 5 min and then the cells were transferred to a 10-cm tissue culture dish
containing growth medium. After 12 h, the media were changed and incubation
was continued for another 48 h at 37°C with 5% CO..

Immunocytochemistry. Transfected cells growing on cover slides in a six-well
tissue culture dish were fixed with 2% formaldehyde (freshly prepared from
paraformaldehyde) for 2 h at room temperature. The cells were washed with
phosphate-buffered saline (PBS) and some were permeabilized with 0.1% Triton
X-100 in PBS. The cells were then exposed either to mouse anti-VZV gpl (kindly
supplied by Charles Grose) or to mouse anti-tac monoclonal antibodies (1:100
diluted with PBS-2 mg of bovine serum albumin [BSA] per ml; Amersham Corp.,
Arlington Heights, Il1.) for 2 h at room temperature. After rinsing with PBS, the
cultures were exposed to fluorescein isothiocyanate- or tetramethyl rhodamine
isothiocyanate (TRITC)-labeled goat anti-mouse immunoglobulin G (1:80 di-
luted with PBS-2 mg of BSA per ml) (Kirkegaard & Perry, Gaithersburg, Md.),
washed in PBS, and mounted in the presence of B-nitrophenol, to minimize
fading. Antibodies to the large cation-independent Man 6-P receptor (MPR®)
(7, 9, 16) enabled the TGN to be identified (1). Although the MPR® is also
located in prelysosomes (late endosomes) (4, 10), which are visible when MPR®!
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FIG. 2. Constructs used to transfect cells in this study. (A) Schematic pre-
sentation of the full-length tac, gpI(wt), gpl(trc), and chimeric proteins tac(e)-
gpI(mc), in which the extracellular domain of tac was fused to the transmem-
brane and cytosolic domains of gpl, and tac(e)-gpI(mAc), in which the
extracellular domain of tac was fused only to the transmembrane domains of gpl.
The approximate positions of potential glycosylation sites on the extracellular
domain of gpI are indicated. The open region in tac, and the checkered regions
in gpI(wt), and the chimeric proteins show the position of the presumed trans-
membrane domains of the molecules. (B) Schematic presentation of gpl(trc)
mutants in which potential glycosylation sites were deleted individually or all
together, gpl(trc)[ng].



VoL. 69, 1995

| 2 3 4 5
_—106

‘ H- - 80

- 5()

-

FIG. 3. Immunoblots indicate that transfected cells synthesize and glycosy-
late gpI(wt) or gpI(trc). Cos-7 cells were transfected with cDNA encoding either
gpl(trc) (lanes 2 and 4) or gpI(wt) (lanes 3 and 5). The cells were either
incubated in unsupplemented growth medium for 60 h (lanes 4 and 5) or incu-
bated in unsupplemented growth medium for 48 h and then changed to medium
containing 10 mM tunicamycin for an additional 12 h (lanes 2 and 3). After
incubation, cellular proteins were extracted, resolved by SDS-PAGE, blotted
onto nitrocellulose, and probed with antibodies to gpl. The arrows show the
position of gpl(trc) (lane 4) and gpI(wt) (lane 5) from non-tunicamycin-treated
cells. Note that tunicamycin causes both gpI(trc) (lane 2) and gpI(wt) (lane 3) to
shift to a lower apparent molecular weight. Note that small-sized gpI-immuno-
reactive products of evident degradation are also present (arrowheads), espe-
cially for gpI(trc) (lanes 2 and 4). No gpl-immunoreactive proteins were detected
in cells that were not transfected (lane 1).

immunoreactivity is demonstrated, its concentration in the TGN permits that
organelle to be visualized. A second TGN marker was the lipid N-(g-7-nitrobenz-
2-oxa-1,3-diazo-4-yl-aminocaproyl)-D-erythro-sphingosine (Cs-NBD-Cer), which
concentrates in the TGN (22). Double labeling was carried out with primary
antibodies raised in different species in combination with appropriate species-
specific secondary antibodies. Immunoreactivity was visualized by vertical fluo-
rescence microscopy. TRITC fluorescence was viewed with a dichroic mirror-
filter cube (exciting filter BP 530-560; dichroic mirror RKP 580; barrier filter LP
580) that passed no fluorescein isothiocyanate fluorescence. Fluorescein isothio-
cyanate fluorescence was viewed with a narrow band dichroic mirror-filter com-
bination (exciting filter BP 450-490; dichroic mirror RKP 510, barrier filter BP
525/20) that passed no TRITC fluorescence.

Immunoblotting. Transfected and control cells were collected and rinsed with
PBS, and the cell pellets were boiled in LSB for 5 min. For analysis of release of
protein into tissue culture fluid (TCF), the final 12 h of incubation were carried
out in a serum-free medium consisting of modified Eagle’s medium with 0.5%
FBS. The TCF was collected, clarified by centrifugation, lyophilized, and ex-
tracted into LSB as described above. Proteins in the LSB were separated by
SDS-PAGE and then electroblotted onto nitrocellulose paper by using a transfer
buffer (150 mM NaCl, 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid
[CAPS], 10% methanol). Nonspecific binding was blocked with PBS containing
5% non-fat dry milk. Blots were then incubated with mouse anti-VZV gpl
monoclonal antibodies (1:2000; diluted with PBS-3% dry milk) for 2 h, and
immunoreactivity was demonstrated with peroxidase-conjugated rabbit anti-
mouse antibody (diluted 1:1000) and visualized by incubation with 3-3’-diami-
nobenzidine.

RESULTS

gpl(wt) and gpl(trc) are glycosylated in transfected Cos-7
cells. In initial experiments, Cos-7 cells were transfected either
with a construct that encoded the full-length gpI(wt) or with a
construct that encoded the truncated product gpl(trc), from
which both the membrane-spanning and cytosolic domains
were deleted (Fig. 2A). Immunoblots were prepared at 60 h
after transfection. Essentially, no gpl-immunoreactive protein
was found in control cells, which were not transfected with
either construct (Fig. 3, lane 1). The major gpIl-immunoreac-
tive polypeptides found in cells transfected with gpI(wt) ranged
in size from 80 to 95 kDa (Fig. 3, lane 5). This size variation is
likely to reflect variable amounts of glycosylation of the ex-
pressed protein, because no immunoreactive protein in this
size range was observed when transfected cells were exposed to
tunicamycin (10 pM; Fig. 3, lane 4); tunicamycin treatment
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caused a band shift of about 10 kDa. The major gpl-immuno-
reactive polypeptides found in cells transfected with the
gpl(trc) ranged in size from 60 to 70 kDa (Fig. 3, lane 3). As
occurred with cells transfected with cDNA encoding the full-
length gpI(wt), tunicamycin treatment of cells transfected with
the gplI(trc) caused a band shift of about 10 kDa (Fig. 3, lane
2). Lower molecular size breakdown products were also ob-
served in immunoblots, especially when cells were treated with
tunicamycin. These data indicate that both the full-length,
gpl(wt), and the gpl(trc) are synthesized and glycosylated in
Cos-7 cells transfected with the corresponding cDNAs. Both
products, therefore, are probably translated on attached
polyribosomes and cotranslationally translocated through the
membrane of the ER to permit the polypeptide chains to be
glycosylated within the lumen. These results are consistent with
hydropathy plots (not illustrated), which suggest that gpl con-
tains an N-terminal signal sequence. Subsequent processing of
the gpI(wt) and gpl(trc) proteins, however, appeared to differ.

gpl(trc) is degraded to a greater extent than gpl(wt) and is
secreted. More breakdown products were observed when cells
were transfected with the gplI(trc) than with the gpI(wt) (Fig.
4); moreover, gpl(trc) disappeared at a more rapid rate than
gpl(wt) when transfected cells were incubated in the presence
of cyclohexamide (not illustrated). gpI(trc), therefore, was less
stable in transfected cells than was gpl(wt). To determine
whether gpI(wt) or gpl(trc) was secreted, TCF was collected
from the transfected cells and analyzed by SDS-PAGE. A
75-kDa band was detected in the TCF of cells transfected with
the gplI(trc) (Fig. 4, lane 5). Since the size of this polypeptide
was larger than that of the cell-associated gpl(trc), this protein
must have traversed the Golgi complex and acquired sugar
residues en route to secretion. Similarly, since the size of cell-
associated gpl(trc) was smaller than that which was secreted,
the bulk of this material must not have traversed the Golgi
apparatus. In contrast, no band was detected in the TCF ob-
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FIG. 4. gpl(trc), but not gpI(wt), is secreted. Cos-7 cells were transfected
with cDNA encoding either gpl(trc) (lanes 1, 2, 5, and 6) or gpI(wt) (lanes 3, 4,
7, and 8). Cells were incubated for 48 h after transfection and then for an
additional 12 h in a medium in which the FBS concentration was reduced to
0.5%. After incubation, cellular proteins were extracted, resolved by SDS-
PAGE, blotted onto nitrocellulose, and probed with antibodies to gpI (lanes 1 to
4). In addition the medium (TCF) was also collected and similarly analyzed
(lanes 5 to 8). Experimental cells were treated with chloroquine (100 pM), which
was present during the final 12 h of incubation (lanes 2, 4, 6, and 8). Note that
chloroquine induced an apparent increase in the density of the gpl-immunore-
active protein obtained from cells transfected with cDNA encoding gpl(trc)
(compare lane 2 [chloroquine] with lane 1). No change followed treatment with
chloroquine when cells were transfected with gpI(wt) (compare lane 4 [chloro-
quine] with lane 3). Secretion of gpI(trc) has occurred, since this gpI(trc) () is
present in the medium of cells transfected with cDNA encoding gpl(trc) (lanes
5 and 6). The evident secretion of gpl(trc) is reduced by chloroquine (compare
lane 6 [chloroquine] with lane 5). No secretion of gpI(wt) can be detected either
in the absence (lane 7) or presence of chloroquine (lane 8). The arrow on the left
indicates the position of the full-length gpI(trc) and the arrowhead indicates the
position of the full-length gpI(wt).
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tained from cells transfected with gpI(wt) (Fig. 4, lane 7).
gpl(trc), but not gpI(wt), therefore, is secreted.

Since the carbohydrate chains of gpI contain Man 6-P (7), it
is conceivable that the gpl(trc) could, like lysosomal enzymes,
which also acquire Man 6-P, bind to an MPR (15, 16). Binding
of the gpl(trc) to an MPR, if it occurred, would be expected to
target the gpl(trc) to lysosomes, a process that could account
for the greater breakdown of the gpI(trc) than of the gpI(wt).
The gpI(wt) is an integral membrane protein and thus might
not be sorted by binding to an MPR in the same way as
lysosomal enzymes, which are free proteins in the cisternal
space. To determine whether an intracellular MPR might be
involved in targeting of the gpl(trc), we incubated transfected
cells with chloroquine (100 wM) in order to alkalinize internal
compartments, interfere with the trafficking of MPRs, and
prevent diversion of gpl(trc) from the secretory pathway to the
endosomal pathway (7, 16). Treatment of transfected cells with
chloroquine for 12 h did not promote secretion of the gpl(trc);
instead, secretion was inhibited (Fig. 4, lane 6). The decrease
in gpl(trc) secretion was accompanied by a chloroquine-in-
duced increase in the amount of gpl(trc) that remained cell
associated (Fig. 4, lane 2). Since alkalinization by chloroquine
inhibits degradation of proteins in lysosomes, the increase in
intracellular gpl(trc) could have resulted from protection of
gpl(trc) in lysosomes. Alternatively, chloroquine might have
reduced secretion of the gpl(trc) nonspecifically, by retarding
its intracellular transport. In order to distinguish between these
possibilities, we deleted all three potential glycosylation sites
from gpl(trc) (Fig. 2B, gpl(trc)[ng]). Cos-7 cells were then
transfected with cDNA encoding the glycosylation site-deleted
variant, gpl(trc)[ng], and we determined the effect of chloro-
quine on its breakdown and secretion. Like gpl(trc), gpI(trc)[ng]
was secreted; however, in contrast to gpl(trc), the size of the
secreted gpl(trc)[ng] was not larger than that of the cell-associ-
ated protein, confirming that sugar residues were not added to
gpl(trc)[ng] in the Golgi apparatus prior to secretion (data not
illustrated). Again, chloroquine inhibited the secretion of
gpl(trc)[ng] and increased the proportion that was cell associ-
ated. These observations suggest that the effects of chloro-
quine are antisecretory and do not support the idea that the
gpl(trc) is diverted by an MPR from the secretory pathway to
lysosomes.

Localization of the gpI(wt) and the gpl(trc) in transfected
Cos-7 cells. We tested the hypothesis that intracellular target-
ing of gpI(wt) is dependent on a sequence or patch located in
the putative cytosolic domain of gpl (Fig. 2A). Since gpl(trc)
retains the N-terminal ER-directing signal sequence of the
gpl(wt) but lacks the likely hydrophobic membrane-spanning
and cytosolic domains, it would be expected to be a soluble
intracisternal protein and targeted differently from gpI(wt),
which is an integral membrane protein. In order to test the role
of the probable membrane-spanning and cytosolic domains of
gpl(wt), Cos-7 cells were transfected with cDNA encoding
either gpI(wt) or gpl(trc) and the respective proteins were
located immunocytochemically by using an antibody to gpl.
The immunoreactivity of the MPR® was studied simulta-
neously in the same cells and served as a TGN marker. The
location of C,-NBD-Cer was also determined and utilized as a
second TGN marker. In permeabilized cells transfected with
cDNA encoding gpI(wt), intracellular gpl immunoreactivity
was highly concentrated in a Golgi pattern that coincided with
the location of MPR® immunoreactivity (Fig. 5A and B). This
pattern suggests that gpI(wt) is targeted to the TGN. In con-
trast, in cells transfected with cDNA encoding gpI(trc), most
gpl immunoreactivity was located in the ER (Fig. 5C) and only
small amounts codistributed with MPR® immunoreactivity
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(Fig. 5D). The location of gpI immunoreactivity was also co-
incident with that of C,-NBD-Cer in cells transfected with
c¢DNA encoding gpI(wt) (Fig. 5E and F) but not in cells trans-
fected with cDNA encoding gpl(trc) (Fig. 5G and H). When
antibodies to gpl were applied to cells that had not been
permeabilized, cell surface gpl immunoreactivity was found on
cells that had been transfected with cDNA encoding gpI(wt)
(Fig. 6A) but not on those transfected with cDNA encoding
gpl(trc) (Fig. 6B). These observations are consistent with, but
not proof of, the hypothesis that there is a targeting signal in
the cytosolic domain of gpI(wt). Although the protein synthe-
sized in cells transfected with gpl(trc) did not, like that in cells
transfected with cDNA encoding gpI(wt), accumulate in the
TGN, a role in targeting of a sequence in the transmembrane
domain of gpl is not excluded by these data.

The possibility that N glycosylation might affect the intracel-
lular targeting of the intracisternal protein gpI(trc) was inves-
tigated by mutating each of the potential glycosylation sites of
this protein individually or all three together (Fig. 2B). The
apparent molecular sizes, ~55 kDa, of gpl(trc)S,s—G and
that of gpI(trc)T,30—A were each found to be about 5 to 8
kDa lower than that of gpl(trc), ~65 kDa. In contrast, the
apparent molecular size, ~65 kDa, of gpl(trc)T5,,—A was
identical to that of gpl(trc); moreover, the apparent molecular
size of gpI(trc)[ng], which lacks all three potential glycosylation
sites was about 10 to 16 kDa lower than that of either gpl(trc)
or gpl(trc)T5,,—A. These observations suggest that only two
of the three potential glycosylation sites of gpI(trc) are actually
used. The distribution of gpl immunoreactivity in cells that
were transfected with each of the glycosylation site-deficient
mutants could not be distinguished from that observed in cells
transfected with gpl(trc) itself (data not illustrated). These
observations do not support the hypothesis that N glycosyla-
tion affects the trafficking of gpI(trc).

The TGN targeting signal of gpI(wt) is located in its cyto-
solic domain. To distinguish a possible role in targeting of
cytosolic and transmembrane domains of gpl, we prepared
cDNA constructs encoding chimeric proteins in which the ex-
tracellular domain of the plasma membrane marker protein,
tac was fused either to the entire region, encompassing both
the transmembrane and cytosolic domains of gpl [Fig. 2A,
tac(e)-gpl(mc)], or only to the transmembrane domain of gpl
[Fig. 2A, tac(e)-gpI(mAc)]. Cos-7 cells were then transfected
with these constructs or with cDNA encoding the full-length
sequence of tac, and the distribution of the corresponding
proteins was investigated immunocytochemically with antibod-
ies that reacted with the extracellular domain of tac. tac-im-
munoreactivity protein accumulated on the surfaces of cells
transfected with the full-length cDNA encoding tac, and very
little immunoreactivity was observed intracellularly (Fig. 7A).
In contrast, tac immunoreactivity accumulated in the Golgi
region of cells transfected with cDNA encoding the chimeric
protein, tac(e)-gpI(mc), in which both the transmembrane and
cytosolic domains of gpI were fused to the extracellular domain
of tac (Fig. 7B). Small immunoreactive vesicles were also
present but were rare, although some tac-immunoreactive pro-
tein was also detected at the cell surface. When cells were
transfected with cDNA encoding the chimeric protein, tac(e)-
gpl(mAc), in which only the transmembrane domain of gpl was
fused to the extracellular domain of tac, immunoreactivity did
not accumulate in the Golgi region but instead was distributed
in small vesicles that were scattered throughout the cytoplasm
(Fig. 7D). Double-label immunocytochemistry was used to
identify the structures in which tac immunoreactivity accumu-
lated in cells transfected with cDNA encoding the chimeric
proteins. The tac immunoreactivity in cells transfected with



FIG. 5. The intracellular distribution of gpl immunoreactivity coincides with MPR® immunoreactivity and C4-NBD-Cer in cells transfected with cDNA encoding
gpl(wt) but not gpl(trc). Cos-7 cells were transfected with cDNA encoding gpl(wt) (A and B, E and F) or gpl(trc) (C and D, G and H). The immunoreactivity of the
MPR (B and D) and the distribution of C¢-NBD-Cer (F and H) served as TGN markers and were visualized simultaneously with gpI immunoreactivity (A, C, E, and
G). In cells transfected with cDNA encoding gpI(wt), gpl immunoreactivity was colocalized with MPR® immunoreactivity (compare panel A, gpl, with panel B, MPR*)
and with C¢-NBD-Cer (compare panel E, gpl, with panel F, C-NBD-Cer). No colocalization of the two TGN markers with gpI immunoreactivity evident in cells
transfected with gpl(trc) (compare panel C, gpl, with panel D, MPR®, and panel G, gpl, with panel H, C;-NBD-Cer). Corresponding TGN regions in each pair of
micrographs are mar by arrows. The pattern of gpl immunoreactivity in cells transfected with cDNA encoding gpI(trc) (C and G) resembles that of the ER,
suggesting that there may be relatively little transport of gpI(trc) out of this organelle. Ba
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cDNA encoding tac(e)-gpI(mc) (the transmembrane and cyto-
solic domains of gpl fused to the extracellular domain of tac)
displayed a coincident localization both with Cs,-NBD-Cer
(Fig. 7E and F) and with MPR® immunoreactivity (not illus-
trated). In order to determine whether the small vesicles con-
taining tac immunoreactivity in cells transfected with cDNA
encoding tac(e)-gpIl(mAc) (only the transmembrane domains
of gpl fused to the extracellular domain of tac) were endo-
somes, Cos-7 cells were incubated for 1 h with a-macroglobulin
coupled either to fluorescein isothiocyanate or to the red flu-
orescent dye, Cy3, prior to transfection in order to prelabel
structures accessible to an endosomal marker. The small tac-
immunoreactive vesicles were found to contain fluorescent
a-macroglobulin (Fig. 7G and H). These data suggest that the
TGN-targeting domain of gpl resides in its cytosolic domain.

DISCUSSION

The current experiments were undertaken to test the hy-
pothesis that gpl is targeted to the TGN because of a signal
contained in the sequence of the molecule. To do so, Cos-7
cells were transfected with a variety of cDNA constructs so that
the intracellular sorting and targeting of gpl could be investi-
gated independently of other virally encoded products. gpI was
selected for study because it is the most abundant gp of the
VZV envelope (19). Although gpl is thus a good model, there
was no reason to suspect that gpl plays a greater role in viral
envelopment than any of the other gps of the viral envelope.
The data indicated that cells transfected with cDNA encoding
the full-length gpI(wt) synthesize and glycosylate the protein
but do not secrete it. Immunocytochemical observations dem-
onstrated that the gpI(wt) synthesized in the transfected cells
accumulated in the Golgi region and reached the plasma mem-
brane. Since the gpl-immunoreactive protein in the Golgi re-
gion coincided in its location with those of MPR® immunore-
activity and C4-NBD-Cer, it was concluded that gpI(wt) is
targeted to the TGN. Since no other products encoded by the
VZV genome are expressed in transfected cells, the observa-
tions provide support for the hypothesis that the information
required for the targeting of gpI(wt) is present in the sequence
of this protein.

In order to determine which domain of the gpI(wt) sequence
is responsible for its trafficking to the TGN, cells were trans-
fected with cDNA encoding a mutant, gpl(trc), that lacked the
putative transmembrane and cytosolic domains. Cells synthe-
sized and glycosylated this protein, demonstrating that it is
produced on ribosomes attached to the ER and translocated to
the cisternal space. In contrast to gpI(wt), however, gpl(trc)
was secreted, suggesting that, as expected, the protein was not
an integral membrane protein but free in the cisternal space.
Since the secreted form of the gpl(trc) was somewhat larger
than the cell-associated protein, it is likely that additional sugar
residues were added to gpl(trc) in the Golgi apparatus prior to
secretion (16). Since gpI(trc) was less stable in transfected cells
than was gpI(wt), we investigated the possibility that gpI(trc) is
partially diverted to the lysosomal pathway. The potential for
such a diversion arises because VZV gps have been demon-
strated to acquire Man 6-P and thus might bind to an MPR (7);
moreover, gps of HSV have also been recently observed to
acquire Man 6-P in transfected cells and to bind to MPRs (2).
Despite the glycosylation of gpl(trc), however, no evidence
could be obtained to indicate that glycosylation plays an im-
portant role in the trafficking of this molecule. The weak base,
chloroquine, did decrease the proportion of secreted gpl(trc)
and increase that which remained cell associated; nevertheless,
chloroquine exerted the same effect on the distribution of
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FIG. 6. gpl immunoreactivity reaches the surfaces of cells transfected with
c¢DNA encoding gpI(wt) but not gpl(trc). Cells were transfected with either
gpl(wt) (A) or gpl(trc) (B) and examined immunocytochemically without per-
meabilization. As a result, only cell surface immunoreactivity is detectable. Note
that the surfaces of cells transfected with gpI(wt) display gpl immunoreactivity
(A), but no gpl immunoreactivity appears on the surfaces of similarly treated
cells transfected with gpI(trc) (B). Bars, 20 wm.

secreted and cell-associated protein synthesized by cells trans-
fected with cDNA encoding a variant of gpl(trc) in which all
three potential glycosylation sites were deleted. In addition,
the intracellular distribution of gpl-immunoreactive protein in
cells transfected with variants of gpI(trc), in which each of the
potential glycosylation sites was mutated, individually, or all
together, was indistinguishable from that of gpI(trc) itself. The
intracellular distribution of gpl(trc) was quite different from
that of gpI(wt). In contrast to gpI(wt), gpI(trc) did not accu-
mulate in the Golgi (TGN) region and did not reach the
plasma membrane. The failure of gpl(trc) to reach the cell
surface is consistent with the idea that it becomes free in the
cisternal space and does not associate with membranes. The
failure of gpl(trc) to accumulate in the region of the TGN
implies that the domain(s) of the molecule responsible for
targeting the protein to this structure have been deleted. The
bulk of gpI(trc) within cells appeared, on the basis of immu-
nocytochemical observations, to be retained in the ER. It
seems likely that this abnormal molecule is recognized as such
in transfected cells and is largely retained and degraded in the
ER (18), accounting for the greater instability of this gpI(trc)
than gpI(wt). Subsequent studies were thus carried out with
constructs encoding chimeric integral membrane proteins that
would more closely resemble gpI(wt) than gpI(trc).
Constructs encoding chimeric molecules were employed to
distinguish the role in the targeting of gpl of its transmem-
brane and cytosolic domains. The extracellular domain of tac
was fused to either the transmembrane domain of gpl or to
both its transmembrane and cytosolic domains. As expected
tac-immunoreactive protein was targeted to the plasma mem-
brane in control cells transfected with cDNA encoding the
full-length tac. In cells transfected with cDNA encoding the
chimeric tac(e)-gpl(mc), in which the extracellular domain of
tac was fused to the transmembrane and cytosolic domains of
gpl, however, the distribution of tac-immunoreactive protein
was the same as that of gpl-immunoreactive protein in cells
transfected with gpI(wt). As a result, tac-immunoreactive pro-
tein displayed a coincident distribution with those of the TGN
markers, MPR® immunoreactivity, and C,-NBD-Cer. In con-
trast, in cells transfected with tac(e)-gpI(mAc), in which the



FIG. 7. The cytosolic domain of gpI contains all the information needed to target the protein to the TGN. Cells were transfected with cDNA encoding tac or with
constructs encoding chimeric proteins in which the extracellular domain of tac [tac(e)] was fused to the transmembrane and cytosolic (mc) domains of gpl or only to
the gpI transmembrane domain (mAc). (A) In cells transfected only with cDNA encoding tac, the tac immunoreactivity concentrates on the cell surface. (B and C) In
cells transfected with the construct tac(e)-gpI(mc), tac immunoreactivity (arrows) is concentrated in the Golgi region. Small numbers of cytoplasmic tac-immunoreactive
vesicles are also found. (D) In cells transfected with the construct, tac(e)-gpIl(mAc), tac immunoreactivity is concentrated in small cytoplasmic vesicles and does not
accumulate in the Golgi region (compare with panel C). (E and F) The region of cells in which tac immunoreactivity accumulates (E, arrows) in cells transfected with
c¢DNA encoding tac(e)-gpI(mc) is the same as that in which C4-NBD-Cer (F, arrows) is concentrated. (G and H) The small cytoplasmic vesicles in which tac
immunoreactivity accumulates in cells transfected with cDNA encoding tac(e)-gpI(mAc) are accessible to a2-macroglobulin. Representative colabeled vesicles are
indicated by the small arrows. Bars, 20 wm.
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chimeric protein lacked almost the whole of the cytosolic do-
main of gpl, tac-immunoreactive protein was not targeted to
the TGN, but instead accumulated in small cytoplasmic vesi-
cles. Since these vesicles were accessible to a marker, o2-
macroglobulin, that enters cells by endocytosis, the tac-immu-
noreactive vesicles were identified as endosomes. These
observations suggest that a domain found within the cytosolic
tail of gpl is responsible for retaining the protein in the TGN.
In the absence of the cytosolic tail, the protein traverses the
Golgi apparatus and reaches endosomes.

In infected cells, the final site of viral envelopment has been
demonstrated to be the TGN (9). Electron microscopic immu-
nocytochemical observations revealed that gpl-immunoreac-
tive protein becomes highly concentrated in the membrane of
the concave face of a curvilinear TGN-derived vesicle. An
abundance of viral tegument accumulates on the cytosolic side
of this membrane. Viral nucleocapsids appear to insert into the
cavity formed by the curving TGN membranes, which then
wrap around the capsids and fuse, trapping the tegument ma-
terial between the capsids and the gpl-containing membrane.
The original concave face of the TGN-derived vesicle, in which
gpl accumulates, thus becomes the viral envelope, while the
original convex face contains MPR® immunoreactivity and be-
comes a transport vesicle. It is possible that the presence of
Man 6-P on viral gps (7) is responsible for concentrating MPRs
in the membrane that becomes the transport vesicle. This re-
mains to be shown, but the transport of newly enveloped VZV
in vesicles that contain MPRs has been proposed to be respon-
sible for the routing of the virions to prelysosomes (late endo-
somes) and thus for the high rate of intracellular degradation
of VZV that occurs prior to its secretion by infected cells in
vitro and for the cell-associated nature of the virus (7-9, 26).
The present study suggests that the concentration of gpl in the
TGN that occurs in infected cells depends on a sequence (or
sequences) that is present in the cytosolic domain of this mol-
ecule. Conceivably, tegument proteins, which lack signal se-
quences and thus are synthesized in the cytosol, may also bind
to the cytosolic domain of gpl or other viral gps. Such binding
would account for the observed accumulation of tegument
protein adherent to the cytosolic face of the TGN membrane
that is rich in gpI (9). The gp-tegument complex in this location
could also account for the targeting of cytosolic nucleocapsids
to the concave face of the TGN-derived envelopment vesicles.
This formulation is strictly a model at this time. Although the
hypothesis accounts for all observed data, neither the proposed
binding of tegument proteins to the cytosolic domains of viral
gps nor the proposed attraction of cytosolic nucleocapsids to
gp-tegument complexes has been demonstrated. These critical
elements of the model must be tested in future studies; how-
ever, the targeting of viral gps to the TGN as a result of a signal
sequence or patch in the cytosolic domains of these molecules
could be a critical element in determining the site and mech-
anism of envelopment of VZV.

Although it now seems likely that the cytosolic domain of
gpl, the most abundant gp of the VZV envelope, contains the
information necessary for concentrating that protein in the
TGN, it cannot be assumed that an identical signal or even the
same mechanism is responsible for targeting other gps. In fact,
hydropathy plots of the sequences of other gps (6) suggest that
only gpl, gplIl, and gpIV have cytosolic tails of significant
length; moreover, there is relatively little sequence identity in
the putative cytosolic regions of these molecules. It is thus not
yet clear what is responsible for routing gps other than gpl to
the TGN. Signal sequences in different regions of the other gps
may be responsible. Alternatively, other gps may not be inde-
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pendently targeted to the TGN, but instead they could be
attracted to the site of viral envelopment by binding to gpl.

It should be noted that despite its accumulation in the TGN
of transfected cells, gpI(wt) and the chimeric tac(e)-gpI(mc),
which contains the TGN-targeting cytosolic domain, were not
limited to this structure. Studies with cells that were not per-
meabilized clearly demonstrated that gpI(wt) and tac(e)-
gpl(mc) were also present in the plasma membrane. This ob-
servation, also consistent with the behavior of gpl in infected
cells, where a fraction is incorporated into the plasma mem-
brane, implies that gpIl(wt) and tac(e)-gpI(mc) are not an-
chored in the TGN. Instead, there must be membrane traffic in
gpl(wt)-containing vesicles between the TGN and the plasma
membrane. Since the progression of vesicles to the plasma
membrane does not deplete the TGN of gpI(wt) or tac(e)-
gpl(mc), however, it seems likely that the traffic is two way and
that gpI(wt) and tac(e)-gpI(mc) probably return to the TGN
from the plasma membrane to maintain the concentration of
gpl(wt) or tac(e)-gpI(mc) in the TGN. This behavior of
gpl(wt) is in marked contrast to that of tac(e)-gpI(mAc), which
lacks the TGN-targeting cytosolic domain and progresses to
endosomes and/or lysosomes in a manner that results in its
depletion from the TGN. The accumulation of this molecule in
endosomes, where it codistributes with a2-macroglobulin sug-
gests that tac(e)-gpI(mAc) reaches the plasma membrane, like
gpl(wt) and tac(e)-gpI(mc), and is retrieved by endocytosis,
but then the absence of the TGN-targeting cytosolic domain
causes tac(e)-gpI(mAc) to be unable to return to the TGN and
to remain in endosomes. The cytosolic protein(s) that recog-
nize the TGN-targeting cytosolic domain of gpl and mediate
its trafficking remain to be identified.
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