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Varicella-zoster virus (VZV) is enveloped in the trans-Golgi network (TGN). Here we report that glycoprotein
I (gD) is required within the TGN for VZV envelopment. Enveloping membranous TGN cisternae were
microscopically identified in cells infected with intact VZV. These sacs curved around, and ultimately enclosed,
nucleocapsids. Tegument coated the concave face of these sacs, which formed the viral envelope, but the convex
surface was tegument-free. TGN cisternae of cells infected with VZV mutants lacking gI (gI,) or its C (gl,¢)-
or N-terminal (gI,)-terminal domains were uniformly tegument coated and adhered to one another, forming
bizarre membranous stacks. Viral envelopment was compromised, and no virions were delivered to post-Golgi
structures. The TGN was not gl-immunoreactive in cells infected with the gl or gl,, mutants, but it was in
cells infected with gl , - (because the ectodomains of gl and gE interact). The presence in the TGN of gl lacking
a C-terminal domain, therefore, was not sufficient to maintain enveloping cisternae. In cells infected with intact
VZV or with gl,, gl,n, or gl mutants, ORF10p immunoreactivity was concentrated on the cytosolic face of
TGN membranes, suggesting that it interacts with the cytosolic domains of glycoproteins. Because of the gE-gl
interaction, cotransfected cells that expressed gE or gl were able to target truncated forms of the other to the
TGN. Our data suggest that the C-terminal domain of gl is required to segregate viral and cellular proteins

in enveloping TGN cisternae.

Morphological observations have indicated that nucleocap-
sids are assembled in the nuclei of cells infected with varicella-
zoster virus (VZV) and acquire an envelope from the inner
nuclear membrane as they bud from the nucleus into the lu-
men of the perinuclear cisterna (PC)-rough endoplasmic retic-
ulum (RER) (10, 30). Although they are thus encapsulated, the
virions in the PC-RER do not appear to be completely formed
because they lack the electron-dense tegument layer that char-
acterizes mature virions. The envelope of these particles, fur-
thermore, does not display glycoprotein E (gE) immunoreac-
tivity and also fails to become radioautographically labeled
when cells are incubated with [*H]mannose (10). Since glyco-
proteins become N-glycosylated cotranslationally (19), these
data suggest that the envelope provided by the inner nuclear
membrane may be a temporary one that does not contain the
N-glycosylated glycoproteins of the mature viral envelope. The
maturation of virions, therefore, requires a mechanism that
permits them to acquire a normal complement of tegument
and their final envelope.

The process by which the requirements for envelopment are
fulfilled has been proposed to be the replacement, during the
intracellular transport of virions, of the initial, inner-nuclear-
membrane-derived envelope with a new one obtained from the
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trans-Golgi network (TGN) (10, 30). An analogous mechanism
has been postulated to be involved in the envelopment of
pseudorabies virus (33). The glycoproteins of VZV are tar-
geted to the TGN and, in infected cells, all appear to become
concentrated within this organelle (30). This sorting implies
that TGN targeting signals must be present in the sequences of
at least some VZV glycoproteins. Such signals have indeed
been identified in the cytosolic domains of gE (1, 2, 36, 37) and
gl (31). Unenveloped nucleocapsids are frequently seen in
electron micrographs of the cytosol of cells infected with VZV
(10). It is likely that these nucleocapsids reach the cytosol
because the temporary nuclear-membrane-derived envelope
fuses with the membrane of the RER, a phenomenon that can
readily be visualized when intracellular transport is slowed or
interrupted by incubating cells at low temperature or with
brefeldin A (10). The appearance of the TGN changes radi-
cally in cells infected with VZV. Sacs of the TGN become
flattened and acquire the shape of a “C”, with readily distin-
guishable concave and convex surfaces. The cytosolic face of
the concave surface of these cisternae is distinct because teg-
ument proteins accumulate on it. Because tegument proteins
lack a signal sequence, they must be synthesized in the cytosol
on free polyribosomes. Even though they are thus not integral
membrane proteins, tegument protein could nevertheless con-
centrate adjacent to the concave face of the C-shaped TGN
cisternae by adhering to the cytosolic tails of integral mem-
brane proteins that are restricted to this domain. Nucleocap-
sids, moreover, adhere to the tegument and both eventually
become surrounded by the TGN cisternae as these limbs of the
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TGN “wrapping” cisternae extend and ultimately fuse. The
fusion of the extending arms of the C shape completes a
sphere, which splits to form two membrane-enclosed struc-
tures: an inner enveloped virion and an outer transport vesicle.
The viral envelope is derived from the concave surface of the
wrapping cisterna, while the convex surface of the same struc-
ture gives rise to the membrane of the transport vesicle.

The proposed mechanism of TGN envelopment implies that
VZV glycoproteins become segregated within each of the C-
shaped wrapping cisternae of the TGN. Since the concave
surface of these cisternae is postulated to become the viral
envelope, the glycoproteins must specifically become concen-
trated within it. Tegument may thus bind (directly or via adapt-
ers) to the cytosolic domains of viral or other integral mem-
brane proteins of this membrane. In contrast, since the convex
surface is thought to become a transport vesicle, this face
would be expected to be rich in cellular proteins involved in
sorting, transport, and vesicular fusion (26). Specifically, the
membrane of the convex face of the wrapping cisternae con-
tains mannose 6-phosphate receptors (10), which may explain
the observation that newly enveloped virions are transported
from the TGN to late endosomes (prelysosomes) (9). TGN-
derived vesicles containing mannose 6-phosphate receptors are
preferentially sorted to late endosomes (7, 11, 19, 26, 28).

How the proteins of the viral envelope become differentially
sorted from the host proteins of the transport vesicle is un-
known. Because the glycoproteins are integral membrane pro-
teins, their segregation must take place within the plane of a
membrane, possibly that of TGN wrapping cisternae. Segrega-
tion of the glycoproteins could be brought about by protein-
protein interactions, either between the glycoproteins them-
selves (to form rafts) or with organizing peripheral membrane
proteins in the cytosol. Disruption of the segregation of viral
and cellular proteins within the membranes of the Golgi ap-
paratus and/or the TGN might be expected to cause the pro-
cessing of carbohydrates to become abnormal. The failure of
viral and cellular proteins to segregate properly would be an-
ticipated to alter the organization of the Golgi and/or TGN, as
well as the relationship between TGN cisternae and tegument
proteins.

It is possible that VZV gl plays a role in the segregation of
glycoproteins during the formation of the final viral envelope.
Although gI is dispensable, mutants that lack gl form micro-
plaques and exhibit a reduced rate of growth (4, 20). Cells
infected with gl-deficient virions form abnormal polykaryo-
cytes with a disrupted organization of nuclei (20). These cells
also aberrantly process gE (4). The molecular weight of gE
produced in the absence of gl is greater than normal because
of an alteration in its glycosylation. gl and gE are known to
form a complex with one another in the RER (1, 13, 14, 21, 24).
The absence of gl would thus be expected to affect post- rather
than cotranslational steps in the glycosylation of gE, most of
which occur in the Golgi apparatus (18). The Golgi apparatus,
the TGN, and tegument were therefore examined by light and
electron microscopic immunocytochemistry in cells infected
with VZV gl deletion mutants to test the hypothesis that gl
plays an important role in the separation of viral and host
proteins and/or the adherence of tegument to the nascent viral
envelope. Studies were carried out with VZV mutants that
lacked either all of gl or only its N- or C-terminal regions.
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ORF10p (5, 6), IE62 (16, 17), and IE63 (8, 12, 15) were
investigated because they are thought to be tegument proteins
and components of virions. Observations indicated that the
TGN wrapping cisternae and viral tegument form abnormal
stacks in cells infected with any of the tested gl mutant virions.
Envelopment of VZV is thus compromised. The data support
the idea that gl plays a role in enabling viral glycoproteins and
tegument to become sequestered on the concave face of the
C-shaped cisternae that normally envelop VZV in the TGN.

MATERIALS AND METHODS

Cells and infection. Wild-type (a low-passage isolate), Ellen, vaccine (Oka),
and mutant forms of VZV were propagated in human embryonic lung fibroblasts
(HELF), as previously described (10). Cells were examined 3 to 5 days after
infection. No significant differences were found in the appearance of cells in-
fected with the low-passage isolate, Ellen, or Oka strains but, except for the gI
mutant virions, all illustrations are of material infected with Ellen. The VZV
mutants were generated from four overlapping fragments of genomic DNA from
the Oka strain of VZV ligated into SuperCos 1 cosmid vectors, provided by
George Kemble (Aviron, Inc., Mountain View, Calif.) (20). The deficits in these
mutants have been demonstrated to be fully reversed by reinsertion of gl. MeWo
cells infected with mutant virions were sent to New York from California. These
cells were used to infect HELF cells, within which the mutant virions were
subsequently propagated. Extremely poor yields of cell-free virus were obtained
from cells infected with any of the gl deletion mutants. Microplaques were
observed when these mutants were propagated in HELF, just as previously
reported when these mutants were propagated in MeWo cells (20). On the other
hand, the multinucleated giant cells that were common in gl mutant-infected
MeWo cells were not observed in their HELF equivalents. In most experiments
with the gl mutant virions, therefore, infection was transmitted to fresh cultures
with cells rather than with cell-free VZV. The trafficking of gl immunoreactivity
in infected HELF cells was compared with that of gI in transfected Cos-7 cells,
which expressed either the full-length gl or a truncated mutant that lacked the N-
or C-terminal domain (31). Cos-7 cells were grown at 37°C with 5% CO, in
Dulbecco modified Eagle medium, containing heat-inactivated 10% fetal bovine
serum, 100 U of penicillin per ml, and 100 U of streptomycin per ml. Monoclonal
antibodies to gE and gl were purchased from Viro Research, Inc. (Rockford,
IIL).

Transfection. For transfection, cells were grown on glass coverslips in two- or
eight-well chambers. Cells were transfected with cDNA constructs using Lipo-
fectin (Life Technologies/GIBCO, Grand Island, N.Y.) according to the manu-
facturer’s directions. Cells were incubated at 37°C in an atmosphere of 5% CO,.
The media were changed after 12 h, and incubation was continued for another
48 h. In most experiments the cells were then fixed with 2% formaldehyde
(freshly prepared from paraformaldehyde) in phosphate-buffered saline (PBS) at
pH 7.4 for 2 h at room temperature.

Immunocytochemistry. Rabbit polyclonal antibodies to recombinant gE and gl
were also utilized (30, 31). Antibodies to detect the adaptin protein complex,
AP-1 (monoclonal anti-y-adaptin clone 100/3), were obtained from Sigma Chem-
ical Co. (St. Louis, Mo.) (2, 27). Fixed cells were washed with PBS and perme-
abilized with 0.1% Triton X-100 in PBS containing 2.0 mg of bovine serum
albumin (BSA) per ml. Primary and secondary antibodies used to visualize
proteins by single- and double-label immunocytochemistry were applied as de-
scribed previously (31). In initial experiments, the secondary antibodies were
goat anti-rabbit or anti-mouse immunoglobulin G labeled with fluorescein iso-
thiocyanate (FITC; Kirkegaard & Perry, Gaithersberg, Md.) or cyanine-3 (Cy3;
Jackson Immunoresearch Laboratories, Inc., West Grove, Pa.). In subsequent
studies, the secondary antibodies were coupled to Alexa fluor-488 or Alexa-594
(Molecular Probes, Inc., Eugene, Oreg.) because of the brighter fluorescence of
the newer fluorophores. Slides were examined by vertical fluorescence micros-
copy (Leica).

Electron microscopy. Cells were fixed with 2.5% glutaraldehyde and postfixed
in 1% OsO, containing 1% potassium ferrocyanide (9). Following dehydration
and clearing, these preparations were embedded in an epoxy resin (Epon 812).
For immunocytochemistry, the fixative contained 4% formaldehyde (from para-
formaldehyde) and either 0.05 or 0.1% glutaraldehyde in 100 mM sodium phos-
phate buffer. Residual aldehyde groups were quenched with 50 mM ammonium
chloride. Tissues for immunocytochemistry were washed, dehydrated, and em-
bedded in a hydrophilic embedding medium (LR Gold; in a well sandwiched
between two layers of ACLAR plastic). The resin was polymerized with UV light
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FIG. 1. (A) The domains of gI are shown diagrammatically. Note that the signal sequence, which is presumably responsible for the biosynthesis
of gl in the RER, is at the N-terminal end of the molecule. Because signal peptides are cleaved cotranslationally, this domain is not found in the
completed integral membrane protein. (B) The domains of the tested mutant forms of gl are compared to those of the full-length intact gI. The
numbers refer to base pairs in the VZV genome at which the sequence encoding the indicated domain begins or ends. (C) The predicted patterns
of gl trafficking in cells infected with the corresponding virions diagrammed in panel B. These predictions were tested in immunocytochemical
experiments. (i) gl,,.. The trafficking of gl in cells infected with intact VZV has previously been described (30) and is thus the expected pattern
in cells infected with intact virions. Since gl and gE form a complex in the RER, they would be expected to traffic together during post-RER stages
of intracellular transport. (ii) glc. Despite the deletion of its C-terminal domain, the gl mutant protein would still be expected to be synthesized
in the RER because it contains a signal sequence; however, since the transmembrane domain is lacking, the gl mutant should be completely
translocated to the lumen of the RER and lack a membranous anchor. Although gl is thus analogous to a secreted protein, the complex formed
with gE at its N-terminal would be expected to cause the gl mutant to be transported along with its normal gE partner. (iii) gl,n. The deletion
of the N-terminal domain of gl (gl,N) would be anticipated to prevent its biosynthesis in the RER because of the lack of a signal sequence. The
deletion of the N-terminal domain of gl would also be expected to prevent interactions of gl ,\ with gE. The elimination of these interactions would
not be expected to interfere with the targeting of gE to the TGN because gE has its own TGN targeting sequence and patch (37). (iv) gl,3,. The
total deletion of gl would, of course, be expected to eliminate gl immunoreactivity. Because of the endocytosis signal in the sequence of gE (22),
relatively little gE would be expected to be retained on the plasma membrane unless it were induced to remain there because it is complexed with
gl. gl is not retrieved to the TGN when it traffics to the plasma membrane in transfected cells that express only gl (1, 30; but see also reference
21). The retention of gE in the plasma membrane might thus occur in cells infected with virions carrying gl,, but not in those carrying gl or gl,.
Because the gl protein is not membrane anchored, it also would not be expected to interfere with the endocytosis of the gE to which it is bound.

at —20°C. Thin sections were cut and picked up on Formvar-carbon-coated and gE in cells infected with intact VZV and in cells infected
nickel grids. The sections were treated on the grids with a blocking solution with gI mutant virions. The production and characterization of

containing 1.0% BSA, 0.5% cold-water fish gelatin, and 0.1% Triton X-100 in . .
Tris-buffered saline for 60 min at room temperature. The sections were then these mutants have preVIOUSly been described (20)‘ The muta-

incubated with antibodies to gl, gE, or ORF10 as specified below. Grids were tions that were studied are illustrated in Fig. 1. The experi-

subsequently washed and incubated 3 h at room temperature with goat anti- ments were designed to test predictions about patterns of traf-

rabbit or anti-mouse secondary antibodies coupled to 5- or 10-nm particles of ficking of gl and gE in cells infected with the mutant virions.

colloidal gold (diluted 1:20 with blocking solution; Amersham Corp., Arlington C . .

Heights, I11.). Grids were examined in a JEOLCO JEM 1200 EX electron mi- These predictions were based on the assumptions that gl and

croscope. ¢E interact at the N-terminal domains of the molecules and
that a complex of these two proteins is formed in the RER (1,

13, 14, 21, 24). The sorting of gI has previously been studied at

RESULTS : ‘ i e ‘
the light microscopic level, both in infected cells (20, 30) and in
Immunocytochemical localization of gI and gE in cells in- transfected cells expressing only gI (1, 31, 34). Nevertheless,
fected with gI mutants. Light and electron microscopic immu- the effects of deleting gI, or particular regions of the molecule,

nocytochemistry were employed to study the targeting of gl on the structure of the TGN, the concentration of other gly-
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coproteins within the TGN, and the distribution of tegument
have not previously been investigated.

When cells were infected with intact VZV, both gE (Fig. 2A
and C) and gl (Fig. 2B and C) were concentrated in the TGN
where they were co-localized. The TGN was identified as de-
scribed previously (31), either by using the fluorescence of the
lipid, N-(e-7-nitrobenz-2-oxa-1,3-diazo-4-yl-aminocaproyl)-D-
erythro-sphingosine (C,-NBD-ceramide) (25) or antibodies to
v-adaptin (2, 27) as markers (data not illustrated). The immu-
noreactivities of both proteins were also located in the plasma
membrane (gl > gE). The complete deletion of gl (gl,) did
not affect the localization of gE in the TGN (Fig. 2D and F)
but, as expected, no gl immunoreactivity could be detected in
cells that were infected with gI, mutant virions (Fig. 2E and F).
The immunoreactivities of both gE (Fig. 2G and I) and gI (Fig.
2H and I) were evident when cells were infected with a mutant
gl lacking the C-terminal domain (gl ). Again, as in cells
infected with the intact VZV, a coincident localization of both
gE and gI was found in the TGN. The plasma membrane
localization of gl (Fig. 2H), however, was less evident in cells
infected with the gl,- mutant than was the case in cells in-
fected with intact VZV (compare Fig. 2B with Fig. 2H). When
the N-terminal region of gl was deleted (gl ), gE still became
concentrated in the TGN (Fig. 2J and L); however, very little
gl was seen in the gl y-infected cells (Fig. 2K). In particular,
no gl immunoreactivity could be detected in the TGN, plasma
membrane, or any other organelle.

Mutations in gl affect the envelopment of VZV. HELF cells
infected with intact VZV were examined electron microscop-
ically as a control to permit possible changes in envelopment
and/or intracellular transport caused by mutations in gl to be
identified. HELF cells were also infected with the mutant viri-
ons illustrated in Fig. 1 and were processed in a manner that
was identical to that used for the analysis of the control cells
infected with intact VZV, so that the two types of infected cells
could be compared. As previously reported (10), the PC-RER
(Fig. 3A) was found to contain enveloped virions in the control
cells infected with intact VZV. The structure of the particles in
the PC-RER, however, differed from that of mature enveloped
virions in that a clear zone was present in the space between
the viral envelope and the nucleocapsid, where electron-dense
tegument is normally found. (Compare the structure of the
virions in the PC-RER [Fig. 3A] with that of the virions found
in post-TGN vacuoles [Fig. 3D]). The envelope of the PC-
RER-located virions, moreover, could readily be distinguished
from that of the adjacent cellular membranes of the RER or
nuclear envelope. The viral envelope membrane was more
electron dense, slightly thicker, and more sharply defined than
the cellular membranes. When cells were incubated for 20 min
at 20°C, many profiles of virions fusing with the membranes of
the RER became evident (Fig. 3B). Following fusion, the viral
envelope, which could easily be distinguished from that of the
RER (because of its higher electron density and greater thick-
ness) became incorporated into the RER, providing access to
cytosol for unenveloped nucleocapsids. The domains of the
incorporated viral envelopes distorted the contour of the RER,
leaving a semicircular indentation (concave surface facing the
cytosol) at the site of fusion.

Unenveloped nucleocapsids were abundant in the cytosol of
cells infected with intact VZV (Fig. 3C) and, in the region of
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the TGN, these nucleocapsids were associated with curvilinear
C-shaped membranous sacs (Fig. 3C and Fig. 4A to C). The
membranes of these C-shaped cisternae have previously been
demonstrated to display TGN markers and thus to be derived
from that organelle (10). In most of the nucleocapsid-cisternal
complexes, the nucleocapsids were separated from the concave
face of the cellular membranes by electron-dense material that
resembled tegument. Varying stages in the wrapping of the
C-shaped cellular cisternae around nucleocapsids were identi-
fied, leading ultimately to the elimination of the portion of the
C shape open to the cytosol by the fusion of the extending arms
of the C shape (Fig. 4). This fusion and subsequent fission led
to the production of an enveloped virion (Fig. 4D) within a
tightly fitting vesicle. The concave tegument-coated face of the
original C-shaped membranous sac thus appears to provide the
viral envelope, while the outer tegument-free convex mem-
brane provides the vesicle within which the nascent virion is
initially contained. Despite their solitary enclosure in a small
vesicle at the time of their formation in the TGN, most of the
enveloped virions seen in the same cells were located in large,
irregularly shaped vacuoles, each of which contained multiple
virions (Fig. 3D). These vacuoles have previously been identi-
fied as late endosomes-prelysosomes because of their acidic
interiors (10) and accessibility within 1 h to a fluid-phase ex-
tracellular marker protein (9). Late endosomes are post-TGN
structures. Since both the membranes of late endosomes-pre-
lysosomes and those of the vesicles that enclose individual
virions within TGN contain mannose 6-phosphate (Man 6-P)
receptors (10), it is likely that the virion-containing vesicles
that form in the TGN deliver their contents to the late endo-
somes-prelysosomes where the virions accumulate. Most of the
virions in the late endosomes-prelysosomes are pleomorphic
and are degraded in their morphology (Fig. 3D). A final char-
acteristic of the VZV-infected cell is a proliferation of smooth
membranes in the form of a tubulovesicular network that is
continuous with the RER (Fig. 3D).

The ultrastructural appearance of cells infected with each of
the gl mutants (gl,, glae, and gl,n; Fig. 1) was strikingly
different from that of cells infected with intact VZV (compare
Fig. 5 with Fig. 3). The morphology of the cells infected with
any one of the gl mutants, however, could not be distinguished
from that of cells infected with another. The major differences
between the morphology of cells infected with the gl mutant
virions and that of cells infected with intact VZV lay in the
absence of virus-containing late endosomes-prelysosomes and
a striking alteration of the Golgi regions of cells infected with
the gl mutants (Fig. 5). Because the large accumulations of
virions in late endosomes-prelysosomes, which characterized
cells infected with intact virions (Fig. 3D), were never seen in
cells infected with the gl,, gl ¢, or gl mutants, cytoplasmic
virions were often difficult to find. The presence of nuclear
nucleocapsids was therefore used as a marker to identify cells
that were infected with the gl mutants.

In cells that contained relatively small numbers of nucleo-
capsids in their nuclei and were thus thought to be associated
with minimal or early infection, irregularly dilated vacuoles
with thickened membranes were found in the trans portion of
the Golgi apparatus (Fig. 5A). In the same cells, there was little
or no associated change in the morphology of the cis-Golgi or
the stacks of Golgi cisternae (Fig. 5A). At higher magnification
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FIG. 2. Immunocytochemical localization of gl and gE immunoreactivities in cells infected with intact (Ellen) or mutant VZV as shown in Fig.
1. (A to C) Wild-type VZV. (D to F) gl,. (G to I) glsc. (J to L) gl,n. The arrows point to the location of the TGN in the infected cells. The asterisk
indicates plasma membrane immunostaining. Bar, 10 pm.
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FIG. 3. Cellular locations of nucleocapsids and enveloped virions in HELF cells infected with intact (Ellen) VZV. (A) An enveloped virion lies

in the PC-RER (arrow). The virion is located at a point where the RER is continuous with the outer membrane of the nuclear envelope. The
thickness and electron density of the viral envelope are greater than those of adjacent cellular membranes. n, nucleus. (B) Enveloped nucleocapsids
in the RER fuse with RER membranes, releasing unenveloped nucleocapsids into the cytosol (arrows). The infected cells were incubated at 20°C
in order to slow the intracellular transport of VZV. (C) A nucleocapsid in the region of the TGN is partially wrapped by a C-shaped cisterna of
cellular membranes (arrow). Note the presence of dense material between the nucleocapsid and the inner, concave face of the wrapping cisterna.
Unenveloped nucleocapsids are present in the neighboring cytosol. (D) Enveloped VZV accumulates in large vacuoles that have been found to
be late endosomes-prelysosomes. Note also the proliferation of smooth cellular membranes, which are in continuity with the RER (arrow). Bars,

150 nm.

and in cells that contained greater numbers of nuclear nucleo-
capsids, the apparent thickening of vacuolar membranes could
be seen to be due to a coating of the TGN membranes with an
amorphous electron-dense material (Fig. 5B). The abnormal
vacuoles in the TGN assumed a number of bizarre shapes but
often appeared flattened and adherent to one another, forming
stacks (Fig. 5B) and evenly spaced concentric rings (Fig. 5C).
These stacks and rings consisted of alternating light (electron-
lucent) regions, which corresponded to the lumens of flattened
cisternae, and dark (electron-dense) layers, which corre-
sponded to the amorphous material that coated the vesicles.
The amorphous coating material thus appeared to “glue” ad-
jacent cisternae together to give rise to the stacks and concen-
tric rings of flattened cisternae. In cells that were very highly
infected (contained many nuclear nucleocapsids), the entire
TGN region was enlarged and assumed a structure that looked
like a honeycomb containing many chambers. The walls of
these chambers consisted of membranes coated with dense
osmiophilic material, while their dilated interiors were electron
lucent (Fig. 5D). Tegument-covered nucleocapsids and pleo-

morphic enveloped virions were found within the chambers.
The appearance of the osmiophilic material coating the walls
of the chambers of the TGN “honeycomb” was indistinguish-
able from that of the tegument around viral nucleocapsids. The
osmiophilic material was found on the cytosolic face of the
membranes it coated.

Location of gE and gl immunoreactivities in the TGN cis-
ternae of cells infected with gl,, gl,(, and gl,, mutant viri-
ons. Electron microscopic immunocytochemistry was used to
identify the abnormal structures found in the TGN region of
cells infected with gl,, gl,¢, and gl mutant virions. Postem-
bedding labeling with 10-nm particles of colloidal gold was
used to demonstrate the immunoreactivities of gE or gl. Abun-
dant gE immunoreactivity was found in the membranes, stacks,
and rings of cisternae in the TGN of cells infected with any of
the gl mutants (Fig. 6A). In the highly infected cells, within
which the TGN region appeared to be transformed into a
honeycomb, gE immunoreactivity was found both in the mem-
branes that lined the chambers and in the envelopes of the
virions trapped inside of them (Fig. 6B). No gl immunoreac-
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FIG. 4. Apparent stages in the envelopment of VZV in the TGN of cells infected with intact (Ellen) VZV. (A) An unenveloped nucleocapsid
makes contact with a specialized C-shaped cisterna of the TGN. Electron-dense material that resembles tegument accumulates between the
nucleocapsid and the concave face of the wrapping cisterna. (B and C) The arms of the “C” of the wrapping cisterna extend toward one another,
eliminating the space open to the cytosol and gradually enclosing more and more of the nucleocapsid. The electron-dense material remains
adherent to the concave face of the wrapping cisterna. (D) The opening to the cytosol has been closed. Two membranes surround the nucleocapsid.
The inner membrane has electron-dense tegument-like material adherent to it. The structure is interpreted to be a newly enveloped virion enclosed
in a transport vesicle. The inner membrane is in contact with tegument and is derived from the concave face of the original C-shaped cisterna. The
outer membrane, that of the transport vesicle, is derived from the convex face of the C-shaped cisterna. Bars, 150 nm.

tivity was seen in cells infected with virions from which gl was
deleted (gl,; data not illustrated); however, gl immunoreac-
tivity was observed in the membranes of the aggregated stacks
and rings of cisternae in the TGN region of cells infected with
the gl - mutant (Fig. 6C). In doubly labeled preparations of
cells infected with the gl . mutant virus, the membranes of the
abnormal vacuoles and cisternae of the TGN displayed coin-
cident localization of gE and gl immunoreactivities (Fig. 6D).
There was more gE than gl immunoreactivity in both the singly
and the doubly labeled gl material (Fig. 6C and D). Neither
¢E nor gl immunoreactivities were reproducibly associated
with the dense material that coated the cytosolic faces of the
viral glycoprotein-containing TGN membranes. In contrast to
the TGN cisternal membranes of cells infected with the gl
mutant virus, those of cells infected with gl contained only
¢E immunoreactivity (Fig. 7A). No gl immunoreactivity could
be found associated with any membrane in the gl,\-infected
cells. The gE immunoreactivity of the cells infected with the
gl n virus was confined to membranes and was not found in
the dense material that coated the cytosolic face of these mem-
branes or in the cytosol itself. The cells infected with the gl

virus did display small amounts of gl immunoreactivity (Fig.
7B); however, in contrast to cells infected with gl, ., this im-
munoreactivity was restricted to the cytosol of gl,y-infected
cells.

Coexpression with gl causes ORF10p to concentrate in
the TGN. Because tegument is incorporated into virions
during envelopment in the TGN, we investigated the possi-
bility that an interaction with a glycoprotein causes a tegu-
ment protein to become concentrated in the TGN. ORF10p
was selected for study because it is a tegument protein that
becomes incorporated into virions (5, 6), and gl was inves-
tigated because it contains a TGN retention signal (T33%)
(31). When expressed by itself in transfected cells ORF10p
immunoreactivity was found to be diffusely located through-
out the cytoplasm (Fig. 8A and B). In contrast, in cotrans-
fected cells that express both gl and ORF10p, the immuno-
reactivities of both proteins were strikingly colocalized in
the TGN (Fig. 8C and D). These observations are consistent
with the idea that ORF10p interacts with gl and that as a
result of this glycoprotein-tegument protein interaction,
ORF10p is translocated to the TGN.
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FIG. 5. The morphology of the TGN of cells infected with a mutant VZV in which the C-terminal portion of gl has been deleted (gl,¢) is
different from that of cells infected with intact (Ellen) VZV. The morphology of the TGN in cells infected with g, and gl,y cannot be
distinguished from that of cells infected with gl . (A) Vesicles, cisternae, and vacuoles of the TGN are distorted in contour, and their membranes
are increased in electron density (arrows) and apparent thickness. (B) The apparent increase in the thickness of the distorted membranes of the
TGN vacuolar structures is due to the presence of a circumferential coating of dense tegument-like material. Some of the coated membrane-
enclosed sacs of the TGN have flattened into cisternae and appear to adhere to one another (slightly curved arrow). Note also the proliferation
of smooth cellular membranes, which are in continuity with the RER (sharply curved arrow). (C) The adherence of adjacent coated membrane-
enclosed cisternae gives rise to bizarre concentric rings of repeating sacs. Electron-dense coatings are found between adjacent cisternae, while their
lumens are electron lucent, giving rise to alternating light (lumen) and dark (coated membrane) stripes. (D) In a highly infected cell, the TGN has
taken on the appearance of a honeycomb. The walls of the chambers of the honeycomb are composed of membranes the cytosolic faces of which
are coated with an electron-dense material. Pleomorphic virions (arrows) can be found within some of the chambers. Bars, 150 nm.

Coincident expression of gE and ORF10p occurs in infected
cells and is not significantly affected by deleting gl or its N-
and C-terminal domains. ORF10p was found to be colocalized
with gE in the TGN of cells infected with intact VZV (Fig. 9A
to C). Since the structure of the TGN is altered in cells that are
infected with gl mutant forms of VZV, we determined the
effect of these mutations on the coincident distribution of
ORF10p with gE in infected cells. Very little effect was found.
In all three gl mutants, gl (Fig. 9D to F), gl (Fig. 9G to I),
and gl (Fig. 9 to L), ORF10p continued to be colocalized
with gE in the TGN. There were, however, occasional cells,
seen especially in those infected with the gI, mutant, in which
gE immunoreactivity could be found in the TGN, but not
ORF10p. In all cells, those infected with intact VZV (Fig. 9B),
as well as those infected with the gl (Fig. 9E), gl (Fig. 9H),
and gl (Fig. 9K) mutant virions, the cytosol was also mod-
erately ORF10p immunoreactive.

At the electron microscopic level, ORF10p immunoreactiv-

ity was found in the cytosol of infected cells and, in cells
infected with intact VZV, was also associated with the osmio-
philic coats of membranes in the Golgi stack (Fig. 10A). In
addition to its presence in Golgi regions, ORF10p immunore-
activity was found in the osmiophilic tegument of the mature
virions that accumulated in the late endosomes-prelysosomes
of cells infected with intact VZV (Fig. 10B). In cells infected
with the gl mutant forms of VZV, the abnormal rings and
stacks of membranes of the TGN were ORF10p immunoreac-
tive (Fig. 10C). Again, the immunogold particles tended to lie
over the dense osmiophilic material that coated these mem-
branes. In cells that were heavily infected with the gl mutant
virions, both the osmiophilic coatings of the membranes lining
the chambers of the “honeycombs” that formed in the region
of the TGN and the virions within these chambers contained
ORF10p immunoreactivity (Fig. 10D).

Two additional viral proteins that are known to be compo-
nents of tegument, IE62 (16, 17) (not illustrated) and IE63 (8,
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FIG. 6. The membranes of adherent sacs in the TGN of cells infected with the gl mutant virus display both gE and gl immunoreactivities.
(A and B) gE immunoreactivity, demonstrated with 10-nm particles of immunogold in the region of the TGN. (A) Gold particles are concentrated
in the membranes of adjacent sacs and are not found in the cytosol. (B) The honeycomb-like structure (see Fig. SD) found in the region of the
TGN of a heavily infected cell contains gE immunoreactivity. Both of the membranes that delimit the chambers of the honeycomb and the virions
within the cavities of the chambers are gE immunoreactive. The peripheral distribution of the gE immunoreactivity around the virions (B, arrows)
indicates that gE is located in the viral envelope. (C) gl immunoreactivity, demonstrated with 10-nm particles of immunogold in the region of the
TGN. Gold particles are concentrated in the membranes of adjacent sacs. The immunoreactivity of gl is less abundant than that of gE (compare
with panel A). (D) gE immunoreactivity, demonstrated with 10-nm immunogold particles and gl immunoreactivity demonstrated simultaneously
with 20-nm immunogold particles. The gE and gl immunoreactivities are each located in the same membranes lining the chambers of the
honeycomb found in the TGN of a highly infected cell. Bars, 150 nm.

12, 15) (Fig. 11) were investigated. The immunoreactivities of ~ encoding a full-length form of one of these proteins and a
both proteins were found to be strikingly nuclear (IE62, not truncated C-terminal mutant form of the other. The truncated
illustrated; IE63, Fig. 11). Neither was detectably concentrated form of gE has previously been reported to be retained in the
in the TGN of cells infected with intact VZV (Fig. 11A and B) RER of transfected Cos-7 cells and, to a lesser extent, also to
or the gl (Fig. 11C and D), gl (Fig. 11E and F), or gl be secreted (35). In Cos-7 cells that expressed only truncated
(Fig. 11G and H) mutants. gE, the gE immunoreactivity was found, as expected, to be

Interactions of gI and gE. Because of the complex formed restricted to the RER (Fig. 12A); however, when cells were
between gl and gE at their N-terminal domains (14), the two cotransfected and expressed both the truncated gE and the
glycoproteins usually traffic together (21, 30, 31). Since both gI full-length gI, gE immunoreactivity was now well concentrated
(31) and gE (37) independently contain their own unique TGN in the TGN (Fig. 12B). Transfected Cos-7 cells that expressed
targeting signals, the coexpression of either one of these pro- truncated forms of gl, which lacked the T3 residue in the
teins in a full-length nonmutated form would be expected to cytosolic domain that is essential for TGN targeting (31), re-
compensate for the loss of the TGN targeting signal in its tained most of the expressed protein in the RER (Fig. 12C). In
partner. Binding of gI to gE in cells infected with gl mutant contrast, when these cells were cotransfected and coexpressed
virions thus might account for the TGN targeting of gl immu- a full-length gE with the truncated gI, then gl immunoreactiv-
noreactivity that occurs in the face of the absence of the C- ity was concentrated in the TGN (Fig. 12D). There were,
terminal TGN targeting signal of gl. To evaluate the ability of however, limits to the extent to which gE could complement
¢E and gl to compensate for the loss of one another’s TGN the loss of gl targeting. When the cytosolic domain of gl was
targeting signal, Cos-7 cells were cotransfected with cDNA completely deleted, gl immunoreactivity remained in the TGN
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FIG. 7. gE immunoreactivity demonstrated with 10-nm immunogold particles and gl immunoreactivity demonstrated simultaneously with
20-nm immunogold particles in the TGN of a cell infected with the gl mutant virus. (A) The C-shaped TGN cisternae display the immuno-
reactivity of gE but not that of gl. (B) The membranes of concentric rings and adherent sacs in the TGN are gE immunoreactive. The gl
immunoreactivity (arrow) is sparse and, when found, appears only in the cytosol. Bars, 150 nm.

(Fig. 12E and G), even when coexpressed with gE (Fig. 12E). the sequence of gl enables gl to compensate for missing tar-

The truncated gl retained in the RER, however, did not inter- geting information in gE and even to prevent the RER reten-
fere with the TGN targeting of gE (Fig. 12F). These observa- tion of a mutated form of gE that lacks both cytosolic and
tions suggest that the TGN targeting information contained in transmembrane domains. Similarly, gE can compensate for the

FIG. 8. ORF10p immunoreactivity is translocated to the TGN when coexpressed with gl. (A and B) ORF10p immunoreactivity in transfected
Cos-7 cells expressing ORF10p by itself. The immunoreactivity is diffuse and cytoplasmic. (C and D) gl and ORF10p immunoreactivities in a cell
that has been cotransfected with cDNA encoding gl and ORF10p. (C) The cell has been illuminated to show the Cy3 fluorescence of gl
immunoreactivity. (D) The cell has been illuminated to show the FITC fluorescence of ORF10p immunoreactivity. The arrows point to the TGN
where gl and ORF10p immunoreactivities have become colocalized. Bars: A, 100 wm; B to D, 25 pm.
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FIG. 9. gE and ORF10p immunoreactivities colocalize in the TGN of cells infected with intact (Ellen) or gl,, gl,¢, or gl,n mutant forms of
VZV. (A to C) Intact (Ellen) VZV. (D to F) gl, mutant VZV. (G to I) gl mutant VZV. (J to L) gl mutant VZV. The column at the left
(A, D, G, and J) illustrates gE immunoreactivity; the column in the center (B, E, H, and K) illustrates ORF10p immunoreactivity, and that at the
right (C, F, I, and L) depicts the gE-ORF10p overlay. The arrows show the location of the TGN and the markers indicate 10 pm.

loss of targeting information in g, although gE cannot do so if
gl lacks its entire cytosolic domain. The ability of gE to reach
the TGN when a severely truncated gl with which it is coex-
pressed is retained in the RER suggests that the gE-gI complex
formed at the N-terminal domains of these molecules is either
conditional in its formation or able to be broken.

DISCUSSION

Experiments were carried out with mutant forms of VZV
lacking either gl or the N- or C-terminal regions of gl in order
to evaluate the role(s) played by gl in the final envelopment of
VZV in the TGN. Since gE is known to form a complex with

gl in the RER, the effect of gE on the trafficking of gl was also
assessed. Because both gE (3, 36, 37) and gI (31) each contain
TGN targeting signals, we analyzed the ability of a full-length
form of one of these proteins to compensate in TGN sorting
for the absence of a targeting signal in the other. Finally, we
tested the hypothesis that tegument proteins become incorpo-
rated into enveloping virions in the TGN by interacting with
viral glycoproteins.

In cells that were infected with intact VZV, the immunore-
activities of gE and gl were concentrated coincidentally in the
TGN. The complete deletion of gI (gl,) in mutant VZV did
not change the TGN localization of gE, although no gl immu-
noreactivity could be detected in cells infected with the gl
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FIG. 10. ORF10p immunoreactivity is found in the cytosol, in coatings of Golgi-TGN membranes, and in virions in cells infected with VZV.
(A) Intact (Ellen) VZV. ORF10p immunoreactivity is demonstrated with 10-nm particles of immunogold in the region of the Golgi apparatus.
Gold particles are found in the cytosol and in the dense material coating membranes of the Golgi stack (arrows). (B) Late endosomes-prelysosomes
in a cell infected with intact (Ellen) VZV. ORF10p immunoreactivity is found within pleomorphic virions (arrow) that accumulate within these
vacuoles. (C) gl mutant virus. ORF10p immunoreactivity is found in the osmiophilic material (arrows) that coats the membranes of the rings
and stacks of adherent cisternae that characterize the TGN of cells infected with gl mutant virions (see Fig. 5). (D) gl,n mutant virus. ORF10p
immunoreactivity is found in the virions within the chambers (arrows) and the coating of the membranes that form the walls of the chamber of
the honeycomb that characterizes the TGN of cells heavily infected with gl mutant virions. Bars, 150 nm.

mutant VZV. There appeared, however, to be somewhat less
¢E immunoreactivity on the surfaces of cells infected with gI,.
This observation is consistent with the suggestion that gl helps
to retain gE in the plasma membrane (31). The endocytosis of
¢E (23) may normally be inhibited by binding to gl. Several
investigators have reported that gl is not internalized from the
cell surface in cells that express gl by itself even though the
same cells internalize gE (1, 31; but see also reference 21).
When the C-terminal domain of gl was deleted (gl ), gE and
¢l immunoreactivities continued to colocalize in the TGN.
Specifically, the immunoreactivities of both proteins were
found in the same TGN membranes, and these membranes
were coated with tegument-like material. Since the gl mu-
tant lacks both a TGN targeting signal and even a transmem-
brane domain, its concentration in membranes of the TGN is
best explained by its binding to the N-terminal domain of gE.
The truncated gl can thus be carried to the TGN as a passen-
ger with gE, which because of its anchorage in membranes and
targeting signal can act as a navigator. These data are thus
consistent with the ideas that a gE-gl complex forms in the
RER (1, 13, 14, 21, 24). Formation of such a complex cotrans-

lationally, or at least before gl is sorted, would enable gE to
capture the presumably soluble N-terminal domain of gl in
the cisternal lumen, enable the gl ectodomain to exit the RER,
and prevent it from being sorted to the secretory pathway. The
deletion of the N-terminal domain of gI (gl,y) eliminates the
signal sequence directing biosynthesis to ribosomes attached to
the RER. Consequently, at the light microscopic level, almost
no gl immunoreactivity could be detected in cells infected with
the gl mutant, while at the electron microscopic level, only
sparse gl immunoreactivity was seen, and that immunoreactiv-
ity was confined to the cytosol. The ability of the antibodies to
detect gl at the electron microscopic level indicates that the
relative scarcity of gl immunoreactivity in the cells infected
with gl is not the result of a failure of the antibodies to
detect the protein. The paucity of gl ,n, moreover, is consistent
with the idea that the mutant protein is synthesized in the
cytosol. Aberrant proteins synthesized in the cytosol are rap-
idly degraded (29, 38). In the absence of its N-terminal do-
main, therefore, gl evidently becomes a cytosolic protein and
does not interact with gE. The gl mutant probably is virtu-
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FIG. 11. IE63 immunoreactivity does not colocalize with that of gE in the TGN of VZV-infected cells. (A and B) Intact (Ellen) VZV. (C and
D [insets]) gl, mutant VZV. (E and F) gl mutant VZV. (G and H) gl mutant VZV. The column at the left (A, C, E, and G) illustrates gE
immunoreactivity, and that at the right (B, D, F, and H) illustrates IE63 immunoreactivity. The arrows show the location of the TGN. The asterisk
shows the location of the nucleus in infected cells in which gE immunoreactivity has been demonstrated. There is no nuclear gE immunoreactivity
and no concentration of IE63 immunoreactivity in the TGN, although some diffuse cytoplasmic IE63 immunoreactivity can be discerned. The

nuclei of infected cells are highly IE63-immunoreactive. Bars, 10 pm.

ally identical to the gl, mutant, in that the virions produced by
cells infected with either one probably lack any form of gl.
Although mutations in gl did not prevent the TGN targeting
of gE, each of the gl,, gl and gl,N mutations exerted an
identical effect on the morphology of the TGN. This effect was
to cause the membranes of TGN sacs to become completely
coated on their cytosolic faces with electron-dense material

that resembled tegument and to adhere to one another (Fig.
13). The TGN sacs in cells infected with gl mutant forms of
VZV did not form the C-shaped wrapping cisternae that en-
velop VZV in cells infected with intact VZV. The major dif-
ference between the TGN cisternae of cells infected with intact
VZV and those of cells infected with the gl mutant virions was
the strikingly asymmetric distribution of the tegument-like coat



336 WANG ET AL. J. VIROL.

FIG. 12. In cotransfected cells, the intracellular transport and targeting of truncated forms of gl and gE can be influenced by coexpression of
full-length forms of the other protein. (A) gE immunoreactivity is found in an ER pattern in cells expressing a truncated form of gE, which lacks
transmembrane and cytosolic domains. (B) gE immunoreactivity is concentrated in the TGN (arrows) when cells coexpress the truncated gE with
a full-length gl. (C) gl immunoreactivity is found in an ER pattern in cells expressing a truncated form of gl, which lacks the T*** targeting signal
and the portion of the cytosolic domain C-terminal to it. The sequence of the cytosolic domain of this mutant is SVKRRRIKKHPIYRPNTK
TRRGIONATPESDVMLEAAIAQLA. (D) gl immunoreactivity is concentrated in the TGN (arrows) when cotransfected cells express both the
truncated form of gl shown in C and a full-length form of gE. (E and G) gl immunoreactivity is found in an ER pattern in cells expressing a severely
truncated form of gI, which lacks the entire cytosolic domain of the molecule. The cell in panel E has been cotransfected and expresses a full-length
form of gE, which has not influenced the ER retention of gl. (F) Same cell shown in panel E, now illuminated to demonstrate gE immunoreactivity.
Despite the retention of gl immunoreactivity in the ER, the immunoreactivity of gE has reached the TGN (arrow) and is concentrated in this
organelle. (G) gl immunoreactivity is found in an ER pattern in transfected cells expressing only the severely truncated form of gl, which lacks

the entire cytosolic domain. Bars, 10 pm.

on the cisternae when cells were infected with intact virions
(Fig. 13, upper panel). In contrast to the complete coating that
occurred when cells were infected with gl mutant virions, that
associated with intact VZV was sharply limited to the concave
face of flattened cisternae that invaginated to assume the
shape of a “C”. In the cells infected with intact VZV, more-
over, individual sacs remained segregated and wrapped singly
around nucleocapsids, trapping them on the tegument-coated
invaginated face of the wrapping cisternae. The symmetrically
coated sacs of the TGN of cells infected with gl mutant virions
were not seen to wrap around nucleocapsids in this fashion and
instead adhered to one another, as if the tegument coating
were “sticky” and glued them together (Fig. 13, lower panels).
The consequence of the adherence of adjacent TGN sacs in
cell infected with gl mutant forms of VZV was the gross

distortion of the TGN, giving rise to stacks and concentric rings
of cisternae and, ultimately, in heavily infected cells, forming a
massive honeycomb in the Golgi region. The defect in the
TGN cisternae in gl mutant virions interfered with the envel-
opment of VZV and prevented the intracellular transport of
newly enveloped VZV to post-Golgi structures, such as late
endosomes-prelysosomes and exocytotic vesicles.

It seems likely that the defective arrangement of tegument
coating the membranes of TGN cisternae in cells infected with
gl mutant forms of VZV reflects a similar defect in the segre-
gation of viral glycoproteins within the plane of the membrane.
In order to utilize the concave membrane to form a viral
envelope, it is necessary for all of the viral glycoproteins to be
concentrated in that domain. If tegument proteins then adhere
(directly or via adapters) to the cytosolic tails of the localized
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FIG. 13. A heuristic model depicting the role of TGN cisternae in viral envelopment in cells infected with intact (Ellen) VZV and how the
envelopment process becomes defective in cells infected with gl,, gl\¢, or gl,n mutant virions. When cells are infected with intact (Ellen) VZV
(upper panel), nucleocapsids that are free in the cytosol become associated with specialized wrapping cisternae in the TGN. These cisternae are
curvilinear, with distinct concave and convex faces. Tegument adheres to the concave face of the curving cisternae, and as the arms of the wrapping
cisternae approach one another and ultimately fuse, tegument and the nucleocapsid are enclosed within. The membrane of the concave face of
the wrapping cisternae, which is proposed to be rich in viral glycoproteins, becomes the viral envelope. The membrane of the convex face, which
is rich in cellular proteins, such as Man 6-P receptors, delimits a transport vesicle that encloses the newly enveloped virion. When gl is deficient
(lower panels), viral proteins are no longer segregated to one face of the TGN cisternae. As a result the tegument, which is presumed to bind to
the cytosolic domains of the viral glycoproteins, is not confined to a single surface of the TGN cisternae. Because tegument is not restricted to the
concave face of curving cisternae, adjacent tegument-coated cisternae fuse with one another to give rise to stacks and concentric rings of adherent
sacs. The defect in the TGN interferes with viral envelopment and with the post-Golgi transport of VZV.

glycoproteins, the tegument will also, of necessity, be restricted
to the concave face of the enveloping cisternae. The concave
TGN membranes have been demonstrated to contain gE im-
munoreactivity and the tegument that adheres to them reacts
with antibodies to VZV (10). Similarly, the convex membrane
of the TGN cisternae contains Man 6-P receptors (10) and
would be expected also to be rich in other cellular proteins

involved in vesicular sorting and fusion but poor in viral gly-
coproteins. Indeed, the convex face of the wrapping sac lacks
g¢E immunoreactivity and does not react with antibodies to
VZV. The current observation that ORF10p, which is known
to be a component of viral tegument (5, 6), colocalizes in the
TGN with gE, supports the idea that tegument interacts with
viral glycoproteins. Tegument proteins lack a signal sequence
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and, of necessity, are synthesized in the cytosol. This explains
why ORF10p is diffusely located in the cytoplasm in trans-
fected cells that express it. By interacting with the cytosolic
domains of viral glycoproteins, tegument proteins, such as
ORF10p, can concentrate in the TGN at the site of viral en-
velopment and be incorporated into viral particles. This idea
that tegument proteins do so is strongly supported by the
observation that gl, which contains a TGN retention signal,
causes ORF10p to translocate from the cytosol to the TGN in
cotransfected cells that express both proteins. Segregation of
viral from cellular glycoproteins within TGN cisternae evi-
dently fails in the gl mutant virions. This failure causes gE and
tegument to become evenly distributed around the TGN cis-
ternae. We postulate that tegument interacts with glycopro-
teins and thus reflects their distribution. Other glycoproteins are
probably affected by the gl mutations in a manner similar to gE,
but this has not yet been demonstrated. All of the glycoproteins,
however, must be present in the membrane that becomes the viral
envelope (because all are present in the viral envelope). It thus
seems likely that the loss of the segregated concave face of the
TGN “wrapping” cisternae in cells infected with the gl mutants
reflects the maldistribution of more glycoproteins than just gE.

The coating of tegument appears to be sticky if coated mem-
branes come into apposition with one another. Adjacent
coated sacs thus adhere (Fig. 13), giving rise to the stacks and
rings of TGN sacs in the cells infected with mutant virions.
Evidently, adherence of adjacent sacs is rare when tegument
and viral glycoproteins are confined to the concave domains of
the enveloping cisternae of cells infected with intact VZV. gl
would thus appear to play a necessary role in the segregation of
viral and cellular glycoproteins in the cisternae of the TGN
that provide VZV with its definitive envelope.

The role of gl in segregating viral glycoproteins, and thus in
envelopment, depends on the C-terminal domain of the glyco-
protein. As a result, the function of gl in maintaining the
appropriate structure of the enveloping cisternae of the TGN
was lost from all three gl mutant virions. The effect of the gl
and the gl mutants are readily understandable, because in
cells infected with either one, essentially no gl reaches the
membranes of the TGN. In the latter case, the N-terminal
deletion prevents biosynthesis of the mutated gl in the RER
and thus renders it a cytosolic protein, accounting for the
absence of gl immunoreactivity from the TGN or its mem-
branes in cells infected with gl,y. The mutated protein made
by cells infected with the gl mutant, however, does reach the
TGN, where it is colocalized in TGN membranes with gE. Two
possibilities can be envisioned for the failure of gl that lacks a
C-terminal to support cell-VZV protein segregation and viral
envelopment. One is that a sequence within the C-terminal
domain of gl is critical for these functions of gl. The putative
C-terminal sequence may be needed to interact with cytosolic
cellular proteins that restrict the motility of VZV glycoproteins
within the plane of the TGN cisternal membrane or to interact
with other VZV glycoproteins to form rafts that stay within the
concave domain. A second possibility, which is not mutually
exclusive with the first, is that gl is only effective in bringing
about the segregation of proteins when it is itself an integral
membrane protein. The C-terminal deletion of the gl - mu-
tant removes both the transmembrane and the cytosolic do-
mains of the protein, and thus gl,. is presumably a soluble

J. VIROL.

protein within the lumen of the RER. gl,. is carried as a
passenger to the TGN because it binds to gE. Whatever the
reason why gl is required for maintaining the integrity of en-
veloping membranes within the TGN, this requirement also
makes gl critical for normal viral envelopment. In the absence
of a functional gl protein, the gl mutant virions are unable to
exit from the TGN, unable to reach post-TGN structures, and
thus unable to be released from cells as enveloped virions.

Despite the critical roles played by the C-terminal domain of
gl, the deletion of gl is not lethal to VZV (4, 20). Infected cells,
even those lacking gl, contain free nucleocapsids in the cytosol
and fuse with adjacent cells. Cell fusion permits nucleocapsids
to pass from one cell to another and thus enables infection to
be transmitted in vitro, even though envelopment of VZV does
not occur. The post-Golgi delivery of enveloped virions to late
endosomes-prelysosomes causes severe degradation of VZV to
occur prior to its release from infected cells (10), so that the
ambient medium in which infected cells are suspended is vir-
tually noninfectious (32). The mechanism by which infection
spreads in vitro from cells infected with gl mutant forms of
VZV is thus probably not very different from that which occurs
from cells infected with intact VZV, although cell-to-cell
spread is less efficient in the case of the gl mutants (20).

Even though gl can cause ORF10p to become concentrated
in the TGN, gl is not essential for this to occur. ORF10p was
found to colocalize with gE in the TGN in cells infected with
the gl,, glxe, and gl mutants equally well as in cells infect-
ed with intact VZV. These observations suggest that other
glycoproteins besides gl interact with ORF10p. Alternatively,
ORF10p may interact with other tegument proteins in infected
cells that serve as adapters that anchor ORF10p to a glycopro-
tein other than gl. The immunolocalization of ORF10p on the
cytosolic face of TGN membranes, as well as its proximity to
gE, is consistent with the idea that ORF10p interacts, directly
or via an adapter, with the cytosolic domain of one or more of
the other glycoproteins. The concentration of ORF10p in the
TGN, moreover, does not depend on the maintenance of the
structural integrity of enveloping cisternae. Like other tegu-
ment proteins, it concentrates even in the bizarre TGN found
in cells infected with gl mutant virions. It is not clear why IE62
and IE63 did not, like ORF10p, become concentrated in the
TGN. Both are thought to be components of virions and thus
would be expected to be present at the site of VZV envelop-
ment within the TGN. It is possible that both IE62 and IE63
actually are present in the region of the TGN, but at a con-
centration that is not detectably higher than that of the sur-
rounding cytosol. Only a concentration in the TGN that ex-
ceeds that of the neighboring cytoplasm would be recognized
immunocytochemically as localized to the TGN. A concentra-
tion of IE62 and IE63 in the TGN that is the equal to that of
the cytosol may be adequate for incorporation of these pro-
teins into newly enveloped virions. Alternatively, IE62 is main-
ly nuclear early in infection and does not become concentrated
in the cytoplasm until later (16). It is thus possible that IE62
was not seen in the cytoplasm because the cells were investi-
gated while it was primarily nuclear. Both IE62 and IE63
function primarily in the nuclei of infected cells; a lower cyto-
plasmic of concentration IE62 and IE63 may still be adequate
for viral envelopment.

Both gE (2, 36, 37) and gl (31) contain TGN targeting
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information within their sequences. The two proteins also in-
teract with one another (1, 13, 14, 21, 24). One role for this
interaction may be to provide a fail-safe mechanism that en-
sures that appropriate quantities of gE and gl are delivered to
the TGN even if mistakes are made by cells in reading the
signals of one or the other glycoprotein. gE will thus target gl
to the TGN if gl is mutated and lacks a targeting signal (1, 31),
and we have now found that gI will do the same for gE if gE is
mutated and lacks the requisite TGN targeting information.
The sorting of gE and gl is accomplished by different mecha-
nisms. gE is retrieved from the plasma membrane by endocy-
tosis (23), and the gE-containing endosomes are routed to the
TGN (2, 36, 37). In contrast, gl is partially retained in the TGN
following its passage through the Golgi stack, and when the gl
that is not retained in the TGN reaches the plasma membrane,
it remains there unless retrieved as a complex with gE (1, 31).
gl has been reported to be internalized in HeLa cells due to a
methionine-leucine motif in its cytosolic domain, but there is
no evidence that even this internalized gl is transported back
to the TGN (21). The complex formed by gE and gl may thus
slow the exit of gE from the TGN in the first place and help to
prevent the disappearance of gE from the plasma membrane
due to endocytic retrieval in the second. The gE-gl complex
may also function, provided gl is anchored in the membrane, in
helping to maintain the association of glycoproteins in a re-
stricted domain of enveloping membranes of the TGN.

In summary, we show here that gl is necessary for the main-
tenance of enveloping cisternae in the TGN of cells that have
been infected with VZV. In particular, the C-terminal end of
gl is critical for this function. We suggest that the segregation
of viral and cellular proteins that must take place within the
plane of TGN membranes does not occur in the absence of the
C-terminal domain of gl or of a membrane-anchored gl pro-
tein. As a result, the glycoproteins spread uniformly to all
surfaces of the TGN wrapping cisternae and, as a consequence,
so too does the coating of tegument with which the viral gly-
coproteins interact. Apposed tegument-coated surfaces are as-
sociated with the adherence of adjacent TGN cisternae, form-
ing stacks and concentric rings of coated sacs. The TGN
abnormality interferes with viral envelopment and blocks the
transport of enveloped virions to post-Golgi structures. We
also show that ORF10p, a tegument protein, is translocated
from the cytosol to the TGN when it is coexpressed with gl.
ORF10p also becomes concentrated on the cytosolic face of
TGN membranes in infected cells, where it colocalizes in ap-
position to gE. ORF10p, therefore, interacts with gl, although
the expression of gl is not essential for ORF10p localization in
the TGN of infected cells. Although gl is dispensable for in-
fection, therefore, it is indispensable for normal envelopment
of VZV and for the secretion of enveloped virions. Future studies
on the role of gl in the segregation of viral and cellular proteins
may help in advancing the production of a recombinant VZV
vaccine and in developing novel antiviral compounds.
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