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Glycoprotein D (gD) of herpes simplex virus type 1 (HSV-1) was modified to encode targeting signals known
to localize proteins to either the endoplasmic reticulum (ER) or the trans-Golgi network. These motifs
conferred the predicted targeting properties on gD in transfected cells as judged by immunofluorescence
staining, and the exclusion of targeted gD from the cell surface was confirmed by the fact that these molecules
exhibited substantially reduced activity in cell-cell fusion assays. Recombinant viruses expressing Golgi-
targeted forms of gD grew to wild-type levels in noncomplementing cells, exhibited unaltered particle/infectivity
ratios, and were found to contain wild-type levels of gD, whereas a recombinant expressing ER-retained gD was
helper cell dependent and, when grown on noncomplementing cells, produced virions of low specific infectivity
with greatly reduced levels of gD. These data imply that HSV-1 acquires its final membrane from a post-ER
compartment and lend support to the view that the virus undergoes de-envelopment and reenvelopment steps
during virus egress.

Herpesvirus nucleocapsids assemble in the nuclei of infected
cells and acquire an envelope by budding through the inner
nuclear membrane, but the subsequent route of virus matura-
tion and egress is uncertain. Johnson and Spear (23) re-
ported that monensin treatment of herpes simplex virus type 1
(HSV-1)-infected cells prevented the maturation of viral gly-
coproteins and the secretion of virus particles but did not
abrogate the production of intracellular infectivity. This sug-
gested that, after budding through the inner nuclear mem-
brane, the enveloped virions are infectious, and the authors
therefore argued that these virions are transported via the
secretory pathway to the cell surface and that the envelope
glycoproteins are processed in situ. This model of HSV-1 mat-
uration following a single envelopment event has the virtue of
economy and receives support from some electron-microscopic
studies (36). Proponents of this model argue that the naked
nucleocapsids that are frequently observed in the cytoplasm of
infected cells must represent aberrant fusion events and are
dead ends, a view which is supported by the properties of an
HSV-1 mutant which accumulates large numbers of cytoplas-
mic nucleocapsids (8).

An alternative pathway, originally proposed by Stackpole
(32), involves the release of naked nucleocapsids into the cy-
toplasm by fusion of “primary enveloped virions” with the
outer nuclear membrane. Final envelopment then occurs by
budding into a cytoplasmic compartment. This route of alpha-
herpesvirus maturation is supported by a number of electron-
microscopic studies which have been interpreted as showing
final envelopment by budding into a late Golgi compartment
or into cytoplasmic vesicles (18, 19, 24, 40) and by the claim
that increased numbers of naked nucleocapsids are observed in
infected cells treated with brefeldin A (11). Furthermore, the
phospholipid composition of secreted virions most closely re-
sembles that of Golgi membranes (38), a finding difficult to
reconcile with the “single-envelopment” route of virion egress.
A prediction of this two-stage envelopment model is that the

envelope proteins of alphaherpesviruses accumulate in the
Golgi compartment or in Golgi-derived vesicles where final
envelopment occurs. Glycoprotein E (gE) of HSV-1 and its
homologues in varicella-zoster virus (VZV) and pseudorabies
virus (PRV) contain endocytosis motifs and after internaliza-
tion are sorted to the trans-Golgi network (TGN) (1, 34, 35, 42,
43), but localization of other virion membrane proteins to this
compartment has not been observed.

The resolution of this controversy is of some consequence in
defining future cell-biological questions relating to alphaher-
pesvirus replication. If the single-envelopment route is correct,
then all the tegument proteins must accumulate and assemble
in the nucleus and all the virion membrane proteins must
presumably traverse the nuclear pore to the inner nuclear
membrane. If the two-stage process is correct, then the same
proteins must accumulate and assemble in a late cytoplasmic
compartment. If the single-stage envelopment route is correct,
then we know the composition of enveloped viruses in the
periplasmic space: it is the same as that of mature virions. If
the two-stage process is correct, then our knowledge of the
enveloped virion in the periplasmic space is superficial. Indeed
Granzow et al. (19) consider that the structure of the tegument
in PRV virions in the periplasmic space is quite different from
its structure in virions found in cytoplasmic vesicles. Elliott and
O’Hare (14) studied the localization of the abundant tegument
protein VP22 in live infected cells and reported that the pro-
tein was present exclusively in the cytoplasm, a finding which
strongly supports final envelopment in a cytoplasmic compart-
ment. Others, however, report the presence of VP22 in the
nucleus during the productive phase of infection (31). The
evidence for and against the two alternative routes of alpha-
herpesvirus egress and maturation has recently been reviewed
comprehensively by Enquist et al. (15).

In a previous report (6) we showed that the retention of
HSV-1 gH in the endoplasmic reticulum (ER) prevented the
incorporation of the molecule into the envelopes of mature
virions and we argued that these observations favored a two-
stage envelopment process in which the final envelope was
acquired from a “post-ER” compartment. We have repeated
and extended these observations by introducing an ER re-
trieval signal, a Golgi retrieval signal, or a Golgi retention
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signal into HSV-1 gD. We report that Golgi retrieval or reten-
tion of gD allows incorporation of wild-type levels of gD into
mature virions, whereas ER retrieval excludes gD from the
virion.

MATERIALS AND METHODS

Cells and viruses. BHK21, Vero, and VD60 cells were grown in Glasgow’s
modified Eagle’s medium supplemented with 10% newborn calf serum and
tryptose phosphate broth. Cos7 cells were maintained in Glasgow’s modified
Eagle’s medium containing 10% fetal calf serum. VD60 is a Vero-derived cell
line (26) which expresses gD upon infection with HSV-1. The gD-negative
parental virus used to generate recombinants expressing targeted gD molecules
was based on HSV-1 strain SC16 and was named SC16gDdel-Z. The construc-
tion of SC16gDdel-Z involved subcloning a 4.1-kb HincII fragment (nucleotides
136449 to 140555) of HSV-1 strain Patton into EcoRI-HincII-digested pING to
generate pING-HincII-gD. To facilitate the removal of the entire gD gene and
its promoter, EcoRV restriction sites were introduced at positions 138019 and
139606 by site-directed mutagenesis (25), and the gD gene was replaced with an
end-repaired HindIII fragment of pMV10, which contains the lacZ gene under
the control of the human cytomegalovirus (HCMV) immediate-early promoter
(17). This construct is called pING-HincII b-gal and was cotransfected into
VD60 cells with wild-type strain SC16-infected cell DNA according to the meth-
od of Chen and Okayama (10). Recombinant gD-negative progeny were identi-
fied by their blue phenotype after staining with 5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside (X-Gal), and one isolate, SC16gDdel-Z was plaque-purified
and cloned by limiting dilution on the VD60 cell line. This isolate was found to
be helper cell dependent, and the correct insertion of the HCMV immediate-
early promoter-lacZ cassette at the gD locus was confirmed by Southern hybrid-
ization. All virus titers were determined by plaque assay on VD60 or Vero
monolayers.

Plasmids and mutagenesis. Site-directed mutagenesis was used to introduce
targeting motifs into gD, and the mutagenesis reactions were carried out on
single-stranded templates prepared from pING-HincII-gD. The ER retention
motif, KKXX (where X is any amino acid), the KKXXXX (KKX4) control motif
which overrides KKXX, and the TGN retrieval signal, YQRL, were each ap-
pended to the carboxy terminus of gD. All mutagenic oligonucleotides were
designed to introduce a diagnostic XbaI restriction site in addition to the tar-
geting signal and a translation stop codon. The oligonucleotides used for this
were KKXX (59TCGCACCAGCCCTTGTTTTACTCTAAGAAGTCTCTATA
GAGAATACCCCCCCTT39), which appends the amino acids SKKSL to the
carboxy terminus of gD, KKX4 (59TCGCACCAGCCCTTGTTTTACTCTAAG
AAGTCTCTAGCTCTATAGTCTAGAATACCCCCCCTT39), which appends
SKKSLAL to the carboxy terminus of gD, and YQRL (59CCCTTGTTTTACT
CGGACTACCAGCGTCTTAACTAGTAGAATACCCCCCCTT39), which ap-
pends the amino acids SDYQRLN to the carboxy terminus of gD.

The resulting mutagenized plasmids were named pING-HincII-gDKKXX,
pING-HincII-gDKKX4, and pINGHincII-gDYQRL, respectively. For transient-
expression studies, the coding sequences for these targeted gD molecules were
each transferred as HindIII-XbaI fragments into HindIII-XbaI-digested pCDNA3
(Invitrogen) to give plasmids pCDNA3gD-KKXX, pCDNA3gD-KKX4, and
pCDNA3gD-YQRL, respectively. To replace the transmembrane domain of gD
with that of the Golgi resident enzyme, a-2-6-sialyltransferase (2ST), an HpaI
restriction site was introduced into the gD gene in pING-HincII-gD between the
sequence encoding the gD ectodomain and that predicted to encode the trans-
membrane domain (i.e., between the codons for amino acids 340 and 341 of gD).
The oligonucleotide used was 59ACCCCGAACAACATGGTTAACGGCCTG
ATCGCCGGC39. The gD external domain was subsequently removed as a
HindIII-HpaI fragment and transferred to HindIII-EcoRV-digested pS85. pS85
was a gift from Sean Munro, Cambridge, and is derived from a plasmid called
CD8-D, which is described by Chapman and Munro (9). pS85 contains sequences
encoding the transmembrane domain of 2ST and the cytoplasmic tail of CD8
under the control of the adenovirus major late promoter. The resulting construct
was called pS85gD-2ST and was used in transient transfection experiments. In
this construct, the transmembrane region of gD is replaced with that of 2ST and
the cytoplasmic tail of gD is replaced with that of CD8. Previous studies have
shown, however, that the CD8 cytoplasmic tail does not influence the Golgi-
targeting activity of the 2ST transmembrane region (29) and that the cytoplasmic
tail of gD is not required for the incorporation of functional gD into virus
particles (16). We therefore considered that the presence of the CD8 cytoplasmic
tail should not affect gD targeting or assembly of the molecule into virus parti-
cles. To generate a plasmid for making a recombinant virus expressing gD-2ST,
a HindIII-XbaI fragment of pS85gD-2ST (which encodes the gD ectodomain
fused to the 2ST transmembrane domain and the CD8 cytoplasmic tail) was
ligated into pING-HincII-gD in place of wild-type gD sequences. The resulting
construct was called pING-HincII-gD2ST.

Plasmids expressing HSV-1 gH, gB, and gL have been described previously
(37).

Antibodies. The expression of targeted gD molecules in transfected Cos cells
was detected by immunofluorescence staining and confocal microscopy with
antibody LP2 (12). Antibodies used to detect virion proteins in Western blots

were LP1 (27), which detects VP16, LP14 (28), which detects gD, and R69 (13),
which detects gB.

Transfection and immunofluorescence of Cos cells. Cos cells seeded on glass
coverslips were transfected by a DEAE-dextran method as described previously
(41). For immunofluorescence staining, the cells were fixed 48 h after transfec-
tion in 2% formaldehyde in phosphate-buffered saline (PBS) for 5 min at room
temperature and washed three times in PBS containing 1% fetal calf serum
(FCS). The cells were permeabilized with 1% Triton X-100–10% sucrose–1%
FCS for 5 min and then washed three times in PBS–1% FCS. Coverslips were
incubated for 1 h in LP2 (hybridoma supernatant diluted 1:3), washed three
times, incubated with fluorescein-conjugated rabbit anti-mouse immunoglobulin
G at a dilution of 1:50 for 45 min, and washed three times before visualization
with a Leica confocal microscope.

Virus-free fusion assay. This assay was carried out as described by Turner et
al. (37). Briefly, 5 3 104 Cos cells seeded into six-well tissue culture plates were
transfected by using DEAE-dextran with plasmids expressing wild-type forms of
HSV-1 gB, gH, and gL together with a plasmid expressing either wild-type or
targeted forms of gD. Two days after transfection the cells were overlaid with 2 3
105 Vero cells/well. After a further 24 h cell monolayers were fixed in 0.5%
glutaraldehyde and examined by phase-contrast microscopy for multinucleate
cells. The numbers of nuclei in syncytia containing 11 or more nuclei were
determined for each cotransfection.

Analysis of progeny virions. BHK cells (108) were infected at 5 PFU/cell with
recombinant viruses. After virus adsorption, unpenetrated virions were inacti-
vated with a citrate wash (135 mM NaCl, 10 mM KCl, 40 mM citric acid, pH 3),
and after two washes with PBS the cells were incubated for 24 h. Supernatants
were harvested and centrifuged at 2,500 rpm (Mistral 6000 rotor) for 10 min to
remove cellular debris. Virions were then pelleted in an SW28 rotor at 25,000 rpm
for 90 min. Each pellet was resuspended in 200 ml of PBS and stored at 270°C
before the plaque assay, particle counting, and Western blot analysis. Particle counts
were done by the loop-drop method (39). Immunoblotting was performed on sam-
ples of virions, usually containing approximately 108 particles, which were boiled in
Laemmli buffer and electrophoresed in sodium dodecyl sulfate (SDS)–10% poly-
acrylamide gels. Proteins were transferred to nitrocellulose, and, after being blocked
in 5% milk powder, the filters were incubated with primary antibodies for 1 h.
The membranes were washed in 0.1% Tween 20 in PBS, and antibody binding was de-
tected by incubation with a mixture of biotinylated protein A, streptavidin per-
oxidase, and enhanced chemiluminescence reagents supplied by Amersham plc.

Endoglycosidase H treatment of virions. Virion samples were diluted as ap-
propriate in PBS to give a volume of 10 ml, and this mixture was boiled for 5 min
after the addition of 1 ml of 5% SDS–10% 2-mercaptoethanol. Subsequently, 1
ml of 0.5 M sodium citrate, pH 5.5, and 500 U of endoglycosidase H were added,
and the samples were incubated for 1 h at 37°C before the addition of Laemmli
sample buffer and analysis by SDS-polyacrylamide gel electrophoresis (PAGE)
and immunoblotting.

RESULTS

Characterization of targeted gD molecules in transfected
cells. The signals used to target gD to specific cellular com-
partments are well characterized. The KKXX motif acts as a
signal for retrieval of proteins from post-ER sorting compart-
ments to the ER, whereas the addition of two further residues
overrides this signal (22). The YQRL motif results in retrieval
of protein from the plasma membrane or the endosomal sort-
ing compartments to the TGN (4), and the transmembrane
sequence of the Golgi resident enzyme 2ST is responsible for
Golgi retention of the enzyme (29).

The distribution of gD or targeted forms of gD was exam-
ined by standard fluorescence microscopy or confocal mi-
croscopy following transfection of Cos7 cells with plasmids
encoding wild-type or mutated forms of the molecule. In non-
permeabilized cells expressing wild-type gD, the molecule was
readily detected on the cell surface, whereas expression of
gD-KKXX, gD-YQRL, or gD-2ST gave no detectable cell sur-
face expression. Cells expressing gD-KKX4, in which the di-
lysine ER-targeting motif is abrogated by the addition of two
further residues, exhibited cell surface fluorescence similar to
that seen in cells expressing wild-type gD (data not shown).
Confocal microscopy of transfected, permeabilized cells (Fig.
1) showed that wild-type gD was widely distributed, most cells
showing fluorescence throughout the cytoplasm and on the cell
surface and some showing pronounced Golgi staining. The
addition of the dilysine motif KKXX to the C terminus of gD
resulted in a perinuclear staining pattern characteristic of res-

9516 WHITELEY ET AL. J. VIROL.



ident ER proteins, whereas the addition of two further resi-
dues, in gD-KKX4, resulted in a pattern similar to that for
wild-type gD. In cells expressing gD-YQRL or gD-2ST, stain-
ing was limited to a region adjacent to the nucleus character-
istic of Golgi staining. The distribution of these molecules is
therefore consistent with the well-established targeting char-
acteristics of the retrieval and retention signals used in their
construction.

The expression of HSV-1 gD, in combination with gB and
the gH-gL complex is necessary and sufficient to induce cell-
cell fusion (37). Since gD-KKXX, gD-YQRL, and gD-2ST
were not detected at the cell surface we predicted that these
molecules would not function in a cell fusion assay. We there-
fore transfected Cos7 cells with plasmids expressing wild-type
gD or each targeted form of gD together with plasmids ex-
pressing gB, gH, and gL. After Vero cells were overlaid, the
extent of cell fusion was assessed by counting the number of
nuclei recruited into syncytia. As shown in Table 1, the ER-
targeted gD molecule was unable to mediate membrane fusion
in this assay, giving scores close to background, whereas the
control construct expressing gD-KKX4 induced fusion as effi-
ciently as the wild-type gD construct. The Golgi-targeted forms
of gD, gD-YQRL, and gD-2ST were severely compromised in
their ability to cooperate with gB and gH-gL in inducing fusion
but gave scores above background. It would be difficult to
demonstrate that these values are significant, but the results
suggest that these molecules are present, perhaps transiently,
at low levels on the cell surface, despite our inability to detect
them by surface immunofluorescence. Of course, it could be

argued that modifications to the cytoplasmic tail of gD resulted
in a failure in fusion function rather than a failure in cell
surface presentation of otherwise functional molecules, but
this seems unlikely in view of the observation that gD mole-
cules containing no cytoplasmic tail are functional (16). The
failure of the molecules to function efficiently in the cell fusion
assay is consistent with their observed cellular location.

Construction and characterization of recombinant viruses
expressing targeted gD molecules. (i) Construction of recom-
binant viruses. Viruses expressing targeted forms of gD were
constructed by cotransfecting VD60 cells with 10 mg of
SC16gDdel-Z DNA and 2.5 mg of pING-HincII-derived plas-
mids containing modified gD sequences. Since SC16gDdel-Z
lacks the entire gD coding sequence and forms blue-staining
plaques on complementing cell lines when stained with X-Gal,
recombinant progeny could be identified by their b-galactosi-
dase-negative phenotype on VD60 monolayers and were sub-
sequently cloned by limiting dilution. The recombinant viruses
were designated SCgD-KKXX, SCgD-KKX4, SCgD-YQRL,
and SCgD-2ST, and the genome of each virus was analyzed by
Southern hybridization to confirm the correct insertion of the
modified forms of the gD gene.

(ii) Characteristics of recombinant viruses. With the excep-
tion of SCgD-KKXX all the recombinant viruses grew in BHK
or Vero cells to titers equivalent to those for the wild-type
parent, HSV-1-SC16, and produced plaques of similar size and
morphology. SCgD-KKXX, in contrast, was dependent for
propagation on the VD60 helper cell line, formed very small
foci of cytopathic effect on noncomplementing cells, and gave

FIG. 1. Cos7 cells were transfected with plasmids expressing HSV-1 gD or targeted forms of gD. After 48 h the cells were fixed, permeabilized, and stained with
monoclonal antibody LP2, specific for gD. Bound primary antibody was detected with fluorescein-conjugated rabbit anti-mouse IgG, and images were recorded by
confocal microscopy.
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low yields of infectivity following high multiplicity of infection
on these cells. In a series of experiments in which wild-type
virus and SCgD-KKXX were used to infect parallel cultures of
BHK or Vero cells, the yields of SCgD-KKXX ranged from as
low as 1% to as high as 10% by comparison with yields of
wild-type virus. We think that the variability reflects the state
of the host cells, but despite repeating the experiments using
cells at different densities and passage numbers, we were un-
able to identify a factor which correlated with the variable
relative yield. Particle/infectivity ratios of preparations of each
mutant virus grown on noncomplementing cells were deter-
mined. Values for SCgD-YQRL, SCgD-2ST, and SCgD-KKX4
were 20, 33, and 45, respectively, and these lie within the range
of values reported for preparations of HSV-1-SC16 (3, 20).
However, when gD expression was restricted to the ER, in cells
infected with SCgD-KKXX, the progeny virions had a particle/
infectivity ratio of 870, establishing that the low infectivity yield
was due to reduced specific infectivity of virus particles rather
than a reduced particle yield and suggesting that the conse-
quence of ER retrieval is to exclude gD from progeny virions.

In order to examine the gD content of progeny virions,
parallel cultures of approximately 108 BHK cells were infected
at a multiplicity of infection of 5 with HSV-1-SC16, SCgD-
KKXX, SCgD-KKX4, SCgD-YQRL, or SCgD-2ST. After 24 h
progeny virions were pelleted from the supernatant and an
equal proportion of each preparation, corresponding to ap-
proximately 108 virions, was denatured in Laemmli buffer and
subjected to PAGE. After transfer to nitrocellulose VP16, gB
and gD were detected with monoclonal antibodies to each
protein. As shown in Fig. 2 each preparation contained ap-
proximately equal amounts of VP16 and gB, and the SCgD-
KKX4, SCgD-YQRL, and SCgD-2ST progeny contained
amounts of gD more or less similar to that for the wild-type
preparation. SCgD-KKXX progeny, however, contained barely
detectable levels of gD. The reduced infectivity of SCgD-
KKXX virions thus correlates with their greatly reduced gD
content. The residual infectivity in SCgD-KKXX preparations
must be due to a subpopulation of gD-containing virions (or
to a uniformly lower level of gD in all virions) because

SC16gDdel-Z virions, which lack gD, are entirely noninfec-
tious (particle/infectivity ratio . 105) and the residual SCgD-
KKXX infectivity was neutralizable by monoclonal antibody
LP2, specific for gD.

These observations are consistent with a model of egress in
which the virus acquires its final membrane from a compart-
ment which contains Golgi-targeted gD but from which ER-
retrieved gD is excluded. A longer exposure of the autoradio-
graph shown in Fig. 2 confirmed the presence of a gD-specific
species in SCgD-KKXX virions, and this molecule migrated
with slightly higher mobility than gD from wild-type virions.
This suggested that the residual SCgD-KKXX infectivity rep-
resents virions derived from the primary envelopment com-
partment containing immature, ER-retrieved gD. We tested
this possibility by examining the endoglycosidase H sensitivities
of the gD present in different virion preparations. Equal pro-
portions of the SCgD-KKXX, SCgD-KKX4, SCgD-YQRL,
and SCgD-2ST virion preparations shown in Fig. 2 were incu-
bated with endoglycosidase H prior to SDS-PAGE and immu-
noblotting with a gD-specific antibody. With the exception of
the SCgD-KKXX sample, each track was loaded with 1/20 the
sample shown in Fig. 2 in order to achieve more-similar gD
loads. The results (Fig. 3) show that, as expected, SCgD-KKX4,
SCgD-YQRL, and SCgD-2ST virions contain mature endogly-
cosidase H-resistant gD. The SCgD-KKXX virion preparation,
however, contains immature endoglycosidase H-sensitive gD,
implying that the gD-containing virions in this preparation are
derived from the ER compartment.

TABLE 1. The ability of targeted gD molecules to function
in a virus-free fusion assaya

Expt no. Combination of
glycoproteins expressed

No. of nuclei in
syncytia containing 11

or more nuclei in
transfection:

1 2

1 gB, gH, gL, gD 1,140 987
gB, gH, gL, gDKKX4 1,200 1,131
No DNA 37 45

2 gB, gH, gL, gD 1,913 1,731
gB, gH, gL, gDKKXX 157 106
No DNA 79 61

3 gB, gH, gL, gD 1,146 1,007
gB, gH, gL, gDYQRL 259 198
gB, gH, gL, gD2ST 124 152
No DNA 23 22

a Cos7 cells were transfected with plasmids expressing HSV-1 gB, gH, and gL
together with plasmids expressing wild-type or targeted forms of gD. After 48 h
the cells were overlaid with Vero cells, and after a further 24 h the extent of cell
fusion was assessed by counting nuclei recruited into syncytia containing more
than 10 nuclei. Each transfection was performed in duplicate, and each number
is the score recorded in a 4-cm2 area.

FIG. 2. gD content of recombinant virions. BHK cells were infected with
wild-type (WT) HSV-1 or with recombinant viruses expressing different targeted
forms of gD. After 24 h progeny particles were pelleted from the medium and
approximately 108 virions from each preparation were subjected to SDS-PAGE.
Separated proteins were transferred to nitrocellulose filters and detected with
monoclonal antibodies. (A) gD was detected with antibody LP14. (B) gB and
VP16 were detected with antibodies R69 and LP1, respectively.
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DISCUSSION

We have previously reported that an HSV-1 mutant express-
ing an ER-restricted gH released wild-type numbers of virions
but that these particles contained no detectable gH, and we
interpreted these observations as evidence that the virus ac-
quires its final membrane from a post-ER compartment (6).
We report here that restricting another essential glycoprotein,
gD, to this compartment gives rise to a recombinant virus with
a similar phenotype. The recombinant SCgD-KKXX is depen-
dent on a gD helper cell line for its propagation, and virion
preparations grown in noncomplementing cells contain greatly
reduced levels of gD. A potential flaw in our interpretation of
these results arises from the possibility that the addition of the
KKSL motif to the cytoplasmic tail of gD or gH might exclude
these molecules from the envelopment process, either directly
or by excluding the molecule from the inner nuclear mem-
brane. For gH this seemed a possibility because modifications
to the cytoplasmic tail have been shown to affect the function
of the molecule (7, 41). The cytoplasmic tail of gD, however, is
apparently irrelevant to the function of the molecule (16).
Furthermore, as shown in this report, a variety of modifications
to the cytoplasmic domain of gD—addition of the sequence
KKSLAL or YQRL or the substitution of the CD8 cytoplasmic
domain—have no discernible effect on the incorporation of gD
into virions or on the infectivity of virions. It therefore seems
most unlikely that the KKSL sequence could exclude gD from
the envelopment process or from the inner nuclear membrane
and much more probable that the retrieval of gD-KKSL to the
ER excludes the molecule from the cytoplasmic compartment
where final envelopment takes place.

The residual infectivity in preparations of SCgD-KKXX viri-
ons is due to the presence of residual gD since this infectivity
is neutralizable with antibodies to gD. The small amount of gD
detectable in SCgD-KKXX virions is endoglycosidase H sen-
sitive, confirming that its source is a pre-Golgi compartment
and implying that the infectivity corresponds to virions at the
primary envelopment stage. We recognize that this interpreta-
tion, also, is open to question. The very small amount of gD
present in SCgD-KKXX virions (shown in Fig. 2 and 3) could
be due to contaminating ER membranes, and, since it is im-
possible to demonstrate purity of the virions at the 99% level,
it is impossible formally to refute this argument. Nevertheless,
we know that these virions must contain some gD because they
are neutralized with an anti-gD antibody, the amount of gD
detected is consistent with the infectivity of the preparation
(about 1% of that for wild-type virus), and all the detectable

gD is endoglycosidase H sensitive. Our data and these argu-
ments do not represent formal proof, but we consider that,
taken together, they provide good evidence for a two-stage
envelopment process in which an ER-retrieved gD is restricted
to primary envelopment and is absent from final envelopment.

The addition of the YQRL TGN retrieval motif to the car-
boxy terminus of gD or the replacement of the transmembrane
domain with that of the Golgi-resident enzyme 2ST was effec-
tive in targeting the glycoproteins to the Golgi network and
severely reduced the ability of these molecules to participate in
induction of cell-cell fusion. We were, however, unable to
discern a phenotype when these targeted gD molecules were
introduced into recombinant viruses. Viruses expressing TGN-
targeted gD were unaltered in plaque size or morphology, grew
to wild-type titers, exhibited wild-type particle/infectivity ra-
tios, and released virions which contained levels of gD similar
to those of wild-type virions. These observations show that
these targeted forms of gD are functional and suggest that the
final envelope of HSV-1 is obtained from the Golgi compart-
ment or a Golgi-derived vesicle, a view consistent with the
phospholipid composition of the envelope (38).

If the proposal that HSV has both primary and final envel-
opment stages is correct, it raises many questions. Our data
and the observations that infectivity accumulates in monensin-
treated cells (23) suggest that primary envelopment yields in-
fectious virions in the perinuclear space, but we do not know
the composition of these virions, and, at present, there are no
satisfactory methods available for purifying enveloped virions
from this compartment. Virions in the perinuclear space must
fuse with the outer nuclear membrane, but this cannot require
those glycoproteins essential for plasma membrane fusion (37)
because virions lacking these proteins are processed and se-
creted. The UL20 gene product is a possible candidate for this
function because HSV-1 mutants lacking this gene accumulate
in the perinuclear space (2). If a late cytoplasmic compartment
is the site of final envelopment, then the tegument proteins and
all the virion membrane proteins must accumulate on the
membranes of this compartment. Electron-microscopic evi-
dence suggests that cytoplasmic nucleocapsids are associated
with a dense “protein coat”, probably corresponding to the
tegument protein (32), and, in circumstances where envelop-
ment fails to occur, cytoplasmic nucleocapsids associate with
accumulations of dense material thought to comprise the teg-
ument protein (5, 40). The existence of tegument-containing
“light particles” (33), however, implies that tegument proteins
can accumulate at membranes containing viral glycoproteins
and induce budding in the absence of nucleocapsids. It ap-
pears, therefore, that tegument proteins can associate with
nucleocapsids in the absence of membranes, and with mem-
branes in the absence of nucleocapsids, but the details of these
processes are obscure and the recognition signals involved are
entirely unknown.

The mechanism whereby some 10 or more virion membrane
proteins accumulate at the final envelopment compartment
presents a similar problem. Of course, it could be argued that
HSV-1 glycoproteins achieve a sufficient density on all mem-
branes and that budding in any compartment will result in
glycoprotein acquisition, but this seems an intuitively unsatis-
factory solution. Where viruses are known to bud at internal
membranes, targeting signals have been identified in the rele-
vant virion membrane proteins (21, 30), but of the HSV-1
glycoproteins only gE has been shown to be Golgi targeted (1).
This protein alone cannot, however, play a key role in directing
virus assembly and envelopment because gE-negative mutants
produce normal yields of infectious virions (3). Recently Brack
et al. (5) have reported that PRV mutants lacking gE, gI, and

FIG. 3. Endoglycosidase H treatment of virion gD. Approximately 2 3 108

virions from the same preparations used for Fig. 2 were treated with endogly-
cosidase H (1) or incubated in the absence of the enzyme (2) and were then
subjected to SDS-PAGE. The SCgD-KKXX tracks were loaded with approxi-
mately 108 virions, whereas all other tracks were loaded with approximately 5 3
106 virions. The separated proteins were transferred to nitrocellulose, and gD
was detected with antibody LP14.
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gM fail to envelope cytoplasmic nucleocapsids or secrete en-
veloped virions but that this phenotype can be reversed by
supplying either gE-gI or gM in trans. These findings suggest
that there is functional redundancy in the alphaherpesvirus
genome and that our concept of “dispensable genes” needs
reassessment. Perhaps the gE-gI complex plays a role in the
final envelopment process, but gM can also play this role.
While it is tempting to speculate that the targeting of alpha-
herpesvirus gE to an internal compartment plays some role in
virus assembly, it is notable that, in PRV mutants containing a
gE lacking the endocytosis motif, the molecule is nevertheless
incorporated into virus particles (34, 35).

Finally, it may be that interactions between virion glycopro-
teins or between these molecules and tegument proteins result
in the formation of compartment-restricted complexes, and
studies involving coexpression of these molecules may resolve
this issue.
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