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The late stages of assembly of herpes simplex virus (HSV) and other herpesviruses are not well understood.
Acquisition of the final virion envelope apparently involves interactions between viral nucleocapsids coated
with tegument proteins and the cytoplasmic domains of membrane glycoproteins. This promotes budding of
virus particles into cytoplasmic vesicles derived from the trans-Golgi network or endosomes. The identities of
viral membrane glycoproteins and tegument proteins involved in these processes are not well known. Here, we
report that HSV mutants lacking two viral glycoproteins, gD and gE, accumulated large numbers of unenvel-
oped nucleocapsids in the cytoplasm. These aggregated capsids were immersed in an electron-dense layer that
appeared to be tegument. Few or no enveloped virions were observed. More subtle defects were observed with
an HSV unable to express gD and gI. A triple mutant lacking gD, gE, and gI exhibited more severe defects in
envelopment. We concluded that HSV gD and the gE/gI heterodimeric complex act in a redundant fashion to
anchor the virion envelope onto tegument-coated capsids. In the absence of either one of these HSV glycopro-
teins, envelopment proceeds; however, without both gD and gE, or gE/gI, there is profound inhibition of
cytoplasmic envelopment.

Herpes simplex virus (HSV) is in many respects the best
studied of the herpesviruses and the paradigm for �-herpesvi-
rus replication and assembly. As with other herpesviruses, viral
DNA is packaged into nucleocapsids in the nucleus (43). To
escape the nucleus, capsids become enveloped by regions of
the inner nuclear envelope and then move into the cytoplasm
by fusion with the outer lamellae of the nuclear envelope (45,
47). In the cytoplasm, nucleocapsids bind several tegument
proteins (reviewed in reference 35). Tegument-coated capsids
bind onto cytoplasmic membranes, including the trans-Golgi
network (TGN) and endosomes, enriched in viral glycopro-
teins (reviewed in reference 24). Nascent virions bud into the
lumen of these cytoplasmic vesicles as the virion envelope
wraps around tegument-coated capsids. Enveloped virions are
transported to the cell surface where fusion of cytosolic vesi-
cles with the plasma membrane delivers virus particles into the
extracellular environment or onto the cell surface.

The molecular details of how �-herpesviruses become en-
veloped at either nuclear or cytoplasmic membranes are poorly
characterized. In the case of cytoplasmic envelopment, it is
clear that viral membrane glycoproteins accumulate exten-
sively in the TGN or endosomes and this likely promotes in-
corporation into the virion envelope (reviewed in references 24
and 35). The cytosolic domains of these membrane glycopro-
teins probably provide a surface on which the last stage of

assembly, i.e., acquisition of the virion envelope, occurs. How-
ever, it is not clear which of the viral membrane proteins
are important for tethering of tegument-coated capsids onto
the envelope. HSV mutants lacking individual glycoproteins
known to be essential for virus replication, gD, gB, gH, and gL,
display no obvious defects in envelopment (8, 19, 31, 44). In
each case, normal numbers of enveloped particles are pro-
duced, although these particles are not infectious because they
lack the machinery to enter cells. When either gD or gH is
modified with endoplasmic reticulum localization signals so
that they do not reach the TGN, the glycoproteins are not
incorporated into nascent virions and normal numbers of en-
veloped particles are produced but these particles lack gD or
gH (45, 52). Therefore, any one of the so-called essential
glycoproteins is not necessary for cytoplasmic envelopment.
Moreover, no major defects in envelopment have been noted
with HSV mutants lacking other so-called nonessential glyco-
proteins: gE, gG, gI, gJ, and gM (2, 3, 13, 32, 49). Recently,
clues as to how cytoplasmic envelopment occurs came from
studies of the pig �-herpesvirus, pseudorabies virus (PRV).
Large numbers of nucleocapsids accumulated in the cytoplasm
of cells infected with PRV double mutants lacking gE, or just
the cytoplasmic (CT) domain of gE, and a second glycoprotein
gM (6, 7). These cytoplasmic capsids were immersed in an
electron-dense array that appeared to be tegument and which
stained with anti-UL49 antibodies (7). Therefore, the CT do-
mains of PRV gE and gM act in a redundant fashion to interact
with tegument proteins coating the surface of nucleocapsids;
when one or the other is present, there is still significant en-
velopment.

The tegument proteins that bridge the virion envelope onto
nucleocapsids are also ill defined, although some candidates
have recently come to light. Many HSV or PRV tegument
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proteins can be deleted without affecting virus assembly (35).
The PRV UL49, which encodes a homologue of HSV VP22,
interacts with the CT domains of both gE and gM (20). Nev-
ertheless, PRV UL49 can be deleted with only minor effects on
virus envelopment or growth and without affecting the subcel-
lular localization of gE/gI or gM (20). An HSV tegument
protein, VP16, the product of the UL48 gene, interacts with gH
in vitro (S. Gross, C. A. Harley, and D. W. Wilson, Proc. 27th
Int. Herpesvirus Workshop 2002, abstr. 7.05, 2002). Moreover,
an HSV VP16 mutant exhibited significant defects in cytoplas-
mic envelopment, accumulating unenveloped nucleocapsids
(37). HSV VP16 was also found to associate with gD in mild
detergent extracts of purified preparations of HSV virions (28).
Therefore, it appears that several tegument proteins may in-
teract with more than a single �-herpesvirus membrane pro-
tein to promote cytoplasmic envelopment.

HSV glycoprotein gD is essential for virus entry into all cells
studied to date, and virus mutants lacking gD must be propa-
gated on cells that express gD (25, 31). By expression cloning,
several gD receptors have been defined and one of these,
nectin-1, is expressed extensively on biologically relevant epi-
thelial and neuronal cells (reviewed in reference 46). gD-null
mutants produce relatively normal numbers of enveloped virus
particles in noncomplementing cells (31). An HSV type 1
(HSV-1) mutant that lacks the gD CT domain was able to
access virus receptors and enter cells, but it produced smaller
plaques and there was evidence for reduced yields of infectious
virus (31). This was consistent with subtle effects of the gD CT
domain in virus replication or cell-to-cell spread.

HSV and PRV glycoproteins gE and gI form a hetero-
dimeric complex that promotes the cell-to-cell spread of vi-
ruses, especially in epithelial and neuronal tissues, but gE/gI
does not play a role in virus entry when extracellular virions are
applied to cells (1, 3, 10, 13, 14, 15, 17, 22, 24, 50, 51, 54). It was
recently proposed that HSV gE/gI can act in two phases of the
process of virus cell-to-cell spread in epithelial cells (24, 27). In
one aspect of this, gE/gI apparently interacts with cellular
components of epithelial junctions in a manner that promotes
movement of virions across the cell junctions (11, 34). By a
distinct mechanism, gE/gI promotes virus spread by directing
nascent virions to epithelial cell junctions (27). We hypothe-
sized that gE/gI drives envelopment so that nascent virions are
delivered into cytoplasmic vesicles that specifically traffic to
lateral surfaces of epithelial cells, which would promote HSV
cell-to-cell spread (24, 27). During studies of HSV gE� and
gI� mutants in epithelial cells, we observed subtle defects in
envelopment, so that more cytosolic nucleocapsids accumu-
lated (27).

Recently, an HSV-1 gD mutant, designated F-US6kan, in
which a kanamycin gene cassette was placed between the gD
promoter and coding sequences, was characterized (25). Sur-
prisingly, F-US6kan could spread between keratinocytes and
form plaques. However, it became clear that F-US6kan ex-
pressed 1/500 of the level of gD compared with wild-type HSV
(21). Moreover, HaCaT keratinocytes express high levels of
the gD receptor nectin-1, which, in part, may explain the ability
of F-US6kan to spread between these cells but not other cells.
There still remained the possibility that gE/gI also contributed
substantially to the ability of F-US6kan to spread on keratino-
cytes. In order to test this we replaced the gE gene in F-US6kan

with a green fluorescent protein (GFP) gene. F-US6kan/gE-
GFP did not spread beyond a single infected cell, an observa-
tion that was consistent with the notion that gE/gI promoted
cell-to-cell spread in the absence of gD. However, F-US6kan/
gE-GFP exhibited major defects in the late stages of virus
assembly. Large numbers of unenveloped nucleocapsids accu-
mulated in the cytoplasm of cells infected with this mutant.
Two other HSV-1 mutants in which gD and gE or gD, gE, and
gI were replaced with �-galactosidase or GFP sequences also
failed to produce enveloped virus particles. We concluded that
gD and gE/gI act in a redundant fashion to promote cytoplas-
mic envelopment of HSV.

MATERIALS AND METHODS

Cells and viruses. HEC-1A, human endometrial epithelial cells (4), were
grown in RPMI medium (BioWhittaker, Inc., Walkersville, Md.) supplemented
with 8% fetal bovine serum (FBS). HaCaT, human keratinocyte cells derived
from a culture of primary keratinocyes (5), and Vero cells were grown in Dul-
becco’s modified Eagle’s medium (BioWhittaker, Inc.) supplemented with 8%
FBS. VD60 cells were maintained in Dulbecco’s modified Eagle’s medium lack-
ing histidine and supplemented with 0.4 to 1.0 mM histidinol and 8% FBS (Sigma
Chemical Co., St. Louis, Mo.). Wild-type HSV-1 strain F (originally from Pat
Spear, Northwestern Medical School) and the HSV-1 gE� recombinants derived
from F: F-gE� (14) and F-gE-GFP (produced here) were propagated and their
titers were determined on Vero cells. gD� recombinants derived from F,
F-US6kan (21, 25), F-gD�, which lacks gD and gI sequences (31), and vRR1097,
which has much of the gD coding sequences replaced by GFP sequences (41), as
well as the gD�/gE� recombinants described below, were propagated and their
titers were determined on gD-expressing VD60 cells (31).

Construction of gD�/gE� recombinants. In order to insert GFP sequences in
place of gE sequences, a plasmid, designated pgE-GFP, was constructed from
pUCUS7/8, which contains a 3.1-kb fragment of the US region of HSV-1 F DNA
encompassing the US7 (gI) and US8 (gE) genes (53). Plasmid pUCUS7/8 was
digested to completion with restriction endonuclease SmaI, removing the first
700 bp of coding sequence of US8, creating the plasmid pUCUS7/8�SmaI. GFP
coding sequences were subcloned from the plasmid pEGFP-C1 (GenBank ac-
cession no. U55763; Clontech), in which GFP sequences were coupled to the
human cytomegalovirus immediate early promoter by PCR. Two primers were
employed, ACGCCCCGGGTGCATTAGTTATTAATAGTAATCAAT and
TCCCCCCGGGTTACTTGTACAGCTCGTCCATGC, adding SmaI sites at ei-
ther end of the GFP sequences. The PCR product was sequenced, digested with
SmaI, and inserted into the SmaI site of pUCUS7/8�SmaI, creating pgE-GFP.
Three gE� derivatives were produced by using pgE-GFP. VD60 cells were
cotransfected with wild-type HSV-1 F, F-US6kan, or F-gD� DNA as well as
plasmid pgE-GFP and viruses that expressed isolated GFP, producing three
recombinants, F-gE-GFP, F-US6kan/gE-GFP, and F-gD�/gE-GFP. vRR1097/
gE� was constructed from vRR1097 (41) by cotransfecting VD60 cells with
vRR1097 DNA and plasmid pgE�, in which �-galactosidase sequences replace
gE coding sequences (13), and viruses that expressed characterized �-galactosi-
dase. A rescued version of this virus was created by cotransfection of vRR1097/
gE�� DNA and plasmid pSS17 (31) Vero cells.

Staining of HSV-infected cells. HaCaT cells with HSV plaques were washed,
fixed, and stained with polyclonal anti-HSV-1 antibodies, peroxidase-conjugated
secondary antibodies, and peroxidase substrate as previously described (53).
Recombinant viruses expressing �-galactosidase were identified after overlaying
cells with agarose containing 5-bromo-4-chloro-3-indoyl-�-D-galactopyranoside
as previously described (31). Recombinant viruses expressing GFP were identi-
fied by exposing infected cell monolayers to 521-nm fluorescent light visualized
with a Nikon Optiphot fluorescence microscope.

Radiolabeling of infected cells and immunoprecipitation. HaCaT cells were
left uninfected or were infected with wild-type or mutant HSV-1 with 5 PFU/cell.
After 2 h, the cells were labeled with [35S]methionine-cysteine (Amersham) (50
�Ci/ml) for 5 h, cell extracts were made using NP-40–deoxycholate lysis buffer
(100 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1.0% NP-40, 0.5% deoxycholate)
supplemented with 2 mg of bovine serum albumin/ml and 1 mM phenylmethyl-
sulfonyl fluoride, and the extracts were frozen at �70°C. HSV-1 gD was immu-
noprecipitated by using monoclonal antibody (MAb) DL6 (16), gE was precip-
itated by using MAb 3114 (13), and gI was precipitated by using MAb 3104 (23).
The immunoprecipitated cell extracts were eluted and subjected to electrophore-
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sis as described previously (48). The dried gels were placed in contact with a
phosphorimager, and viral proteins were quantified.

Electron microscopy. HEC-1A or HaCaT cells were infected with wild-type or
mutant HSV-1 for 16 h and then washed with 0.1 M sodium cacodylate buffer
(pH 7.2) and fixed in Ito and Karnovsky’s fixative (1.6% paraformaldehyde, 2.5%
glutaraldehyde, and 0.5% picric acid in 0.1 M sodium cacodylate). Samples were
postfixed in 1.5% osmium tetroxide, rinsed, and then postfixed in 4% parafor-
maldehyde. Samples were dehydrated in a graded acetone series and embedded
in epoxy resin, and ultrathin sections were double stained in uranyl acetate and
lead citrate and viewed with a Philips EM 300 electron microscope.

RESULTS

Characterization of a virus derived from F-US6kan and
lacking gE. F-US6kan expresses extremely low levels of gD,
yet it can spread between human keratinocytes, forming small
plaques (21). Anti-gE antibodies reduced the number of

plaques formed on these cells, suggesting the possibility that
gE/gI might function in entry or in cell-to-cell spread in the
context of these low levels of gD (21). To characterize further
the effects of gE/gI, we replaced gE coding sequences with
GFP sequences in F-US6kan. The virus used to construct this
double mutant was derived from a nonsyncytial version of
F-US6kan (21). A GFP gene cassette was inserted in place of
most of the gE coding sequences in a plasmid designated
pgE-GFP (Fig. 1 and Table 1). Plasmid pgE-GFP was cotrans-
fected along with DNA derived from F-US6kan into VD60
cells which express gD. Viruses derived from this transfection
were screened for GFP expression and further plaque purified.
HSV recombinants were characterized for expression of gB,
gD, and gE by infecting HaCaT cells and labeling the cells with
[35S]methionine-cysteine. HSV glycoproteins were immuno-

FIG. 1. Construction of recombinant viruses. The genome of HSV-1, including the US5 (gJ), US6 (gD), US7 (gI), US8 (gE), and US9 genes,
is depicted in the upper part of the figure (33). F-US6kan/gE-GFP was derived from F-US6kan (which contains a kanamycin gene cassette inserted
between the gD promoter and coding sequences) by replacing gE coding sequences with GFP sequences between two SmaI restriction sites.
vRR1097/gE� was derived from vRR1097 (in which GFP sequences replace gD coding sequences) by replacing gE coding sequences with
�-galactosidase sequences. vRR1097/gE�-R was derived from vRR1097/gE� by restoring both gD and gE sequences. F-gD�/gE-GFP was derived
from F-gD� (a mutant in which �-galactosidase sequences replace gD and gI coding sequences) by additionally replacing gE coding sequences with
GFP sequences. H represents a HindIII restriction site, S represents SmaI sites, B represents BalI, and N represents an NcoI restriction site.
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precipitated with anti-gB, -gD, or -gE MAb. As expected, a
virus derived from this transfection and designated F-US6kan/
gE-GFP expressed gB but not gE and only a trace of gD that
was not readily apparent in these exposures (Fig. 2), as was
described previously for F-US6kan (22).

To determine whether F-US6kan/gE-GFP could spread on
human keratinocytes, we infected HaCaT cells and determined
the sizes of plaques. As previously reported (21), F-US6kan
produced on complementing VD60 cells could produce small
plaques on HaCaT cells (Fig. 3). The numbers of plaques were
similar in each case (data not shown), suggesting that entry of
complemented virus into the HaCaT cells was not compro-

FIG. 2. Expression of gD, gE, gB, and gI by recombinant HSV-1. Human keratinocyte HaCaT cells were infected with wild-type HSV-1,
F-US6kan/gE-GFP, F-US6kan, F-gE-GFP, vRR1097, vRR1097/gE�, F-gD�, F-gD�/gE-GFP, or F-gE� or were left uninfected. The cells were
labeled with [35S]methionine-cysteine, and gD, gE, gB, or gI was immunoprecipitated from cell extracts by using MAb DL6, 3114, 15�B2, or 3104,
respectively. Antigen-antibody complexes were collected by using protein A-Sepharose, and eluted proteins were subjected to electrophoresis on
12% polyacrylamide gels. Panels A, B, and C include all the mutants except vRR1097/gE�R; gD was precipitated in panel A, gE was precipitated
in panel B, and gB was precipitated in panel C. In panel D, vRR1097/gE�R was characterized for gD, gE, and gI. The positions of mature and
immature forms of gE, gD, and gB as well as marker proteins of 200, 97.4, 68, 43, 29, and 18.4 kDa are indicated.

TABLE 1. Expression of viral glycoproteins by HSV recombinants

Virus
Expression level of:

gD gE gI

FUS6kan Lowa WTb WT
FUS6kan/gE-GFP Lowa Null WT
vRR1097 Null WT WT
vRR1097/gE� Null Null WT
F-gD� Null WT Null
F-gD�/gE-GFP Null Null Null
vRR1097/gE�R WT WT WT

a As shown by Huber et al. gD is expressed at approximately 1/500 of the level
observed in wild-type HSV (21).

b WT, wild type.
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mised. Similarly, F-gE-GFP, which lacks gE, formed plaques,
although these were of markedly reduced size. By contrast,
F-US6kan/gE-GFP was consistently unable to spread beyond a
single infected cell. The numbers of these single infected cells
that stained with anti-HSV antibodies were similar to the num-
bers of plaques formed by F-US6kan. This suggested that
F-US6kan/gE-GFP produced on gD-complementing cells pro-
duced relatively normal numbers of infectious viruses and that
these entered HaCaT cells and were able to initiate an infec-
tion efficiently. However, without gE and with low levels of gD,
F-US6kan/gE� could not replicate or spread beyond a single
infected cell.

F-US6kan/gEGFP is severely restricted in the production of
enveloped virus particles. To determine whether F-US6kan/
gE-GFP could replicate normally in cells, electron microscopy
was used. HEC-1A human endometrial epithelial cells were
employed in these and previous electron microscopic studies
(27) because the morphology of these epithelial cells allows
detailed characterization of virus subcellular localization. As
before, HEC-1A cells infected with wild-type HSV-1 displayed
relatively large numbers of enveloped virus particles on the cell
surfaces, with the majority at cell junctions (Fig. 4, upper left
panel). Relatively few unenveloped or enveloped particles
were observed in the cytoplasm of wild-type-infected cells,
suggesting, as in previous studies (26, 27), that late stages of
assembly and acquisition of the final envelope are rapid, as is
movement to the cell surface. Cells infected with F-gE-GFP, a
recombinant lacking gE but expressing gD, displayed a similar

pattern of enveloped virions at the cell surface, although these
were frequently on apical rather than lateral surfaces (Fig. 4,
upper right panel). In stark contrast, F-US6kan/gE-GFP-in-
fected HEC-1A cells contained large aggregates of virus par-
ticles in the cytoplasm and very few enveloped particles (Fig. 4,
lower panels). These aggregated particles were not enveloped
(Fig. 4, lower right panel), and the particles were immersed in
an electron-dense structure which appeared to be tegument.
There were very few enveloped particles observed either in the
cytoplasm or on the cell surface. In some cases, a few envel-
oped particles were observed, as in Fig. 4, but often no envel-
oped particles were observed in sections that contained 50 or
more unenveloped particles. Therefore, the loss of most gD
and all gE markedly inhibited HSV cytoplasmic envelopment.

Construction of HSV mutants unable to express gD and gE.
F-US6kan expresses low levels of gD, which confuses the in-
terpretation of the results. To determine whether similar de-
fects in late virus assembly occurred when both gD and gE
were not expressed, we constructed two different gD�/gE�

recombinants in which the gD and gE genes were entirely or
largely replaced with marker genes (refer to Fig. 1 and Table
1). Previously, Rauch et al. (41) constructed a recombinant
HSV-1, designated vRR1097, in which GFP sequences re-
placed most of the gD gene. To remove gE sequences in
vRR1097, we cotransfected VD60 cells (gD-complementing
cells) with viral DNA from vRR1097 and a plasmid pgE� in
which gE coding sequences were replaced by �-galactosidase
sequences (13). An isolate expressing �-galactosidase and GFP

FIG. 3. Plaques formed by F-US6kan and F-US6kan/gE�. HaCaT cells were infected with wild-type HSV-1, F-gE-GFP, F-US6kan, or
F-US6kan/gE-GFP. In the case of F-US6kan and F-US6kan/gE-GFP, virus stocks were prepared by using gD-complementing VD60 cells. After
2 days, the cells were stained with anti-HSV antibodies and peroxidase-conjugated secondary antibodies.
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was selected and designated vRR1097/gE�. A rescued version
of vRR1097/gE� able to express gD and gE was also con-
structed.

A second recombinant unable to express gD and gE, and
also missing gI coding sequences, was derived from F-gD�, in
which all of the gD gene and the 5� end of the gI gene were
replaced with �-galactosidase sequences (31). F-gD� DNA
was cotransfected with plasmid pgE-GFP into VD60 cells, and

virus isolates which expressed both �-galactosidase and GFP
were selected. To characterize all of these recombinant viruses
further, HEC-1A cells were infected with each virus, the cells
were radiolabeled with [35S]methionine-cysteine, and gD, gE,
or gB was immunoprecipitated. As expected, cells infected with
vRR1097 did not express gD but expressed gE and gB (Fig. 2A
to C). vRR1097/gE� derived from this virus expressed gB but
not gD and gE. F-gD� expressed gB and gE but not gD, and

FIG. 4. Electron micrographs of F-US6kan/gE-GFP-infected HEC-1A cells. HEC-1A cells were infected with wild-type HSV-1 (upper left
panel), F-gE-GFP (upper right panel), or F-US6kan/gE-GFP (lower panels) for 16 h. The cells were fixed and processed for electron microscopy.
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F-gD�/gE-GFP expressed gB but not gD and gE (Fig. 2A to
C). The rescued virus, vRR1097/gE�-R, expressed gD, gE, and
gI (Fig. 2D). These data are summarized in Table 1.

Assembly of HSV gD�/gE� recombinants in HEC-1A endo-
metrial cells. The double gD�/gE� mutant vRR1097/gE� was
characterized by electron microscopy. As before, HEC-1A
cells infected with either wild-type HSV-1 displayed numerous
enveloped particles largely on the cell surface at cell junctions
(Fig. 5A, upper left panel). Cells infected with the gD� mutant
vRR1097 also exhibited numerous cell surface virions, al-
though in some cells there were slightly more unenveloped
particles in the cytoplasm (Fig. 5A, upper right panel). By
contrast, vRR1097/gE�-infected cells accumulated large num-
bers of virus particles in cytoplasmic aggregates (Fig. 5A, lower
left panel). At higher magnifications, the aggregated vRR1097/
gE� particles clearly lacked an envelope and were found in
aggregates immersed in an electron-dense material, probably
composed of tegument proteins (Fig. 5B, right panels). There
were enveloped virions in vRR1097/gE�-infected cells, but
these were markedly reduced in numbers and some sections
showed only unenveloped particles. This was quantified by
counting approximately 750 to 1,000 virus particles, unenvel-
oped nucleocapsids, and enveloped virions in the cytoplasm
and on the cell surface in numerous cell sections (Table 2).
Cytoplasmic unenveloped nucleocapsids were increased by 23-
fold in vRR1097/gE�-infected cells compared with wild-type
HSV-1-infected cells, and the numbers of cell surface envel-
oped virions were reduced by 6-fold in vRR1097/gE�-infected
cells. We believe that some of the enveloped particles that
were present on surfaces of vRR1097/gE�-infected cells were
derived from input infecting viruses. This likely relates to the
observation that vRR1097/gE� stocks derived from VD60 cells
were significantly lower in titer than other viruses so that high-
er input doses were required. Cells infected with vRR1097/
gE�-R, derived from vRR1097/gE� by restoring the gD and
gE genes, displayed numerous enveloped viruses on the cell
surface, similar to the pattern observed with wild-type HSV-1
(Fig. 5A, lower right panel, and Table 2).

Previously, minor defects were reported in the assembly of
F-gE�, an HSV-1 recombinant in which �-galactosidase se-
quences replace those of gE in HEC-1A cells (27). In those
studies and the present studies, there were more-subtle two- to
threefold increases in numbers of unenveloped nucleocapsids
observed in the cytoplasm (Table 2). Here, we characterized a
second gE� mutant, F-gE-GFP, a recombinant in which GFP
sequences replace gE sequences, and there were subtle in-
creases in unenveloped particles, although most cells primarily
displayed enveloped particles on the cell surface (Fig. 4).
Somewhat more-striking defects in late assembly were ob-
served with the gD�/gI� mutant F-gD�. HEC-1A cells in-
fected with F-gD� displayed aggregates of unenveloped parti-
cles in many, but not all, sections, and enveloped particles were
also observed in both the cytoplasm and on the cell surfaces
(Fig. 6A). This was not previously noted in Vero cells (31), and
we did not observe obvious defects in the assembly of F-gD� in
HaCaT cells (data not shown). Therefore, it appears that de-
letion of either gE alone or gD and gI causes more-subtle but
still apparent defects in virus envelopment so that increased
numbers of unenveloped particles accumulate, but this is de-
pendent on the host cells studied.

HEC-1A cells infected with the triple mutant F-gD�/gE-
GFP, lacking gD, gE, and gI, displayed large aggregates of
cytoplasmic nucleocapsids (Fig. 6B, lower panels). These ag-
gregates were similar to those observed with vRR1097/gE�,
except, in most cases, the F-gD�/gE-GFP aggregates were
greater in size. Moreover, there were fewer examples of en-
veloped particles on the surfaces of F-gD�/gE-GFP-infected
cells (Table 2). Therefore, it appeared that the additional loss
of gI in a virus also missing gD and gE further decreased the
production of enveloped virions and increased the accumula-
tion of unenveloped capsids in the cytoplasm.

Assembly of a gD�/gE� HSV in HaCaT keratinocytes. To
extend these observations to other cells, we infected the human
keratinocyte cell line HaCaT. These cells are derived from
primary keratinocytes and are able to form differentiated epi-
dermal tissue when transplanted into nude mice (5), and we
believe that these cells are particularly relevant for studies of
HSV replication. HSV gE� mutants produce plaques that are
reduced by five- to eightfold in the numbers of infected HaCaT
cells compared with wild-type HSV (53). HaCaT cells infected
with wild-type HSV-1 showed extensive numbers of enveloped
virions at cell junctions (Fig. 7, upper left panel). Similarly,
vRR1097 (lacking gD) also produced relatively normal num-
bers of virus particles and these were again largely on the cell
surface (Fig. 7, upper right panel). The double gD�/gE� mu-
tant vRR1097/gE� produced large numbers of unenveloped
virions that accumulated in an electron-dense matrix in the
cytoplasm of HaCaT cells (Fig. 7, lower panels). Few or no
enveloped particles were produced. Therefore, as with HEC-
1A cells, a gD�/gE� virus failed to produce unenveloped,
cytoplasmic nucleocapsids in HaCaT cells.

DISCUSSION

HSV acquires two different envelopes. Nucleocapsids inter-
act with the inner nuclear membrane, budding into the space
between the inner and outer nuclear envelopes. Fusion of the
virion envelope with the outer nuclear membrane delivers nu-
cleocapsids into the cytoplasm. Tegument-coated proteins in-
teract with the CT domains of HSV membrane glycoproteins
that accumulate in the TGN or endosomes, and there is bud-
ding into cytoplasmic vesicles. This secondary envelopment

TABLE 2. Distribution of virus particles produced by
wild-type and mutant HSV-1 in HEC-1A cellsa

Virus

No. (%) of b:

Nucleocapsids in: Enveloped virions:

Nucleus Cytoplasm In cytoplasm On cell surface

Wild type 393 (43.9) 30 (3.3) 36 (4.0) 435 (48.6)
F-gE� 335 (44.5) 75 (9.9) 97 (12.8) 246 (32.6)
vRR1097 414 (52.5) 36 (4.6) 45 (5.7) 293 (37.1)
vRR1097/gE� 268 (25.2) 695 (65.6) 12 (1.2) 85 (8)
F-gD�/gE-GFP 374 (22.4) 1,227 (73.4) 32 (1.9) 38 (2.3)
VRR1097/gE�-R 389 (56.3) 44 (6.3) 38 (5.4) 220 (31.8)

a Human HEC-1A cells were infected with wild-type or mutant HSV-1 for
16 h. The cells were fixed, sectioned, and then examined by electron microscopy.

b The numbers of unenveloped nucleocapsids in the nucleus and in the cyto-
plasm and enveloped virions in the cytoplasm and on the cell surface were
counted in approximately 10 to 15 randomly chosen cells. The numbers in
parentheses are percentages of the total numbers of particles.

VOL. 77, 2003 HSV gD�/gE� MUTANTS FAIL TO ACQUIRE AN ENVELOPE 8487



apparently occurs relatively rapidly and efficiently with HSV-1,
as few nucleocapsids are observed in the cytoplasm of most
cultured cells (9, 26, 27, 45) Apparently, no single HSV-1
glycoprotein is essential for either nuclear or cytoplasmic en-
velopment. There are no major defects in the assembly of
enveloped particles with HSV-1 mutants lacking any of the
membrane glycoproteins considered essential for replication,
gB, gD, and gH/gL (8, 19, 31, 44). Similarly, mutants lacking
glycoproteins not required for replication in cultured cells

show, at most, subtle defects in envelopment (reviewed in
reference 24). The important work of Brack et al. (6, 7) show-
ing that PRV depends upon two glycoproteins, gM and gE,
suggested a hypothesis that two or more �-herpesvirus mem-
brane proteins interact with more than a single tegument pro-
tein to anchor the virion envelope onto nucleocapsids.

Here, we demonstrated that HSV-1 depends upon gD and
gE for secondary envelopment. HSV-1 mutants expressing low
levels of or no gD and no gE produced very few enveloped

FIG. 5. Electron micrographs of HEC-1A cells infected with F-gD�/gE-GFP. (A) HEC-1A cells were infected with wild-type HSV-1, vRR1097
(gD�), vRR1097/gE� (gD�/gE�), or vRR1097/gE�-R (a rescued version of vRR1097/gE�). (B) HEC-1A cells were infected with wild-type HSV-1
or vRR1097/gE�. After 16 to 18 h, the cells were fixed and processed for electron microscopy.
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virions. Another HSV-1 recombinant lacking gD, gE, and gI
exhibited a similar, but apparently more profound, phenotype.
We note that this reduction in enveloped particles between
gD�/gE� and gD�/gE�/gI� mutants and wild-type HSV was
most pronounced in enumerating virions on the cell surface,
where most enveloped virions accumulate, rather than count-
ing enveloped virions in the cytoplasm, which were few in
number. Moreover, in gD�/gE� mutants, large numbers of
unenveloped nucleocapsids accumulated in the cytoplasm in

an electron-dense milieu which appeared to be tegument.
There were no obvious effects on nuclear envelopment, and no
obvious accumulation of capsids in the nucleus or perinuclear
space was observed. Therefore, gD and gE serve essential but
redundant functions in the cytoplasmic envelopment.

Previously, minor defects were noted in envelopment when
characterizing HSV-1 mutants lacking gE or just the CT do-
main of gE (27). There were two- to threefold-increased num-
bers of cytoplasmic nucleocapsids compared with wild-type

FIG. 5—Continued.
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HSV-1, and here we observed similar defects with a second
gE� mutant. Moreover, deletion of the CT domain of gD also
subtly reduced production of infectious virus and plaque size
(18). However, the effects observed with gD and gE single
mutants were relatively subtle compared to the more severe
phenotype of a mutant lacking both gD and gE.

There also appeared to be a contribution of the gI glycopro-
tein. Careful analysis of a mutant, F-gD�, which lacks gD and
gI showed that increased numbers of unenveloped nucleocap-
sids accumulated in HEC-1A cells compared with wild-type
HSV, although significant numbers of enveloped virions were

also observed. Nevertheless, this reduced envelopment was not
observed in F-gD�-infected HaCaT (this study) or in Vero
cells (31). Defects in virus assembly associated with HSV-1
gD�/gI� double mutants were never as obvious as with gD�/
gE� viruses. The loss of gD and gE produced a massive accu-
mulation of unenveloped capsids in virtually every cell, where-
as many cells infected with F-gD� exhibited few unenveloped
capsids. However, the loss of gD, gE, and gI in the triple mu-
tant F-gD�/gE-GFP led to a more severe phenotype than was
observed with the gD�/gE� mutant, and even fewer numbers
of enveloped capsids were observed. Therefore, we concluded

FIG. 6. Electron micrographs of F-gD�- and F-gD�/gE-GFP-infected HEC-1A cells. HEC-1A cells infected with the gD�/gI� mutant F-gD�
(A) or the gD�/gI�/gE� mutant F-gD�/gE-GFP (B) were fixed and processed for electron microscopy.

8490 FARNSWORTH ET AL. J. VIROL.



that gI also contributes, perhaps in a more subtle manner than
gE, to cytoplasmic envelopment.

In contrast to these results with HSV-1, a PRV quadruple,
gD�, gE�, gI�, and gG�, mutant produced relatively normal
numbers, or at least not drastically reduced numbers, of en-
veloped virions that could be purified and characterized by
immunoelectron microscopy (36). Evidently, HSV and PRV
differ in their requirements for envelopment. There have been
other differences described for how gD functions for HSV and

PRV. PRV gD is not required for the spread of viruses be-
tween cells once gD-complemented virus particles are able to
enter cells (38, 39, 42). Moreover, gD� PRV can spread in
animal tissues. By contrast, HSV gD� mutants do not spread
beyond a single infected cell either in cultured cells or in
animal models (14, 21, 31). Therefore, these differences may
be as illuminating as the many similarities between PRV and
HSV but caution against drawing parallels in every case.

To begin to understand how the virion envelope interacts

FIG. 6—Continued.
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with tegument, Fuchs et al. (20) have characterized interac-
tions between the PRV UL49 gene, a homologue of HSV
VP22, and gE and gM. Both gE and gM interacted with UL49
in yeast two-hybrid screens, and a PRV gE�/gM� deletion
virus failed to incorporate UL49 into virions. This might have
suggested that UL49 was essential for envelopment, as PRV
gE and gM appear to be. However, PRV VP22 can be deleted
without affecting envelopment or even neurovirulence (12, 20).
Thus, interactions between gE and gM and other PRV tegu-

ment proteins are also apparently important for late assembly.
In other �-herpesviruses, bovine herpesvirus type 1 VP22 is
important for virus replication and neurovirulence (29, 30).
With HSV, the C terminus of VP22 appears to be critical for
incorporation into virions and for cell-to-cell spread (40).
However, there is presently no HSV VP22-null mutant to test
the notion that VP22 is essential for envelopment. It appears
that HSV gE, like the PRV counterpart, interacts with VP22,
as we detected a 37-kDa viral protein, corresponding to the

FIG. 7. Electron micrographs of vRR1097/gE�-infected HaCaT cells. HaCaT cells were infected with wild-type HSV-1 (upper left panel),
vRR1097 (upper right panel), or vRR1097/gE� (lower panels) for 16 to 18 h. The cells were fixed and processed for electron microscopy.
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size of HSV-1 VP22, bound onto a glutathione S-transferase
fusion protein containing the gE CT domain (T. Wisner and
D. C. Johnson, unpublished data). Recently, the cytoplasmic
tail of HSV gD was found to interact with VP22 in vitro (Gross
et al., Proc. 27th Int. Herpesvirus Workshop 2002), which
provides the possibility that HSV gD and gE both interact with
VP22. Unfortunately, the contribution of gM in envelopment
has not been tested in HSV by the construction of either
gE�/gM� or gD�/gM� double mutants.

A second HSV tegument protein VP16 appears to play an
important role in cytoplasmic envelopment. An HSV-1 recom-
binant unable to express VP16 (and the virion host shutoff
protein, vhs) produced few enveloped virions, and unenvel-
oped particles accumulated in the cytoplasm, suggesting that
VP16 is essential or important for cytoplasmic envelopment
but not for nuclear envelopment (37). There is evidence that
the cytoplasmic domain of HSV gH interacts with VP16 in
vitro (Gross et al., Proc. 27th Int. Herpesvirus Workshop
2002), supporting the notion that gH may also play a role in
envelopment. Moreover, VP16 was found to be physically as-
sociated with gD extracted from virions with mild nonionic
detergents and purified by antibody affinity chromatography
(28). Therefore, it is plausible that HSV cytoplasmic envelop-
ment involves interactions between gE and gD with VP22 and
between gH and gD with VP16, although loss of any individual
interaction may not be fatal. Clearly, loss of both gE and gD
dramatically diminishes envelopment. However, it is also rea-
sonable that HSV glycoproteins other than gD and gE/gI are
involved in cytoplasmic envelopment, e.g., gB and gH, and
there may be yet other interactions for nuclear envelopment. It
will require other double and triple glycoprotein mutants to
define this further.
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