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Herpes simplex virus type 1 (HSV-1) acquires its final envelope by budding into cytoplasmic vesicles thought
to be derived from trans-Golgi network membranes. This process is facilitated by interactions among the
carboxyl termini of viral glycoproteins and tegument proteins. To directly investigate the relative importance
of the carboxyl terminus of glycoprotein D (gD) in the presence or absence of gE, a recombinant virus (gDAct)
was constructed to specify a truncated gD lacking the carboxy-terminal 29 amino acids. Furthermore, two
additional recombinant viruses were constructed by mutating from ATG to CTG the initiation codons of gE
(gEctg) or both gE and gM (gEctg+gMctg), causing lack of expression of gE or both gE and gM, respectively.
A fourth mutant virus was constructed to specify the gEctg+gDAct mutations. The replication properties of
these viruses were compared to those of a newly constructed recombinant virus unable to express UL20 due to
alteration of the two initiation codons of UL20 (UL20ctgctg). All recombinant viruses were constructed by
using the double-Red, site-directed mutagenesis system implemented on the HSV-1(F) genome cloned into a
bacterial artificial chromosome. The gEctg, gEctg+gMectg, gDAct, and gEctg+gDAct viruses produced viral
plaques on African monkey kidney cells (Vero), as well as other cells, that were on average approximately 30
to 50% smaller than those produced by the wild-type virus HSV-1(F). In contrast, the UL20ctgctg virus
produced very small plaques containing three to five cells, as reported previously for the AUL20 virus lacking
the entire UL20 gene. Viral replication kinetics of intracellular and extracellular viruses revealed that all
recombinant viruses produced viral titers similar to those produced by the wild-type HSV-1(F) virus intra-
cellularly and extracellularly at late times postinfection, with the exception of the UL20ctgctg and AUL20
viruses, which replicated more than two-and-a-half logs less efficiently than HSV-1(F). Electron microscopy
confirmed that all viruses, regardless of their different gene mutations, efficiently produced enveloped virions
within infected cells, with the exception of the UL20ctgctg and AUL20 viruses, which accumulated high levels
of unenveloped virions in the cytoplasm. These results show that the carboxyl terminus of gD and the
full-length gE, either alone or in a redundant manner, are not essential in cytoplasmic virion envelopment and
egress from infected cells. Similarly, gM and gE do not function alone or in a redundant manner in cytoplasmic
envelopment and virion egress, confirming previous findings.

Herpes simplex virus type 1 (HSV-1) virion assembly ini-
tiates in the nucleus, where procapsid proteins assemble
around scaffolding proteins (52, 60), followed by the digestion
of these scaffolding proteins, creating empty capsids to be filled
with DNA (31, 57, 58). The most-prevalent model for HSV-1
virion egress and viral envelope acquisition calls for primary
envelopment of nuclear capsids as they cross the inner nuclear
membrane into the perinuclear space and then fusion of en-
veloped virions with the outer membrane (de-envelopment),
delivering nucleocapsids into the cytoplasm (10, 51, 53). In the
cytoplasm, viral capsids are coated with tegument proteins and
are thought to acquire final viral envelopes by budding into
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glycoprotein-enriched regions of the frans-Golgi network
(TGN) membranes. This final virion morphogenesis step de-
livers fully enveloped virions into cytoplasmic vesicles, which
are ultimately transported out of the cell within vesicles by
exocytosis (34).

HSV-1 cytoplasmic virion envelopment is thought to be fa-
cilitated by interactions among the cytoplasmic domains of
viral glycoproteins and other membrane proteins anchored in
TGN-derived membranes with tegument proteins. Such inter-
actions have been described between HSV-1 glycoproteins gly-
coprotein D (gD [US6]) and VP22 (UL49) (13, 19), gD and
VP16 (35), gE (US8) and VP22 (19), and gH (UL22) and
VP16 (UL48) (30, 36). Cross-linking experiments have also
shown potential interactions of gB, gD, and gH with VP16
(63). In addition, the membrane protein UL11, which intrin-
sically targets the Golgi apparatus, is believed to direct tegu-
ment proteins to the glycoprotein-embedded envelopment site,
and it is known to interact with the UL16 tegument protein (4,
42, 43). Mutant viruses with the UL49 (VP22) gene deleted



6116 LEE ET AL.

produce smaller-than-wild-type virus plaques, but they can be
readily isolated in noncomplementing cells, suggesting redun-
dant roles for VP22 and other tegument proteins in cytoplas-
mic virion envelopment (17). The tegument protein VP16
serves multiple functions, including transcriptional regulation
of viral immediate early, early, and late genes (12, 49, 50) and
modulation and downregulation of the virion host shutoff pro-
tein vhs (UL41), to which it binds (54). VP16 mutant viruses
exhibit drastic defects in infectious virus production and inabil-
ity to form viral plaques, suggesting a role of VP16 in virion
assembly and egress (1, 55, 61). At least part of this defect has
been attributed to steps beyond egress from the perinuclear
spaces (48).

Deletion of either HSV-1 gD or gH or forced retention of
either gD or gH within the endoplasmic reticulum did not
appear to cause drastic defects in cytoplasmic virion envelop-
ment and egress, although both glycoproteins are essential for
viral infectivity (7, 21, 41, 62). Similarly, gB appeared not to be
required for cytoplasmic envelopment and egress, inasmuch as
gB-null viruses enveloped and could be rendered infectious
after treatment with the fusogen polyethylene glycol (8, 45).
However, partial deletion of the carboxyl terminus of gB was
recently reported to substantially reduce cytoplasmic envelop-
ment and egress (9). Single or simultaneous deletion of HSV-1
gE and gM genes did not cause any appreciable defects in
cytoplasmic virion envelopment and infectious virus produc-
tion (6). However, simultaneous deletion of HSV-1 gD and gE
or gD, gE, and gl was reported to cause drastic accumulation
of unenveloped capsids in the cytoplasm, presumably due to
the lack of appropriate interactions of the cytoplasmic termini
of gD and gE with viral tegument proteins. Because neither of
these gene deletions alone caused similar defects, it was con-
cluded that gD and gE function in a redundant manner in
cytoplasmic virion egress (18). Other membrane proteins and
glycoproteins which traffic to TGN cellular membranes and are
known to play important roles in cytoplasmic envelopment
include UL11 and the UL20/gK protein complex. Specifically,
deletions of the UL11 gene coding for a membrane-bound
protein produced mild ultrastructural defects in cytoplasmic
virion egress (29), while deletion of either the gK or UL20
gene or specific mutations within these two genes caused dras-
tic inhibition of cytoplasmic virion envelopment (25, 32, 45).
Recently, it was reported that simultaneous deletion of HSV-1
UL11 and gM caused drastic inhibition of cytoplasmic virion
envelopment (39).

A substantial amount of work on the role of viral tegument
proteins and viral glycoproteins and membrane proteins in
virion cytoplasmic envelopment has been reported for other
viruses belonging to the Alphaherpesvirinae subfamily, notably,
the pseudorabies virus (PRV) (46, 47). In most instances, ho-
mologous genes appear to retain similar functions; however,
there are also important differences among different alphaher-
pesviruses. For example, the functions of gK and UL20 viral
proteins appear to be conserved in both HSV-1 and PRV (25,
28, 32, 37). Furthermore, simultaneous deletion of UL11 and
gM for either PRV or HSV produced similar defects in cyto-
plasmic virion envelopment, although UL11 mutants could not
be reciprocally complemented by the heterologous wild-type
gene (39). In contrast to these similarities between PRV and
HSV-1, simultaneous deletion of the gE, gl, and gM genes
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drastically inhibited PRV but not HSV-1 cytoplasmic envelop-
ment (5, 6). Recently, it was shown that the HSV-1 UL37 gene,
encoding a tegument protein, is essential for replication and
plaque formation, although the PRV UL37 homolog is not.
However, both UL37 proteins appear to be involved in cyto-
plasmic virion envelopment (40).

Historically, HSV-1 mutant viruses with mutations in viral
glycoproteins and other membrane proteins have been con-
structed on different genetic backgrounds using diverse meth-
odologies, complicating comparison and interpretation of the
resultant defects in virion morphogenesis. To directly compare
the role of HSV-1 UL20, gD, gE, and gM in cytoplasmic
reenvelopment, we constructed selected single and double mu-
tants in these genes in the same HSV-1(F) genetic background,
using similar mutagenesis procedures. The results clearly dem-
onstrated that the carboxyl terminus of gD and full-length gE
or gE and gM are not essential either alone or in a redundant
manner in cytoplasmic envelopment and virion egress. The gE
and gM results confirm previous findings (6). Direct compar-
ison with the UL20ctgctg virus lacking UL20 expression
showed that the UL20 protein and, by extension, the UL20/gK
protein interactive complex play a primary role in cytoplasmic
virion egress.

MATERIALS AND METHODS

Cells and antibodies. African green monkey kidney (Vero) cells and human
endometrium adenocarcinoma cell strain HEC-1-A were obtained from the
American Type Culture Collection (Rockville, MD). Cells were maintained in
Dulbecco’s modified Eagle’s medium (Gibco-BRL, Grand Island, NY) supple-
mented with 10% fetal calf serum and antibiotics. Antibodies used include
anti-HSV-1 gE monoclonal antibody (Virusys, Sykesville, MD) and Alexa Fluor
488-conjugated goat anti-mouse immunoglobulin G monoclonal antibody (In-
vitrogen-Molecular Probes, Carlsbad, CA) for the indirect immunofluorescence
assay, as well as anti-HSV gD, anti-HSV gB, and anti-HSV-1 gC monoclonal
antibodies (Virusys, Sykesville, MD) for the Western immunoblot assay.

Construction of HSV-1 mutants gDAct (US6), gEctg (US8), UL20ctgctg,
gEctg+gDAct, and gEctg+gMctg. Mutagenesis was accomplished in Escherichia
coli by using the markerless two-step Red recombination mutagenesis system
with synthetic oligonucleotides (Table 1) (59) implemented on the bacterial
artificial chromosome (BAC) plasmid pYEbac102 carrying the HSV-1(F) ge-
nome (56) (a kind gift from Y. Kawaguchi, Japan). The gEctg recombinant virus
was constructed by changing the initiation codon from ATG to CTG (Fig. 1,
Table 1). The gDAct virus specified an 87-bp deletion coding for the carboxy-
terminal 29 gD amino acids while retaining the native stop codon and immediate
downstream sequences intact. The UL20ctgctg virus was constructed by altering
two potential initiation codon sites (from ATG to CTG) located 6 bp apart at the
beginning of the UL20 open reading frame. The gEctg recombinant virus was
used as the backbone for construction of the double mutant gEctg+gMctg by
mutating the initiation codon for gM (ATG to CTG), as well as to create the
gEctg+gDAct mutant virus by introducing the above-mentioned gD-specific de-
letion.

Synthetic oligonucleotides used to mutagenize each targeted gene are shown
in Table 1. Specifically, the 5" end of the forward primer for each mutagenesis
contains ~40 bp of homologous sequence upstream of the site of mutation,
followed by the mutant DNA sequence(s). An extra 20 bp downstream of the
target site was added. The 3’ end of the forward primer anneals to pEPkans-S,
so that it overlaps an I-Scel self-homing endonuclease site. The 5 end of the
reverse primer was designed to contain the reverse complement 40 bp down-
stream of the target site, which is also homologous to the 5" end of the forward
primer. This DNA sequence was followed by the reverse complement of the
targeted mutation site and then an additional 20 bp upstream of the target site.
The 3’ end of each primer was designed to anneal to the reverse complement
sequences downstream or upstream of the AphAI gene conferring kanamycin
(Kan) resistance, encoded by the pEPkans-S plasmid. Using these primers to
amplify the AphAI gene located on pEPkan-S, a PCR product was produced that
contained the desired mutation and the kanamycin resistance cassette.

Maintenance and mutagenesis of the BAC constructs were performed in E.
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TABLE 1. Red recombination primers used in the study
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Primer Sequence” Purpose

5" gE-EnPas GTTGGGCTCCCATTTTACCCGAAGATCGGCTGCTATCCCCGGGACCTGGATCGCGG gEctg (start codon point
GGCGGTGGTGGGGTTTCTTAGGATGACGACGATAAGTAGGG mutation)

3’ gE-EnPas AACACAAACACCGAGAAGAAACCCCACCACCGCCCCGCGATCCAGGTCCCGGGGA
TAGCAGCCGATCTTCGGGTACAACCAATTAACCAATTCTGATTAG

5" gD-366Del GGCAGCCCTGGTCATTTGCGGAATTGTGTACTGGATGCGC_TAGATACCCCCCCTT  gDAct (deletion from amino
AATGGAGGATGACGACGATAAGTAGGG acid 366 but leaving stop

3’ gD-366Del CAGACCTGACCCCCCCGCACCCATTAAGGGGGGGTATCTA_GCGCATCCAGTACAC codon)
AATTCCAACCAATTAACCAATTCTGATTAG

5" gM-EnPas GATACGCTCGACGTGTACTGTTCGCACTCGTCGTCCCCACTGGGACGCCCGGCCCC  gMctg (start codon point
CAGAGGATGACGACGATAAGTAGGG mutation)

3’ gM-EnPas GCGCGGAGTCGGGAGATCCTCTGGGGGCCGGGCGTCCCAGTGGGGACGACGAGT

5" UL20-EnPas

3" UL20-EnPas

GCGAACCAACCAATTAACCAATTCTGATTAG
GCGACCCTTTGCGGTTTCGGTCTCCCCACCTCCACCGCACACCCCCTGACCCTGCG

GGATGACCTTCCTCTGGTGGATCGAAGGATGACGACGATAAGTAGGG
CTCGTCGACCAGATCTCGATCCACCAGAGGAAGGTCATCCCGCAGGGTCAGGGGG

TGTGCGGTGGAGGTGGGGAGACCGAACAACCAATTAACCAATTCTGATTAG

UL20ctgctg (start codon and
downstream site point
mutations)

“ The regions homologous to HSV-1 DNA are in standard uppercase, the underlined sequences denote sites of mutation, the underscores represent deletion, and

the regions which bind to the marker gene are in bold italics.

coli strain EL250, which contains a A prophage encoding recombination enzymes
Exo, Beta, and Gam under a heat-inducible promoter (38). Colonies were
screened for positive integration of the correct mutant-plus-Kan PCR product by
using PCR test primers designed to lie outside of the target mutation sites (not
shown). Clones that were confirmed to have the correct integration were used for
the resolution step by being grown (from a 1:1,000 dilution) for 2 h in LB
medium without kanamycin (with chloramphenicol and ampicillin) at 32°C with
shaking at 225 rpm, followed by the addition of arabinose (1% final concentra-
tion) and an additional hour of incubation. Cultures were then placed in a 42°C
water bath for 30 min, followed by a final 1 h of growth at 32°C. Aliquots of
resolved culture were plated on chloramphenicol and ampicillin plates contain-
ing 1% arabinose. After 24 h, colonies were screened by replica plating for the
loss of kanamycin resistance. DNAs from kanamycin-sensitive colonies were
prepared and sent for sequencing to confirm the presence of the desired
mutation.

Confirmation of the targeted mutations and recovery of infectious virus.
HSV-1 BAC DNAs (plasmids pgDAct, pgEctg, pUL20ctgctg, pgEctg/gDAct, and
pgEctg/gMctg) were purified from 50 ml of BAC cultures with a Qiagen large-
construct kit (Qiagen, Valencia, CA). Using PCR test primers designed to lie
outside of the target mutation site(s), all mutated DNA regions were sequenced
to verify the presence of the desired mutations in BACs. In addition, to confirm
that no spurious mutations were introduced into the target genes of interest
during mutagenesis or during the transfection procedure, cells from cell cultures
infected with each mutant virus were collected and DNA was isolated and
checked by DNA sequencing to confirm the presence of the desired mutations.

Viruses were recovered from cells transfected with BACs as follows: Vero cells
were grown to 95% confluence in 12-well plates. Cells were transfected with
BAC DNA mixed with Lipofectamine 2000 in Opti-MEM medium as recom-

mended by the manufacturer (Invitrogen). After 6 h of incubation at 37°C, the
medium was removed from the transfected cells, and the cells were washed with
phosphate-buffered saline (PBS) before fresh Dulbecco’s modified Eagle’s me-
dium with 10% fetal calf serum was added. At 48 h posttransfection, virus stocks
were collected and designated as passage 0 (P,). Passage P, viruses were used for
all experiments described in the manuscript.

Plaque morphology of mutant viruses. Visual analysis of plaque morphology
of mutant viruses was performed as we have previously described (29, 44, 45).
Briefly, near-confluent Vero cell monolayers in six-well plates were infected with
the indicated virus at a multiplicity of infection (MOI) of 0.001. After 1 h at room
temperature, medium was discarded and cells were washed with PBS before the
addition of methylcellulose. After 48 h postinfection (hpi) at 37°C and 5% CO,,
cells were washed several times with PBS to remove methylcellulose medium and
fixed with ice-cold methanol for 15 min. PBS containing a 1:500 dilution of the
polyclonal horseradish peroxidase-conjugated anti-HSV-1 antibody (Dako Cy-
tomation) was added to the cells and placed on a rocker at room temperature for
1 h. Virus plaques were visualized by using a Vector NovaRED peroxidase
substrate kit as directed by the manufacturer (Vector, Inc). Plaques were imaged
using a Leica DM IRB inverted wide-angle microscope (Leica Microsystems
GmbH, Wetzlar, Germany).

Plaque area measurements. Photographs of viral plaques were taken at X25
magnification on the Leica model DM IRB inverted wide-angle microscope
mentioned above. Fifty randomly selected plaques were imaged in this manner
for each of the mutant and wild-type viruses under consideration. Overall, two
different sets of 50 viral plaques were measured at 24 and 48 hpi with similar
results. The resulting images were analyzed using Zeiss AxioVision SP1 software,
release 4.7.1.0 (Carl Zeiss MicroImaging GmbH, Jena, Germany) to determine
the area of each plaque in square pixels. The plaque area measurements were

UL us
TR R, IR TR
.. .- TR
a | U 1 1 U 1 U U T 1
0.0 0.1 o 0.2 i 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
[} (I . |I
PREIIRY - it ~
ST N SR e T ~
- . ' ~e_ e .
- \ ' e ~
- A = 3
i UL10 ] H \ i use us7 uss USBA
b 0055 UL20  UL205
gMctg UL20ctgctg gDAct gEctg
(ATG-CTG) (1,3ATG-1,3 CTG) (aa 366-394) us7? (ATG-CTG) US8A
c KO T1078 — —

] UL20.5

FIG. 1. Genomic map of mutated genes. (a) Represents the prototypic arrangement of the HSV-1 genome with the unique long (UL) and
unique short (US) regions flanked by the terminal repeat (TR) and internal repeat (IR) regions. (b) Shows expanded genomic regions of the UL10,
UL20, US6, and US8 open reading frames. (¢) Shows the effect of ATG mutagenesis on gM, gE, and UL20 gene expression (cross-hatched
regions), as well truncation of gD after gDAct mutagenesis (cross-hatched gD region).
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natural log transformed and analyzed using the SAS statistical package, version
9.1.3. Distributions were examined for normality using the UNIVARIATE pro-
cedure with a Shapiro-Wilk test of normality. The general linear model proce-
dure was used to conduct a one-way analysis of variance on the natural log-
transformed data. When overall analyses determined significance (p = 0.05),
Tukey’s honestly significant differences test was used to examine pairwise differ-
ences between the means for each of the five mutants. Results are shown for the
viral plaques produced at 48 hpi.

One-step viral growth kinetics. Analysis of one-step growth kinetics was per-
formed as we have described previously (22, 27). Briefly, viruses were adsorbed
on wells of a six-well plate of nearly confluent Vero cell monolayers at 4°C for 1 h
at an MOI of 2. Thereafter, plates were incubated at 37°C and 5% CO, and virus
was allowed to penetrate for 1 h at 37°C. Any remaining extracellular virus was
inactivated by low-pH treatment (pH 3.0), and cells were incubated at 37°C and
5% CO,. Supernatants and cell pellets were separated at different times postin-
fection and stored at —80°C. Virus titers were determined by endpoint titration
of virus stocks on Vero cells. The experiment was performed a second time, and
the titers obtained were averaged, with standard deviation calculated for each
time point.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western im-
munoblotting. Subconfluent Vero cell monolayers were infected with the indi-
cated virus at an MOI of 5 (Fig. 4). At 24 hpi, cells were collected by low-speed
centrifugation, washed with PBS, and lysed at room temperature for 15 min in
mammalian protein extraction reagent supplemented with a cocktail of protease
inhibitors (Invitrogen-Life Technologies, Carlsbad, CA). Samples were further
processed for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoblotting as detailed previously (23). Blots were visualized by autoradiog-
raphy using a Pierce SuperSignal chemiluminescent detection kit (Pierce, Rock-
ford, IL) according to the manufacturer’s instructions. All antibody dilutions and
buffer washes were performed in Tris-buffered saline supplemented with 0.135 M
CaCl, and 0.11 M MgCl, (Tris-buffered saline-Ca-Mg) with 0.1% Tween 20.

For indirect immunofluorescence detection of gE expression, Vero cell mono-
layers infected with different mutant and wild-type viruses at an MOI of 1 were
fixed with 100% methanol for 10 min, washed twice with PBS, and incubated at
room temperature for 1 h with the primary anti-gE monoclonal antibody (Viru-
sys, Sykesville, MD) diluted 1:3,000 in PBS-5% goat serum. Cells were then
washed three times with PBS and incubated for 1 h at room temperature with
Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G monoclonal
antibody (Invitrogen-Molecular Probes, Carlsbad, CA) diluted 1:500 in PBS—
10% goat serum. After incubation, excess antibody was removed by washing
three times with PBS. Fluorescent micrographs were obtained by using a Leica
model DM IRB inverted fluorescence microscope (Leica Microsystems GmbH,
Wetzlar, Germany).

Electron microscopy. Cell monolayers were infected with the indicated virus at
an MOI of 5. All cells were prepared for transmission electron microscopy
examination at 16 hpi. Infected cells were fixed in a mixture of 2% paraformal-
dehyde and 1.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3.
Following treatment with 1% OsO4 and dehydration in an ethanol series, the
samples were embedded in Epon-Araldyte resin and polymerized at 70°C. Thin
sections were made on an MTXL ultratome (RMC Products), stained with 5%
uranyl acetate and citrate-nitrate-acetate lead, and observed with a Zeiss 10
transmission electron microscope as described previously (24, 25, 32, 45).

RESULTS

Construction and molecular analysis of recombinant vi-
ruses carrying one or more mutations. The availability of the
HSV-1(F) genome cloned into a BAC has enabled the rapid
and efficient genetic manipulation of the HSV-1 genome in E.
coli. To better compare the relative roles of different viral
glycoproteins in cytoplasmic virion envelopment and egress,
we generated a set of different mutants lacking one or two
targeted genes (Fig. 1). Mutagenesis was accomplished in E.
coli cells by using the markerless two-step Red recombination
mutagenesis system (59) implemented on the pYEbac102 BAC
carrying the entire HSV-1(F) genome (56) as described in
Materials and Methods. We have previously constructed and
characterized a AUL20 virus by deleting the UL20 gene with-
out affecting the adjacent UL20.5 gene (25). To eliminate the
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small possibility that this deletion causes indirect epigenetic
effects on adjacent gene expression, we constructed the new
UL20ctgctg virus by altering both UL20 ATG codons found 6
bp apart at the 5’ of the UL20 gene. Mutagenesis of either
ATG sequence alone produced viable virus, indicating that
either or both ATGs may be utilized in virus-infected cells (not
shown). Therefore, we mutagenized both ATGs to ensure lack
of UL20 gene expression. Similarly, gMctg and gEctg viruses
were constructed by mutagenesis of the gM and gE initiation
codons, respectively. These mutant viruses were exceptionally
stable in cell culture, with no revertants detected by plaque
morphology or PCR-assisted DNA sequencing for up to five
serial passages in cell culture (not shown). The UL20ctgctg
mutant formed wild-type plaques on UL20-complementing cell
lines, as was previously shown for the AUL20 virus (25),
indicating the lack of any secondary mutations within the
UL20ctgctg viral genome. A gEctg revertant virus was con-
structed by site-directed mutagenesis of the BAC containing
the gEctg genome (gE rescued), and it replicated and formed
plaques in a manner similar to the wild-type virus (not shown).
gD is essential for HSV-1 virus entry and spread (20). How-
ever, extracellular domains of gD are necessary and sufficient
for gD-mediated virus entry. Different prediction algorithms
predicted the cytoplasmic terminus to be approximately 30
amino acids in length (not shown). The gD truncation mutant
gDAct was constructed by deleting an 87-bp DNA fragment
encoding the carboxy-terminal 29 amino acids of gD (Fig. 1).
The engineered mutations were confirmed via diagnostic PCR
and DNA sequencing (see Materials and Methods).
Recovery and plaque morphologies of infectious virus pro-
duced by HSV-1 BAC DNA. To generate virus stocks from the
mutant BAC genomic constructs, individual BAC DNAs were
transfected into Vero cells and initial virus stocks recovered
and characterized as detailed in Materials and Methods. Pas-
sage of these viruses up to five times in Vero cells did not result
in any phenotypic revertants or the generation of spurious
mutations (not shown). The plaque morphologies of the
gDAct, gEctg, UL20ctgctg, gEctg+gMctg, and gEctg+gDAct
mutant viruses were examined in Vero cells. As expected, the
HSV-1(F) wild-type virus produced large plaques (Fig. 2A).
The gEctg, gDAct, and gEctg+gMctg mutant viruses formed
plaques that were similar in size to each other and, on average,
approximately 50% smaller than the wild-type virus plaques.
The gEctg+gDAct double mutant virus formed plaques which
appeared smaller than those formed by either the gEctg or
gDAct mutant virus. Penetration kinetics performed for all
mutant viruses revealed that all of the viruses entered with
similar entry kinetics into Vero cells (not shown). The
UL20ctgctg mutant virus produced the smallest plaques of all
mutants, composed of three to five cells per plaque, as has
been extensively described previously for a UL20-null mutant
virus in which most of the UL20 gene was deleted (Fig. 2A)
(25). To better assess the virus plaque sizes produced by indi-
vidual mutant viruses, 50 randomly chosen viral plaques were
selected and statistically analyzed as described in Materials and
Methods. This analysis confirmed that deletion of either gE or
the carboxyl terminus of gD significantly reduced plaque size in
comparison to that of the wild-type HSV-1(F) virus and that
the gEctg+gDAct combined set of mutations reduced plaque
size even further than either the gEctg or gDAct mutation
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FIG. 2. Plaque phenotypes of wild-type, gEctg, gDAct, gEctg+gMctg, gEctg+gDAct, and AUL20 viruses. (A) Confluent Vero cell monolayers
were infected with each virus at an MOI of 0.001, and viral plaques were visualized at 48 hpi by immunohistochemistry as described in Materials
and Methods. (B) Fifty different viral plaques were randomly selected, imaged, measured, and statistically analyzed as described in Materials and
Methods. Natural log-transformed data for each mutant and the wild-type virus are depicted as bar graphs with standard errors. Similar results
were obtained when 50 viral plaques were measured at 24 hpi (not shown).

alone (Fig. 2B). Tukey’s honestly significant differences test
performed after one-way analysis of variance on the natural
log-transformed plaque area data showed a statistically signif-
icant difference in mean plaque area (P = 0.05) between each
of the five mutants (not shown). The plaque morphologies of
these viruses were also examined on human endometrial car-
cinoma (HEC-1-A), human embryonic kidney 293, Syrian
hamster, and kidney (BHK-21) cells, and similar results were
obtained (not shown).

Replication kinetics of HSV-1 mutants. To examine the ef-
fect of the various engineered mutations on virus replication,
Vero cells were infected at an MOI of 2 with either the wild-

type or each mutant virus and virus growth kinetics within
infected cells and their supernatants were performed as de-
scribed in Materials and Methods. All mutant viruses accumu-
lated infectious virions within infected cells at similar rates,
approaching titers at 24 hpi similar to those produced by the
wild-type virus, with the exception of the gEctg+gMctg double
mutant virus, which replicated three- to fivefold more effi-
ciently than the other viruses (Fig. 3A). Both UL20-null mu-
tant viruses, having either the UL20 gene deleted (AUL20) or
the first two UL20 ATGs altered (UL20ctgctg), replicated
more than two-and-a-half logs less efficiently than all other
viruses (Fig. 3A). Rates of viral accumulation in extracellular
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FIG. 3. Viral replication kinetics. Comparison of virus replication
characteristics of wild-type (WT) and mutant viruses. Viral titers at
different times after infection of Vero cells at an MOI of 2 were
determined for intracellular virus (A) or extracellular virus (B). The
experiment was performed a second time, the titers obtained averaged,
and the standard deviation calculated for each time point.

medium were similar to rates of accumulation in infected cells,
with the exception that overall viral titers at 24 hpi were up to
a log lower than the corresponding titers obtained from in-
fected cells (Fig. 3B). Replication experiments were also per-
formed in HEC-1-A, 293, and BHK-21 cells, with similar re-
sults (not shown).
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A gEctg+gDAct| B gEctg+gDAct | C gDAct

D ‘gEclg*gMetg| E gEctg+gMctg | F gEctg rescued
2 . b

Wild-type

FIG. 5. Immunofluorescence detection of gE expression. Vero cells
were infected at an MOI of 1, and gE expression was detected by
indirect immunofluorescence at 36 hpi. The panels in the left column
are phase-contrast micrographs of infected cells. The panels in the
center column are fluorescent micrographs of mutant viruses lacking
gE with anti-gE monoclonal antibody. The panels in the right column
are fluorescent micrographs of mutant and wild-type viruses that ex-
press gE. All mutant viruses containing the ATG-to-CTG mutations in
¢E (gEctg) failed to react with anti-gE antibody (panels B, E, and H),
while viruses expressing the wild-type gE reacted with the anti-gE
antibody (panels C, F, and I).

Protein expression profiles of viral mutants. To investigate
whether deletion of one or more viral glycoproteins affected
the synthesis of other viral glycoproteins, all mutant viruses
were tested for the expression of gB, gD, gC, and gE. Western
immunoblots revealed that the engineered mutations did not
affect the synthesis of gB, gD, and gC (Fig. 4A, B, and C). The
mutants specifying the gDAct mutation expressed gD that mi-
grated with a faster electrophoretic mobility, consistent with
the smaller size of the truncated gD (Fig. 4C). The expression
of gE was tested by indirect immunofluorescence, since the
available antibody did not react strongly enough in immuno-
blots. Immunofluorescence assay results showed that gE’s ex-
pression was unaffected by any of the other gene deletions,
while no gE expression was detected in cells infected with
viruses specifying the gEctg mutations (Fig. 5).

C

FIG. 4. Western immunoblot analysis of glycoproteins specified by mutant viruses. (A) anti-gB monoclonal antibody (MAb) was used to detect
gB. (B) gC detection using anti-gC MAD. (C) gD detection using anti-gD MAb. For all panels, lane 1 is wild-type virus cellular extracts; lane 2 is
gDAct; lane 3 is gEctg+gDAct; lane 4 is gEctg-rescued virus; lane 5 is gEctg; lane 6 is gEctg+gMctg; and lane 7 is mock-infected Vero cell extracts.
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iy

gEctg
FIG. 6. Ultrastructural morphologies of mutant viruses. Electron micrographs of Vero cells infected at an MOI of 5 with different viruses and
processed for electron microscopy at 16 hpi are shown. Enlarged sections of each micrograph are included as insets in each panel. AUL20

(constructed previously) is the mutant virus that has the entire UL20 gene deleted (25). UL20ctgctg is the mutant virus containing two
ATG-to-CTG codon initiation mutations six bases apart. Nucleus (n), cytoplasm (c), and extracellular space (e) are marked.

Ultrastructural characterization of the gDAct, gEctg,
gEctg+gDAct, and UL20ctgctg mutant viruses. The ultrastruc-
tural phenotypes of all viruses relative to that of the wild-type
parental virus were investigated by utilizing transmission elec-
tron microscopy at 16 hpi, visually examining more than 50
individual cells. As expected, the wild-type virus exhibited no
apparent defects in cytoplasmic virion envelopment and egress,
as evidenced by the presence of fully enveloped virions intra-
cellularly and extracellularly (Fig. 6). The ultrastructural visu-
alization of Vero cells infected with the different mutant vi-
ruses revealed a diverse range of cytoplasmic defects in virion
envelopment. The most-pronounced effects were produced by
the AUL20 and UL20ctgctg mutant viruses, which produced
numerous unenveloped capsids in the cytoplasm embedded
within morphologically darker stained areas that may be
caused by the accumulation of tegument proteins. In contrast,
the gEctg, gDAct, and gEctg+gDAct ultrastructural morphol-
ogies were similar to each other, exhibiting numerous fully
enveloped virions in extracellular spaces, while very few viral
capsids or enveloped virions were found in the cytoplasm of
infected cells (Fig. 6).

DISCUSSION

The main purposes of the work presented herein were to
compare the relative importance of gD, gE, gM, gK, and UL20
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UL20ctgctg
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proteins in cytoplasmic virion envelopment and to specifically
assess the potential role of the carboxyl terminus of gD in
cytoplasmic envelopment. It was found that a recombinant
virus that carried a deletion of the carboxyl terminus of gD
(gDAct) and did not express gE (gEctg) had no appreciable
defect in cytoplasmic virion envelopment. In contrast, the
UL20ctgctg mutant virus lacking UL20 gene expression exhib-
ited drastic defects in cytoplasmic envelopment, as reported
previously for a virus that lacked the entire UL20 gene (26, 44).
It was concluded that the carboxyl terminus of gD does not
function in a redundant and essential manner with full-length
¢E in cytoplasmic virion envelopment. The same conclusion
was reached for gE and gM, confirming previous findings (6).
These data suggest that the gK/UL20 protein complex serves
primary functions in cytoplasmic virion envelopment and
virion egress.

Over the years, a number of mutant viruses carrying dele-
tions or other mutations within viral genes have been con-
structed and characterized. These mutant viruses have been
engineered utilizing different HSV-1 strains and methodolo-
gies, including insertional inactivation, partial gene deletions,
and other elaborate methodologies, complicating the direct
comparison and interpretation of their phenotypic and repli-
cation defects. Recently, the availability of the HSV-1(F) ge-
nome cloned into a BAC vector has enabled the rapid con-
struction of recombinant viruses in the same genetic
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background, thus allowing the construction and direct compar-
ison of recombinant viruses with specific mutations in each
targeted gene in the same genomic background, minimizing
potential epigenetic effects due to large gene insertions or gene
deletions.

Previous work has promoted the hypothesis that gD and gE
function in a redundant manner in cytoplasmic virion egress.
Specifically, a simultaneous deletion of both gD and gE or gD,
gE, and gl genes caused drastic accumulation of unenveloped
capsids into the cytoplasm of infected cells (18, 19). Further-
more, studies using gE mutants with progressive deletions of
gE’s carboxyl terminus showed that the terminal 50 amino
acids of gE were dispensable for cytoplasmic morphogenesis in
the absence of gD, while conversely, gE amino acids beyond
the carboxy-terminal 50 amino acids appeared to be essential
for cytoplasmic virion envelopment in the absence of gD (18).
We have previously shown that the UL20 protein (UL20p)
physically interacts with gK and that this interaction is abso-
lutely essential for UL20p/gK functions in virus-induced cell
fusion and cytoplasmic virion envelopment (23, 26, 44). Im-
portantly, while UL20/gK function in both virus-induced cell
fusion and cytoplasmic virion envelopment, these functions can
be genetically separated, indicating that they involve different
domains of gK and UL20 proteins. Therefore, it was of interest
to directly compare the egress defects of UL20-null and gD/
gE-null viruses.

It has been shown that only the gD extracellular domain, but
neither its intramembrane nor its intracellular domain, is es-
sential for virus infectivity and spread (20). In addition, it can
be assumed that the carboxyl terminus of gD is the most-
probable protein contact domain of gD with tegument proteins
during cytoplasmic envelopment, since gD is known to specif-
ically interact with both VP22 and VP16 tegument proteins
(19). Therefore, the gD recombinant virus gDAct was con-
structed, having the cytoplasmic terminus of gD deleted. The
rationale for this mutant virus construction was to preserve the
gD receptor domains pertaining to virus-to-cell binding func-
tions while eliminating potential contacts of the gD carboxyl
terminus with tegument proteins. As expected, the virus was
able to replicate efficiently in comparison to the rate of repli-
cation of the wild-type virus (20). Similar results were obtained
with the gEctg virus lacking the entire gE gene, in agreement
with published observations that gE is not essential for virion
egress and spread but can affect the extent of virus spread
(14-16, 33).

Ultrastructural examination of cells infected with different
mutant viruses revealed that both the gDAct and gEctg viruses
exhibited no appreciable defects in cytoplasmic virion envel-
opment, as also evidenced by the presence of fully enveloped
virions in extracellular spaces and the lack of nonenveloped
capsids in the cytoplasm of infected cells. Surprisingly, the
double mutant virus gEctg+gDAct exhibited no appreciable
defect in cytoplasmic virion envelopment, while it produced
viral plaques that were on average 50% smaller than those of
either the gEctg or gDAct viruses, in agreement with the
known effects of gD in viral infectivity and spread, as well as
the known role of gE in virus cell-to-cell spread (11). Most
likely, the smaller plaques produced by the gEctg+gDAct virus
were due to the combined effect of the individual gDAct and
gEctg mutations. Simultaneous mutations of both gE and gM
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initiation codons did not affect cytoplasmic virion envelopment
and egress, indicating that these two glycoproteins do not func-
tion in a redundant manner in cytoplasmic envelopment and
egress and confirming previous findings (6). These data com-
bined suggest that simultaneous deletion of the carboxyl ter-
minus of gD (gDAct) and gE, gI, and gM may not drastically
affect cytoplasmic envelopment. Additional work is in progress
to address this issue.

Results similar to those obtained in Vero cells with all mu-
tant viruses were also obtained in HEC-1-A, 293, BHK-21, and
HEp-2 cells (not shown), indicating that different cell types do
not cause appreciable differences in virus replication and
spread. We favor the hypothesis that the intramembrane and
extracellular domains of gD and gE are indirectly involved in
cytoplasmic virion envelopment. This hypothesis is based on
recent findings that both gH and gB physically interact with gD
(2, 3). These interactions suggest the existence of a coordi-
nated interactive protein complex “fusion machine” that in-
volves complex interactions among gD, gB, and gH and, pos-
sibly, other viral proteins and glycoproteins controlling virus
entry, virus-induced cell fusion, and virion morphogenesis. In
this hypothesis, the absence of gD may cause aberrant gB and
gH conformations that directly or indirectly negatively impact
cytoplasmic virion envelopment. However, neither gB nor gH
is known to be an important determinant in cytoplasmic virion
egress, casting some doubt against this hypothesis. Alterna-
tively, given that the gK/UL20p protein complex is exquisitely
essential for cytoplasmic virion envelopment, it is possible that
lack of gD may affect gK/UL20p functions involved in cyto-
plasmic virion envelopment by either affecting their transport
to TGN membranes or altering their conformations, implying
direct or indirect interactions between gD and UL20/gK.

Based on the known and suspected multiple interactions
among viral membrane proteins, glycoproteins, and tegument
proteins, it is conceivable that the lack of one or more proteins
may affect interactions among multiple other proteins involved
in virion morphogenesis. Therefore, appropriate caution
should be exercised in the assignment of functions to viral
proteins on the basis of the deletion of one or more viral
structural proteins and glycoproteins. Ideally, domain-specific
amino acid changes that affect virion morphogenesis without
drastically altering synthesis, intracellular transport, and local-
ization of specific proteins should be preferred in assigning
specific protein functions. In this regard, specific amino acid
changes in either gK or UL20 that do not appreciably affect
their interaction and intracellular localization or the synthesis
and intracellular transport of gK and UL20p, as well as other
viral glycoproteins, produced gK-null and UL20-null defects in
cytoplasmic virion envelopment similar to those generated by
deletion of the gK or UL20 genes (24, 44).

In summary, it is clear that the carboxyl terminus of gD does
not function in an appreciably redundant manner with either
gE or gM in cytoplasmic virion egress in Vero and other cells,
although gD, gE, and gM appear to enhance efficient virus
spread at a step after cytoplasmic envelopment. Direct com-
parison of gEctg+gDAct with viruses lacking UL20 gene ex-
pression (AUL20 and UL20ctgctg) reveals that the UL20p/gK
protein complex appears to play a primary role in cytoplasmic
virion envelopment and egress. This observation suggests a
model of cytoplasmic envelopment in which gK/UL20 forms
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protein-protein contacts with tegument proteins, followed by
additional secondary interactions among other viral glycopro-
teins and membrane proteins with tegument proteins. Addi-
tional experiments are required to prove this hypothesis and
discern the complex interactions between viral membrane pro-
tein, glycoproteins, and tegumented capsids in a quest to un-
derstand the well-coordinated protein interactions that enable
cytoplasmic virion envelopment and virion stability.
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