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Herpes simplex virus type 1 (HSV-1) is a human pathogen of the alphaherpesvirus family which infects and
spreads in the nervous system. Glycoproteins play a key role in the process of assembly and maturation of
herpesviruses, which is essential for neuroinvasion and transneuronal spread. Glycoprotein B (gB) is a main
component of the HSV-1 envelope and is necessary for the production of infectious particles. The cytoplasmic
domain of gB, the longest one among HSV-1 glycoproteins, contains several highly conserved peptide sequences
homologous to motifs involved in intracellular sorting. To determine the specific roles of these motifs in
processing, subcellular localization, and the capacity of HSV-1 gB to complement a gB-null virus, we generated
truncated or point mutated forms of a green fluorescent protein (GFP)-tagged gB. GFP-gB with a deletion in
the acidic cluster DGDADEDDL (amino acids [aa] 896 to 904) behaved the same as the parental form.
Deletion or disruption of the YTQV motif (aa 889 to 892) abolished internalization and reduced complemen-
tation by 60%. Disruption of the LL motif (aa 871 to 872) impaired the return of the protein to the trans-Golgi
network (TGN) while enhancing its recycling to the plasma membrane. Truncations from residue E 857
abolished transport and processing of the truncated proteins, which had null complementation activity,
through the Golgi complex. Altogether, our results favor a model in which HSV-1 gets its final envelope in the

TGN, and they suggest that endocytosis, albeit not necessary, might play a role in infectivity.

Herpes simplex virus type 1 (HSV-1) is a human alphaher-
pesvirus which generally causes benign infections of the skin
and mucosa. The virus also infects neurons of the sensory
ganglia, where it establishes latency. HSV-1 periodically reac-
tivates to cause peripheral recurrences and occasionally
spreads transneuronally to cause severe central nervous system
infections. Although the mechanisms of neuroinvasion and
transneuronal spread of alphaherpesviruses are not fully un-
derstood, they seem to be linked to the process of assembly
and maturation of virions in infected cells, in which glycopro-
teins play a major role (33, 56).

How HSV-1 particles are assembled and enveloped in in-
fected cells is not completely known. The current view is that
after primary envelopment at the inner nuclear membrane,
capsids are de-enveloped through their exit from the nucleus
and acquire their final envelope at the trans-Golgi network
(TGN), where mature glycoproteins are incorporated (re-
viewed in reference 32). In support of this model, it has been
shown that retention of glycoprotein D (gD) or gH in the
endoplasmic reticulum (ER) of infected cells prevents their
insertion into virions (6, 52, 61). Thus, proper intracellular
transport of glycoproteins is necessary for successful incorpo-
ration into virions.

¢B, one of the most conserved envelope glycoproteins
among herpesviruses, is essential at many steps of the viral
replication cycle. In vitro, gB is essential for attachment and
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entry of the virus into host cells, fusion, and cell-to-cell spread
(42, 53), and its role in viral egress has been suggested (40). In
vivo, HSV-1 gB is a potent inducer of the immune response (4,
20, 43, 47, 49, 50) and has also been involved in neuroinvasion
(18, 34, 51, 62).

HSV-1 gB is a 904-amino-acid (aa) type I membrane glyco-
protein composed of a 696-aa ectodomain, a 69-aa transmem-
brane domain, and a 109-aa carboxy-terminal domain. The
cytoplasmic domain of gB is the longest among HSV-1 glyco-
proteins, which suggests that it might play a role during infec-
tion. Point or deletion mutations of the carboxy terminus of
HSV-1 gB have been associated with syncytium formation (1),
altered intracellular transport, and impaired assembly and
egress of infectious viral particles (1, 7, 8, 10, 41). The cytosolic
domains of several herpesviruses proteins contain motifs in-
volved in their intracellular transport and subcellular localiza-
tion. In particular, putative protein endocytosis motifs are
present in all analyzed herpesviruses gBs (5, 57). Alignment of
the HSV-1 gB amino acid sequence with that of its homologs
reveals the presence of peptide sequences reminiscent of these
motifs. To define their role, we used a deletion and point
mutation approach to delineate domains involved in the intra-
cellular transport of the protein and in the production of in-
fectious particles. Members of our laboratory previously
showed that a chimeric GFP-gB protein, containing the en-
hanced green fluorescent protein (EGFP) fused to the ectodo-
main of HSV-1 gB, is processed and localized in infected cells
like native gB (44, 45). We constructed GFP-gB mutant forms
and studied their processing, cellular localization, and capacity
to complement a defective gB-null HSV-1.
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TABLE 1. Oligonucleotides used to generate HSV-1 gB mutations

Position of truncation or

Construction” description of mutation Oligonucleotide (5" — 3')
Truncations
A896 From aa 896 to stop codon ATCGGATCCTCATTTGTTGGGAACTTGGGT
A889 From aa 889 to stop codon TATGGATCCTCAGTTGGTGTTGCGGCGCTT
A871 From aa 871 to stop codon TATGGATCCTCACGCGCTCGTGCCCTTCTT
A857 From aa 857 to stop codon TATGGATCCTCACATGGCCGACACCAGGGC
A849 From aa 849 to stop codon TATGGATCCTCACCGTATCATCTCCCTGGC
Point mutations
Y889A Y889 to A CGCCGCAACACCAACGCCACCCAAGTTCCCAAC (5)
GTTGGGAACTTGGGTGGCGTTGGTGTTGCG (3')
LL871AA L871 and L872 to AA GGCACGAGCGCGGCGGCCAGCGCCAAGGTC (5)

GACCTTGGCGCTGGCCGCCGCGCTCGTGCC (3')

¢ Single-letter amino acid abbreviations are used. Numbers represent amino acid positions within HSV-1 gB, including its signal peptide.

MATERIALS AND METHODS

Cells and viruses. The gB-null K082 virus (10) was propagated on the gB-
expressing D6 cell line as described previously (44). Both the K082 virus and the
D6 cell line were kindly provided by P. Desai and S. Person (Johns Hopkins
University, Baltimore, Md.). The D6 cell line was grown in Dulbecco’s modified
essential medium (DMEM) supplemented with 10% fetal calf serum (FCS) and
0.5 mg of G418 (Geneticin)/ml. Vero cells were grown in minimum essential
medium supplemented with 5% FCS. Immunofluorescence assays were per-
formed with Cos-7 cells, grown in DMEM plus 10% FCS. Cell culture reagents
were all from Invitrogen (Cergy Pontoise, France).

Antibodies. A rabbit polyclonal anti-gB antibody (R69) was generously pro-
vided by R. J. Eisenberg and G. H. Cohen (University of Pennsylvania, Phila-
delphia). A mouse monoclonal anti-GFP antibody was purchased from Roche
(Mannheim, Germany). A sheep polyclonal anti- TGN 46 antibody was kindly
provided by S. Ponnambalam (University of Leeds, Leeds, United Kingdom) or
was purchased from Serotec (Oxford, United Kingdom). Cy3-coupled anti-rabbit
immunoglobulin G (IgG), Cy3-coupled anti-mouse IgG, and Cy5-coupled anti-
sheep IgG were purchased from Jackson ImmunoResearch Laboratories (West
Grove, Pa.). Goat anti-mouse IgG peroxidase conjugate was from Sigma (Lyon,
France).

Plasmids and constructions. Plasmid pGFP-gB encodes HSV-1 gB fused to
EGFP at its amino-terminal domain (44). Truncated forms of pGFP-gB were
generated by PCR. Primers were designed to replace a native codon with a stop
codon and to include the appropriate restriction sites. The primer used from the
5’ end for all constructions was 5'-TGAGAATTCCGTTACGTCATGCGGCT
G-3'. The specific primers used from the 3’ end are summarized in Table 1. The
resulting PCR products were cloned into the Nhel and BamHI restriction sites in
the gB cytoplasmic domain-encoding region of pGFP-gB. Site-directed muta-
tions were generated by overlap extension PCR mutagenesis. Primers were
designed to overlap and contain the desired mutations (see Table 1 for primer
details). These primers were used separately with external primers (5'-TGAGA
ATTCCGTTACGTCATGCGGCTG-3' in the 5’ direction and 5'-ACTGGAT
CCCAACCGGAGCAT-3' in the 3’ direction) to amplify two DNA fragments
flanking the desired mutation site within the pGFP-gB vector. The two amplified
fragments containing an overlapping region of homology were mixed together,
denatured, and amplified by PCR using the external primers. The final fragment
was cloned into the Nhel and BamHI restriction sites of pGFP-gB. Each muta-
tion or truncation was verified by sequencing of the relevant region of the HSV-1
gB gene by the dideoxy chain termination method.

Transient transfections. Cos-7 cells plated on glass coverslips in 35-mm-di-
ameter dishes were transiently transfected at subconfluence with 1 g of plasmid
pGFP-gB or a truncated or point mutated gB-encoding plasmid by use of Fu-
GENE 6 (Roche). Twenty-four hours after transfection, the cellular localization
of the EGFP fusion proteins was detected with a conventional Zeiss Axiophot
fluorescence microscope, with standard fluorescein isothiocyanate excitation-
emission filter sets.

Immunofluorescence surface staining. Twenty-four hours after transfection as
described above, cells were fixed with freshly prepared 4% (wt/vol) paraformal-
dehyde (PFA) in phosphate-buffered saline (PBS) for 20 min at room temper-
ature. Cells were washed three times with PBS and then incubated with the
anti-gB antibody at a dilution of 1/300 in 10% donkey serum for 1 h at 37°C.
Coverslips were washed again three times before cells were labeled with the

Cy3-coupled anti-rabbit antibody for 1 h at 37°C. After three rinses with PBS and
one with water, coverslips were mounted onto glass slides and then analyzed
under the conventional Zeiss Axiophot fluorescence microscope.

Immunoblot analysis and endoglycosidase treatment. Forty-eight hours after
transfection, cells in 35-mm-diameter culture dishes were washed twice with PBS
and lysed for 20 min on ice in a solution of 50 mM Tris-HCI (pH 8), 62.5 mM
EDTA, 1% Nonidet P-40 (NP-40), and 0.4% sodium-deoxycholate supple-
mented with 15 pg of antipain-dihydrochloride/ml, 2.5 pg of aprotinin/ml, 2.5 pug
of pepstatin/ml, 5 g of chymostatin/ml, 2.5 g of leupeptin/ml, and 100 pg of
Pefabloc (protease inhibitors; Roche)/ml. Endoglycosidase H (endo H) and
peptide N-glycosidase F (PNGase F) digestions were performed with about 1/10
of the cell lysates for 2 h at 37°C as recommended by the supplier (New England
Biolabs). Samples were run on denaturing sodium dodecyl sulfate-10% poly-
acrylamide gels and blotted onto nitrocellulose membranes. Membranes were
saturated with 5% nonfat milk in TBST (10 mM Tris-HCI [pH 8], 150 mM NaCl,
0.05% Tween 20) and then incubated for 1 h with anti-GFP antibody at a dilution
of 1:1,000 in TBST plus 1% bovine serum albumin (BSA). The secondary anti-
body, goat anti-mouse IgG coupled to horseradish peroxidase, was diluted ac-
cording to the supplier’s instructions. The immunoblots were revealed by en-
hanced chemiluminescence (ECL; Amersham).

Fluorescence internalization assay. Internalization assays were performed es-
sentially as previously described (39). Cos-7 cells were transfected as described
above. Twenty-four hours after transfection, cells were washed with PBS at room
temperature and then with PBS at 4°C containing 0.2% (wt/vol) BSA. Cells were
incubated with anti-gB antibody (1/300 dilution in PBS plus 10% donkey serum)
or anti-GFP antibody (1/100 dilution in PBS plus 1% donkey serum) for 1 h at
4°C. Cells were washed twice with PBS at room temperature and once with
DMEM plus 10% FCS at 37°C. The culture medium was added again, and cells
were placed at 37°C for several time intervals. After incubation at 37°C, cells
were fixed with methanol for 4 min at —20°C. Controls that were not allowed to
internalize were washed three times with cold PBS-0.2% BSA after incubation
with the primary antibody and were fixed immediately. Cells were washed three
times after fixation with PBS-0.2% BSA and then were incubated for 1 h with
anti-TGN 46 antibody (1/200 dilution in PBS with 10% donkey serum). After
three washes with PBS-0.2% BSA, cells were stained with Cy5-coupled anti-
sheep antibody (1/500 dilution) and Cy3-coupled anti-rabbit or anti-mouse an-
tibody (1/800 dilution). Coverslips were washed three times with PBS-0.2% BSA
and once with water and were mounted onto glass slides. Fluorescence was
analyzed with a Bio-Rad MRC 1000 confocal microscope.

Recycling assay. Cos-7 cells were transfected and surface stained at 4°C with
an anti-GFP antibody as described for the internalization assay. Cells were
washed twice with PBS-0.2% BSA and once with DMEM-10% FCS. Medium
was added, and cells were then incubated at 37°C for 20 min, except for the
antibody-binding controls, which were immediately fixed with methanol for 5 min
at —20°C. After incubation at 37°C, cells were washed once with PBS. The
remaining extracellular protein-bound anti-GFP antibody was stripped by treat-
ment with an acid-glycine-saline solution at pH 3 (NaCl, 8 g/liter; KCl, 0.38
glliter; MgCl, - 6H,0, 0.10 g/liter; CaCl, - 2H,0, 0.10 g/liter; glycine, 7.5 g/liter).
Cells were washed three times with PBS-0.2% BSA. DMEM containing 10%
FCS was added, and cells were incubated at 37°C for 30 min. Antibody-stripping
controls were instead immediately fixed with freshly prepared 4% PFA for 20
min at room temperature. After the second incubation at 37°C, cells were fixed
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FIG. 1. Representation of HSV-1 gB cytoplasmic domain. The top drawing depicts the EGFP-tagged gB. The line below depicts the cytoplasmic
domain and the locations of highly conserved sorting motifs. The amino acid numbers bracketing the motifs are shown above. The bottom seven
lines show the cytoplasmic domains of the mutated gB forms used in the study. Altered amino acids are shown in shaded boxes.

with freshly prepared 4% PFA for 20 min at room temperature. Cells (including
antibody-binding and -stripping controls) were washed three times with PBS—
0.2% BSA. Cells were then stained with the Cy3-coupled anti-mouse antibody
(1/800 dilution). Coverslips were washed three times with PBS-0.2% BSA and
once with water and were mounted onto glass slides. Fluorescence was analyzed
with a Bio-Rad MRC 1000 confocal microscope.

Complementation assay. Complementation assays were performed essentially
as previously described (9). Briefly, 1.2 X 10° Vero cells were seeded in 60-mm-
diameter culture dishes and were transfected the following day with 0.5 pg of

pGFP-gB or a truncated or point mutated gB-encoding plasmid by use of Lipo-
fectamine (Invitrogen). Twenty-four hours later, cells were infected with K082
virus at a multiplicity of infection of 1 PFU/cell. One hour after infection, the
remaining extracellular virus was washed off by treatment with an acid-glycine-
saline solution (9). Infected cell culture supernatants were harvested 24 h after
infection and were titrated on D6 and Vero cells. The titer obtained from K082
virus complemented with GFP-gB was considered the reference value, and the
complementing capacity of the truncated or point mutated protein was then
calculated as a ratio with respect to this reference value.

FIG. 2. Comparative localization of GFP-gB and the truncated forms in transfected cells. Cos-7 cells were transfected with pGFP-gB or each
of the truncated forms. Images show spontaneous GFP fluorescence 24 h after transfection. Fluorescence was visualized with a Zeiss Axiophot

conventional microscope.
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FIG. 3. Surface labeling of GFP-gB and the truncated forms in transfected cells. Cos-7 cells were fixed under nonpermeabilizing conditions 24 h
after transfection with pGFP-gB or each of the truncated forms and were labeled with an anti-gB antibody and a Texas red-labeled secondary
antibody. Fluorescence was visualized with a Zeiss Axiophot conventional microscope.

RESULTS

Intracellular localization of truncated gB proteins in trans-
fected cells. To analyze the function of the carboxy-terminal
domain of gB, we constructed C-terminally truncated forms of
a GFP-gB fusion protein, taking advantage of the fact that
these proteins can be directly visualized in cells by fluorescence
imaging. The cytosolic domain of gB contains putative intra-
cellular transport motifs that are homologous to motifs found
in other herpesviruses glycoproteins (5). Truncations were per-
formed in order to successively eliminate these amino acid
sequences (Fig. 1). By use of PCR, stop codons were inserted
before a stretch of amino acid residues present at the carboxy
terminus of the protein (A896), before the YTQV motif
(A889), before the LL motif (A871), before a glutamate resi-
due following the YMAL motif (A857), and before the YMAL
motif (A849). The amplified products coding for these five
truncated forms were cloned into the pGFP-gB parental plas-
mid, and the sequences were verified.

The subcellular localization of the truncated proteins in
transfected Cos-7 cells was visualized by using the spontaneous
fluorescence emitted by EGFP. For controls, images were
compared to those obtained with the parental GFP-gB (Fig. 2).
When observed by conventional fluorescence microscopy, the
distribution of A896 was comparable to that of GFP-gB (com-
pare Fig. 2A and B), i.e., the protein was present diffusely in
the cytosol and also accumulated in the perinuclear region.
The fluorescence observed in A889- and A871-expressing cells
was markedly increased and continuous close to the cell sur-
face, where it precisely lined the cell contours (Fig. 2C and D).

In cells expressing A857 or A849 (Fig. 2E and F), GFP was only
detected diffusely in the cytosol.

To determine whether the proteins reached the plasma
membrane, we performed immunofluorescence experiments,
using an anti-gB antibody in nonpermeabilized transfected
cells. The A896 protein was detected at the cell surface in a
punctate pattern, as previously described for parental GFP-gB
(compare Fig. 3A and B) and for native gB (44). In cells
expressing the truncated A889 and A871 proteins, the gB stain-
ing exhibited a continuous ringlike pattern at the cell mem-
brane, suggesting that these deletion mutants accumulated at
the cell surface (Fig. 3C and D). In contrast, A857 and A849
were not detected at the plasma membrane of any cell (Fig. 3E
and F), suggesting that truncation from amino acid 857 pre-
vented transport of the proteins to the cell surface.

Posttranslational processing of truncated gB proteins. To
further define the effects of truncations of the cytosolic domain
on intracellular transport and maturation of gB, we analyzed
the electrophoretic mobility of the truncated glycoproteins be-
fore and after endoglycosidase treatment. Lysates from Cos-7
cells expressing the parental GFP-gB or the truncated forms
were treated with endo H or PNGase F and subsequently
analyzed by immunoblotting with an anti-GFP antibody (Fig.
4). Before treatment, GFP-gB was detected essentially as a
doublet migrating at about 140 kDa, with the lower and upper
bands corresponding, respectively, to the high-mannose imma-
ture form and the mature form of the protein, which contains
both high-mannose and complex-type oligosaccharides, since
processing of gB is slow and incomplete (8, 35). The immature
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FIG. 4. Immunoblot analysis. Cos-7 cells were transfected with
pGFP-gB or each of the truncated forms and were harvested 48 h later.
Lysates were treated with endo H or PNGase F, as indicated above
each lane, and subjected to denaturing sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. Immunoblots were prepared and
probed with an anti-GFP antibody.

form displayed a high level of sensitivity to endo H (Fig. 4, lane
2), whereas the partial shift in mobility of the upper band
reflects partial resistance to the enzyme, secondary to the ac-
quisition of complex carbohydrates by the glycoprotein during
its transit through the Golgi complex (45). For lysates contain-
ing the truncated A896, A889 and A871 proteins, two major
bands were detected which displayed a mobility pattern iden-
tical to that of GFP-gB after endo H treatment, thus showing
that these truncated forms are biochemically processed in the
same way as the parental glycoprotein (Fig. 4, lanes 5, 8, and
11). In contrast, for lysates containing A857 and A849, only one
major band was detected, which corresponded to the endo
H-sensitive form of the proteins (Fig. 4, lanes 14 and 17).
These results show that truncation from amino acid 857 im-
paired the transport of the resultant proteins through the Golgi
complex and thus the late steps of their glycosylation.

Endocytosis of gB in transfected cells. Several homologs of
gB are internalized from the cell membrane to the Golgi com-
plex. To investigate the endocytosis of HSV-1 gB, Cos-7 cells
were transfected with pGFP-gB, incubated 24 h after transfec-
tion with an anti-gB antibody at 4°C for 1 h, and then shifted
to 37°C to allow internalization of the gB-antibody complexes
from the plasma membrane. At the same time, GFP fluores-
cence permitted us to visualize the level of expression and
intracellular localization of the glycoprotein (Fig. 5A, E, I, and
M). In cells that were not shifted to 37°C, referred to as time
zero cells, GFP-gB was detected by the gB-specific antibody
exclusively at the surfaces of cells (Fig. 5B). Fifteen minutes
after the shift to 37°C, the Cy3-stained glycoprotein was de-
tected in numerous intracellular vesicles dispersed inside the
cell (Fig. 5F), and 30 min after the shift, these vesicles accu-
mulated in a round compartment close to the nucleus (Fig. 5J).
At 60 min, the whole amount of antibody-linked glycoprotein
was concentrated in this compartment (Fig. SN), which was
identified as the TGN by dual labeling with an anti-TGN 46
antibody (46) revealed by Cy-5 (Fig. 5C, G, K, and O). These
results demonstrate that HSV-1 gB present at the cell surface
was internalized to concentrate in the TGN.

Endocytosis of truncated and point mutated forms of
GFP-gB in transfected cells. The process of internalization for
several homologs of gB is dependent on motifs within the
cytoplasmic domain. The increased accumulation at the cell
membrane of A889 and A871 relative to that of GFP-gB and
A896 suggested that truncations from amino acid 889 impair
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the internalization process. To investigate this hypothesis, we
repeated the endocytosis assay described above, using A889
and A871. The two truncated proteins, which lack the LL
and/or YTQV motifs, exhibited a localization pattern different
from that of parental GFP-gB. At 0 min, in cells that were not
shifted to 37°C, Cy3-stained A889 (not shown) and A871 (Fig.
6B) were detected more abundantly at the surfaces of cells,
with a continuous pattern which lined the cell periphery. Thirty
minutes after the shift, in contrast with GFP-gB, virtually the
whole amount of antibody-linked glycoprotein remained at the
cell surface (Fig. 6F). The same pattern was still observed at 60
min (Fig. 6J). These results indicate that deletions of the car-
boxy-terminal domain of gB from amino acid 889 prevent the
internalization of the protein. In the same cells, GFP fluores-
cence revealed the presence of A889 or A871 in the TGN, as
defined by the merge of GFP fluorescence with Cy5 labeling
(Fig. 6D, H, and L). This shows that the proteins transit
through the Golgi complex before reaching the cell surface.

The peptide sequences that were deleted from A889 and
A871 contain motifs homologous to the consensus endocytosis
signals YXX® (where Y is a tyrosine, X is any amino acid, and
® is a bulky hydrophobic amino acid) and LL (27, 31). To
investigate the respective roles of tyrosine at position 889
(YTQV motif) and LL at positions 871 and 872 in internaliza-
tion, we introduced point mutations in order to inactivate
either of these motifs. By using PCR, two mutated GFP-gB
constructs were produced, in which either tyrosine at position
889 was replaced with alanine (Y889A) or both leucine resi-
dues at positions 871 and 872 were replaced with alanine res-
idues (LL871AA). Expression of the mutated glycoproteins
was verified in transfected Cos-7 cells by fluorescence micros-
copy and Western blot analysis (not shown). The internaliza-
tion assay was repeated as described above, using the mutated
Y889A and LL871AA proteins. As shown in Fig. 6M to X, the
replacement of tyrosine 889 with alanine conferred the same
endocytosis pattern as deletion of YTQV or both YTQV and
LL (Fig. 6A to L). The antibody-linked Y889A protein re-
mained at the cell surface 30 and 60 min after the shift to 37°C,
showing that Y889A failed to be internalized. In contrast, the
replacement of LL871 with AA conferred a different pattern.
At 0 min, the antibody stained only the glycoprotein present at
the cell surface (Fig. 7B). As soon as 15 min after the shift to
37°C, vesicles containing antibody-stained LL871AA were
present in cells (Fig. 7F), suggesting that endocytosis from the
cell surface took place effectively. However, at 60 min, the
merge of the fluorescence signals emitted by Cy3 and Cy5
suggested that while some of the LL871AA protein had
reached the TGN (Fig. 7P), antibody-linked LL871AA was still
present at the cell membrane and mostly numerous stained
vesicles remained dispersed in cells at the latest time points
analyzed (Fig. 7N).

Recycling of the parental and mutated gB proteins. The
increased presence of LL871AA in vesicles under the cell
membrane revealed impaired transport due to the loss of the
LL motif. Since more LL871AA protein was nevertheless
present at the cell surface than was the case for parental gB, we
hypothesized that once internalized, the mutated protein
might recycle back to the cell surface. We thus set up a recy-
cling assay based on surface labeling as performed in the en-
docytosis test. After surface staining with the anti-GFP anti-
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FIG. 5. Internalization of GFP-gB. Cos-7 cells expressing GFP-gB were incubated at 4°C with an anti-gB antibody for 1 h and then returned
to 37°C for 0 min (A to D), 15 min (E to H), 30 min (I to L), or 60 min (M to P). Cells were fixed in methanol and labeled with an anti-TGN 46
antibody. Images show spontaneous GFP fluorescence (A, E, I, and M) and indirect immunofluorescence from the anti-gB antibody and a
Cy3-labeled secondary antibody (B, F, J, and N) or from the anti-TGN 46 antibody and Cy5-labeled secondary antibody (C, G, K, and O). (D, H,
L, and P) Merged images. Fluorescence was visualized with a Bio-Rad MRC 1000 confocal microscope.

body at 4°C, transfected cells were either immediately fixed
and analyzed or were incubated for 20 min at 37°C to allow
internalization. Subsequently, cells were treated with an ac-
id-glycine solution to remove antibody linked to the cell
surface. Therefore, only internalized proteins were pro-
tected from stripping. Cells were then incubated at 37°C for
30 min, fixed under nonpermeabilizing conditions, labeled
with a Cy3-coupled secondary antibody, and examined un-
der a fluorescence microscope. During this incubation, an-
tibody-linked proteins which had been internalized during
the first incubation at 37°C could return back to the plasma
membrane. Only proteins which recycled to the cell surface

were then detectable by the secondary antibody. As seen in
Fig. 8C, almost no antibody-linked GFP-gB was detected at
the cell surface after the second incubation for 30 min at
37°C. In contrast, whereas the antibody linked to LL§71AA
was efficiently stripped from the surface 0 min after the
acid-glycine treatment (Fig. 8E), Cy3 staining revealed that
antibody-linked LL871AA was again abundantly present at
the cell membrane 30 min after the second incubation at
37°C (Fig. 8F). These results confirm that the LL motif is
necessary in some step of the internalization process and
that disruption of this motif led to partial recycling of the
protein to the cell surface.
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FIG. 7. Effect of mutation of the LL motif on internalization. After transfection, LL871AA-expressing cells were incubated with an anti-GFP
monoclonal antibody for 1 h and then returned to 37°C for different times. After methanol fixation and labeling with an anti-TGN 46 antibody,
cells were incubated with Cy3- and Cy5-labeled secondary antibodies. Panels A to D, E to H, I to L, and M to P correspond to 0-, 15-, 30-, and
60-min incubation times, respectively, at 37°C. (A, E, I, and M) GFP fluorescence; (B, F, J, and N) anti-GFP immunofluorescence; (C, G, K, and

0O) TGN 46 localization; (D, H, L, and P) merged images.

Complementation of a defective gB-null virus by truncated
or point mutated gB. To investigate the effects of mutations in
the carboxy-terminal domain of gB on its ability to rescue the
infectivity of a gB-defective virus, we performed a previously
reported complementation assay (8, 44, 60). Vero cells were
transfected with the constructs expressing each of the trun-
cated or point mutated forms of GFP-gB and then were in-
fected the following day with the gB-null K082 virus. The

supernatant was retrieved 24 h later and titrated on comple-
menting D6 cells. As a control, results were compared with
those obtained with parental GFP-gB, considered the refer-
ence value. The mutated protein YS889A showed reproducible
reduced complementation in the range of 40 to 50% that of
GFP-gB (Fig. 9). Identical results were obtained with the trun-
cated proteins A871 and A889 in five independent experiments
(not shown). Thus, disruption of the YTQV motif or its dele-

FIG. 6. Internalization of A871 and Y889A. The same experiment as that for Fig. 5 was reproduced in Cos-7 cells expressing the truncated A871
protein or the mutated Y889A gB protein. Subcellular localization was examined by confocal microscopy as described in the legend for Fig. 5. (A
to D and M to P) 0-min incubation at 37°C; (E to H and Q to T) 30-min incubation at 37°C; (I to L and U to X) 60-min incubation at 37°C. EGFP
fluorescence of A871 and of Y889A is shown in panels A, E, and I and panels M, Q, and U, respectively; anti-gB staining of A871 and of Y889A
is shown in panels B, F, and J and panels N, R, and V, respectively; and anti-TGN 46 staining of A871 and of Y889A is shown in panels C, G, and
K and panels O, S, and W, respectively. (D, H, L, P, T, and X) Merged images.
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recycling

FIG. 8. Recycling of internalized GFP-gB and LL871AA to the plasma membrane. After transfection, GFP-gB- or LL871AA-expressing cells
were stained with an anti-GFP antibody at 4°C and then either immediately fixed (A and D) or incubated for 20 min at 37°C to allow internalization
(B, C, E, and F). After incubation, cells were subjected to an acid-glycine treatment and then immediately fixed under nonpermeabilizing
conditions (B and E) or placed again at 37°C for 30 min before fixation (C and F). Fixed cells were labeled with a Cy3-coupled secondary antibody
and examined by confocal microscopy. Insets show the spontaneous GFP fluorescence emitted in transfected cells.

tion similarly decreased the complementation capacity of the
protein. In contrast, LL871AA had full complementation ac-
tivity. Proteins truncated from amino acid 857 had no comple-
mentation activity (Fig. 9). These results confirm that complete
maturation of gB in the Golgi complex is necessary for comple-
mentation activity. They also suggest that abolished internal-
ization of gB from the cell surface to the TGN might affect the
production of infectious particles.

DISCUSSION

¢B is the most highly conserved glycoprotein among herpes-
viruses (42) and is essential for the production of infectious
particles. The envelope gB is involved in virus entry and (pos-
sibly) egress, fusion, cell-cell spread (8, 53), pathogenesis in
vivo, and neuroinvasiveness (18, 34, 62). The C-terminal por-
tion of HSV-1 gB is required for some of these functions, since
mutations in this domain have been associated with altered
intracellular transport, syncytium formation (8, 13, 17, 59), and
neuropathogenicity (12, 19, 28). The cytoplasmic tails of cyto-
megalovirus (CMV), varicella-zoster virus (VZV), and pseu-
dorabies virus (PRV) gB homologs and those of several other

glycoproteins, such as HSV, PRV, and VZV gE, contain con-
sensus peptide motifs involved both in intracellular transport
of the protein and in endocytosis from the cell surface in
transfected and infected cells (5). Overall, our results show
that a peptide sequence located from residues 857 to 871 plays
a role in ER-to-Golgi-complex transport of HSV-1 gB. They
also show that the protein is internalized from the cell surface
to accumulate in the TGN and that this process occurs in two
steps. Disruption of the YTQV motif totally abolishes the first
step, which mediates internalization from the cell surface to
endosomes and diminishes the complementation capacity of
the protein by a factor of two. Disruption of the LL motif
impairs the second step, which mediates the retrograde trans-
port from early or recycling endosomes to the TGN and has no
effect on the complementation capacity of the protein. These
results suggest that endocytosis, albeit dispensable, might play
a role in the production of infectious HSV-1 particles.
Various mutations of the HSV-1 gB cytoplasmic domain
have been shown to impair the processing and ER-to-Golgi-
complex transport of the glycoprotein (9). For instance, large
deletions of the carboxy-terminal domain (48) or linker inser-
tion mutagenesis (10) slowed the ER-to-Golgi-complex trans-
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FIG. 9. Complementation of K082 virus by GFP-gB or the mutated
Y889A, LL871AA, A857, or A849 protein. Vero cells were transfected
with plasmids expressing GFP-gB or the mutated proteins and were
infected 24 h later with K082 at a multiplicity of infection of 1. Extra-
cellular virions were washed off at 1 h postinfection by treatment with
an acid-glycine-saline solution, followed by three washes with PBS.
Infected cell culture supernatants were harvested 24 h after infection
and titrated on D6 and Vero cells. Titers shown are the averages from
three independent experiments.

port of truncated gB. The sequence of the C-terminal domain
of gB predicts two alpha-helical domains (13, 37). We show
that a gB polypeptide that is truncated from amino acid 857, in
alpha-helical domain I, is retained in the ER, whereas trunca-
tions in alpha-helical domain II up to residue 871 do not impair
transport and full glycosylation through the Golgi complex.
The maturation of A857 through the Golgi complex was com-
pletely inhibited, since Western blotting showed the absence of
a mature form of the protein 48 h after transfection, as shown
by the complete sensitivity of the detected form to endo H.
Moreover, A857 did not reach the cell surface. Therefore, the
14-aa region encompassing residues 857 to 871 should contain
a domain that is essential for transport of the protein to the
Golgi complex. Surprisingly, in a previous study truncations of
the cytoplasmic tail of the HSV-2 gB homolog did not prevent
transport to the Golgi complex or to the cell surface (13). In
that study, gB-2 polypeptides containing truncations in homol-
ogous domains were detected at the cell surface. Whether this
discrepancy is due to differences in the assays is not clear.
However, for VSV gG, a diacidic signal was identified that was
required for export from the ER (36). In addition, specific
ER-to-Golgi-complex transport signal sequences have been
identified in the cytoplasmic tail of VZV gB (24). These in-
clude a 12-aa sequence containing a consensus YXX® motif
followed by two acidic residues in the pattern EXXE. Deletion
of this whole region or alanine substitution of the first gluta-
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mate residue decreased similarly the amount of VZV gB trans-
ported to the Golgi complex by >95%. In contrast, replace-
ment of the tyrosine residue of the YXX® motif only
decreased this transport by 50%. These results strongly sug-
gested that the glutamate residue present at the carboxyl end
of this peptide sequence has a key role in functioning of the
signal. In HSV-1 gB, a highly similar peptide sequence is
present which contains the YMAL motif followed by EXXE.
Our results showing that removal of the acidic peptide EXXE
from glutamate 857 had the same effect as that previously
shown for VZV gB further favor the role of this motif in
ER-to-Golgi-complex transport.

HSV-1 gB polypeptides truncated from residue 857, which
did not go through the Golgi complex, were unable to com-
plement the K082 gB-null virus. Fan et al. showed similarly
that gB-2 truncated from the homolog acidic peptide or from
the YMAL sequence had drastically reduced or abolished
complementation capacity (13). In PRV gB, deletion of the
two C-terminal alpha-helical domains prevented incorporation
of the protein in virions (37). Altogether, these results are
consistent with previous reports showing that HSV-1 mutants
expressing either ER-retained gD or ER-restricted gH contain
no detectable gD or gH, respectively (6, 61), and favor a model
in which HSV-1 acquires its envelope in a post-ER compart-
ment, presumably the TGN (52).

The alpha-helical domain II of HSV-1 gB contains putative
endocytosis motifs, i.e., the LL motif and a YTQV motif sim-
ilar to the consensus signal YXX®, followed by an acidic clus-
ter, DGDADEDD. Proteins which contain similar motifs ac-
cumulate in the Golgi apparatus, both in transfected and
infected cells (22, 23). Our results showed that at the steady
state, gB exhibited a light punctate pattern of cell surface
staining but was mainly concentrated in the TGN when ex-
pressed in Cos-7 cells. This localization was in part due to
endocytosis from the cell surface, which required <30 min to
be complete. Removal of the C-terminal acidic peptide did not
modify endocytosis. In CMV gB, a C-terminal acidic cluster
was shown to participate in the early endocytic-recycling path-
way of the protein. However, this function relied in part on a
phosphorylatable serine residue present in the acidic motif and
varied according to the cell types analyzed, since dephosphor-
ylation impaired the internalization of the protein from the
surface in MDCK cells but not in HF cells (15, 57). In addition,
the acidic motif was shown to be a key element in vectorial
sorting of CMV gB in polarized cells (58). It is noticeable that
the acidic cluster present in HSV-1 gB contains a glycine res-
idue in place of the phosphorylatable serine residue present in
CMV and PRV ¢gB.

In gB, the redundancy of endocytosis motifs raises the issue
of the respective role of each of these signals. Our results show
that endocytosis of HSV-1 gB depends principally on the
YTQV sequence, since either removal or disruption of this
signal abolished gB internalization. The tyrosine residue was
essential for the functioning of the signal, since replacement of
this amino acid with an alanine completely inhibited internal-
ization at the latest time points analyzed, as shown for PRV,
VZV, and CMV gB (14, 23, 57), VZV and PRV gE (38, 55,
63), and VZV gH (39). Our hypothesis is that, as demonstrated
for several proteins with similar motifs (2, 21, 26, 27), the
YTQV motif interacts with the adaptor protein complex AP-2
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to mediate the first step of the process of internalization from
the cell surface to early endosomes.

Another endocytosis motif, LL, is present at the N-terminal
end of the second predicted alpha helix of HSV-1 gB. For
VZV gB, the LL motif was reported to play no role in inter-
nalization, since gB containing a disrupted motif was reported
to localize to the Golgi complex as did the native protein (23).
Similarly, in HSV-2 gB, the LL motif did not affect the overall
distribution of the protein (13). Our results differ from these
previous reports. In HSV-1 gB, replacement of LL with AA did
not abolish the process of internalization, since antibody-
linked protein did reach the TGN. However, analysis at all
time points of the endocytosis assay showed that LL871AA was
present in small vesicular structures distributed throughout the
cytoplasm. Thus, the first step of internalization took place
effectively, but the subsequent return to the TGN was im-
paired.

Two independent pathways for the transport of proteins
from early or recycling endosomes to the TGN have been
demonstrated (30). The small mannose-6-phosphate receptor
of 46 kDa (MPR46) and the human immunodeficiency virus
Env glycoprotein reach the TGN via a pathway involving late
endosomes. Transport from late endosomes to the TGN is
mediated through the interaction of the protein TIP47 and a
diaromatic motif present in the cytoplasmic tail of the proteins
(3). A second pathway by which proteins are delivered directly
from early or recycling endosomes to the TGN (29, 30) can
also be used by MPR46. The LL motif in the MPR46 tail is
involved in this pathway, probably through interaction with
AP-1 complexes (54). Interestingly, the return of an LL/AA
mutant of MPR46 from the plasma membrane or endosome
pool to the TGN was impaired but not abolished, while recy-
cling from the endosomes to the plasma membrane was en-
hanced (54). Our results, showing the presence of LL871AA at
the TGN and increased recycling to the cell membrane to-
gether, favor the hypothesis that HSV-1 gB follows the second
pathway.

Mutated gB which failed to be internalized had reduced but
not abolished activity for complementation of a gB-null K082
virus. Truncation or disruption of the YTQV signal consis-
tently decreased the titers of infectious particles to 40% that of
the wild type. In a previous report, gB with a truncation of its
C-terminal 28 amino acids was reported to behave the same as
the wild-type (1). However, our results are similar to those
obtained with a truncated PRV gB, which failed to be inter-
nalized and exhibited a 10-fold reduction in complementation
activity compared with the native protein (37). Moreover, a
similar modest but reproducible twofold reduction in titers of
infectious viral particles was obtained by disturbing the normal
TGN localization of human CMV gB (11). The role of mem-
brane protein endocytosis during the virus replication cycle is
not completely understood. Many herpesvirus gB homologs
accumulate through endocytosis in the TGN, which is currently
considered the site of final virus assembly. However, this pro-
cess was shown to be dispensable for virus envelopment and
production of infectious particles for CMV (25) and PRV (37),
indicating that sufficient levels of glycoprotein can be trans-
ported to the site of virus assembly. Indeed, newly synthesized
HSV-1 gB transits through the TGN on its way to the cell
membrane and could then be incorporated into virions. This
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could be different in polarized cells, in which internalization
has been proposed to target glycoproteins to specific cell sites
(16). Further studies will be necessary to investigate the role of
endocytosis in the proper localization of HSV-1 gB for incor-
poration into virions in polarized cells.
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