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Herpes simplex virus (HSV) glycoprotein D (gD) is modified with mannose 6-phosphate (M6P) and binds
to M6P receptors (MPRs). MPRs are involved in the well-characterized pathway by which lysosomal enzymes
are directed to lysosomes via a network of endosomal membranes. Based on the impaired ability of HSV to form
plaques under conditions in which glycoproteins could not interact with MPRs, we proposed that MPRs may
function during HSV egress or cell-to-cell spread (C. R. Brunetti, R. L. Burke, B. Hoflack, T. Ludwig, K. S.
Dingwell, and D. C. Johnson, J. Virol. 69:3517-3528, 1995). To further analyze M6P modification and intracel-
lular trafficking of gD in the absence of other HSV proteins, adenovirus (Ad) vectors were used to express sol-
uble and membrane-anchored forms of gD. Both membrane-bound and soluble gD were modified with M6P
residues and were localized to endosomes that contained the 275-kDa MPR or the transferrin receptor. Similar
results were observed in HSV-infected cells. Cell fractionation experiments showed that gD was not present in
lysosomes. However, a mutant form of gD and another HSV glycoprotein, gI, that were not modified with M6P
were also found in endosomes in HSV-infected cells. Moreover, a substantial fraction of the HSV nucleocapsid
protein VP6 was found in endosomes, consistent with accumulation of virions in an endosomal compartment.
Therefore, it appears that HSV glycoproteins and virions are directed to endosomes, by M6P-dependent as
well as by M6P-independent mechanisms, either as part of the virus egress pathway or by endocytosis from the

cell surface.

Herpes simplex virus (HSV) glycoprotein D (gD) is essential
for virus entry into cells, as well as for cell fusion and cell-to-
cell spread (7, 61). The functions of gD are best understood for
virus entry, a process in which gD binds to “gD receptors,” cell
surface molecules that are more restricted in number than the
glycosaminoglycans to which the virus initially adsorbs (3, 18,
34, 36, 58). The hypothesis that gD is a receptor-binding pro-
tein is based on at least three types of evidence. (i) UV-inac-
tivated wild-type HSV virions (containing gD) bind to a limited
number of sites on the cell surface and block subsequent entry
of infectious HSV particles into cells, whereas UV-inactivated
virions lacking gD cannot block infection (1, 36). (ii) HSV can
adsorb onto but not enter into cell lines constitutively express-
ing gD; the gD apparently binds to and sequesters cellular
receptors (9, 38). (iii) Soluble forms of HSV type 1 (HSV-1)
and HSV-2 gDs bind to a relatively restricted number of pro-
tease-sensitive sites on cells and block HSV-1 and HSV-2 entry
(34).

Several potential gD binding proteins have been character-
ized and may represent different pathways for virus entry or
sequential steps in the entry pathway. We reported that soluble
gD and, to a lesser degree, membrane-anchored gD were mod-
ified with mannose 6-phosphate (M6P) residues and were able
to interact with the 275- and 46-kDa MG6P receptors (MPRs)
(8). Blocking the ability of HSV to interact with MPRs, using
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antibodies, ligands, or a soluble form of the 275-kDa MPR,
decreased HSV entry into adherent primate cells by 50 to 80%
(7). In apparent contrast to these results, HSV could enter into
mouse fibroblasts lacking both MPRs, and MPR ligands had
no effect on virus entry or replication in these cells (7). There-
fore, MPRs may represent cell surface receptors for HSV entry
into some primate cells but not mouse cells. In other studies,
anti-idiotype antibodies (produced with a gD-specific mono-
clonal antibody [MAD]) reacted with a 62-kDa cellular protein
and inhibited HSV entry into cells (30). More recently, it was
reported that gD binds to HVEM (70), a novel member of the
tumor necrosis factor receptor family that had been identified
as a receptor for HSV (44). Entry of HSV into HVEM-trans-
fected CHO cells could be inhibited by anti-HVEM antibodies
and soluble HVEM (44). However, soluble gD did not block
entry into HVEM-transfected CHO cells and anti-HVEM an-
tibodies and soluble HVEM did not block entry into monkey
Vero cells (44, 70), and thus, there must be other gD receptors
important for infection of primate cells.

The interactions between HSV gD and cellular receptors
appear to be essential not only for entry of extracellular virus
particles but also for the process of cell-to-cell spread. A mu-
tant HSV-1 lacking the gD gene but grown on complementing
cells can enter cells, but without gD it cannot spread between
cells (17, 42). A second HSV-1 mutant which expresses a form
of gD lacking N-linked oligosaccharides (and thus M6P resi-
dues) spreads less efficiently from cell to cell, especially in
fibroblast and epithelial cell monolayers (7, 16a, 60). Cell-to-
cell spread of wild-type HSV is also markedly reduced in fi-
broblasts defective for addition of M6P residues or when
MPRs are blocked with bulky ligands (7). These studies sug-
gest that MPRs are involved in cell-to-cell spread of HSV but
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do not clarify which stage of this process is inhibited: general-
ized movement of virus to the cell surface (virus egress), di-
rected traffic of virions to specific cell surface domains (e.g.,
cell junctions), or subsequent movement across the cell junc-
tions and entry into an adjacent cell.

Several models for herpesvirus egress have been proposed,
most suggesting that virions acquire an envelope at the inner
nuclear envelope. One group of models suggest that enveloped
HSV particles subsequently move from the space between the
nuclear membranes to the endoplasmic reticulum (ER) and
Golgi apparatus and on to the cell surface without exchange of
the virion envelope (11, 37). Other models suggest that envel-
oped particles lose their envelope by fusion with the outer
nuclear envelope so that unenveloped capsids acquire a second
envelope by budding into cytoplasmic vesicles, e.g., the Golgi
apparatus (21, 39, 69). In many cases, support for these models
comes from electron microscopic studies in which it is often
not clear whether viruses are in the process of being enveloped
or de-enveloped. However, there are some biochemical and
genetic data supporting de-envelopment-reenvelopment mod-
els (6, 62, 67), yet other studies involving mutant HSV-1
suggested that cytosolic unenveloped capsids are part of a
dead-end pathway (11, 32). Whatever the mechanism of alpha-
herpesvirus egress, the process appears to be highly inefficient,
with the majority of enveloped virions accumulating in cyto-
plasmic vesicles of unknown derivation (14-16, 20, 39, 56, 69).

The observation that HSV gD interacts with MPRs sug-
gested that the intracellular traffic of gD and gD-containing
virions might be influenced by the well-established ability of
MPRs to direct proteins to endosomes and lysosomes (26, 40,
45-46, 57). Directed transport of gD or gD-containing virions
to the endosomal network might influence egress to defined
domains of the cell surface (cell junctions) or promote reen-
velopment of capsids into an endosomal compartment. As with
HSV, the related alphaherpesvirus varicella-zoster virus (VZV)
contains glycoproteins that are modified with M6P, and it has
been suggested that movement of VZV particles to endosomes
or lysosomes may be facilitated by MPRs (19, 24). Dileucine
and tyrosine motifs in the cytoplasmic domains of VZV glyco-
proteins can also direct transport from the Golgi apparatus to
the trans-Golgi network (TGN) and endosomes or cause en-
docytosis from the cell surface (2, 48, 72).

In order to further characterize the intracellular transport of
HSV-1 gD and the relationship of this transport to mannose
phosphorylation, we constructed adenovirus (Ad) vectors ex-
pressing soluble and membrane-bound forms of gD. In cells
infected with these Ad vectors, and also in HSV-infected cells,
soluble and membrane-bound forms of gD were modified with
M6P and colocalized with the 275-kDa MPR and the trans-
ferrin receptor in endosomal compartments. There was no gD
in lysosomes. However, a mutant form of gD and another HSV
glycoprotein, gl (neither modified with M6P), were found in
endosomes, consistent with the notion that there are M6P-
independent mechanisms for endosomal localization. Since we
also found HSV virions accumulating in endosomes, it appears
that HSV glycoproteins and virus particles traffic through en-
dosomes during virus egress.

MATERIALS AND METHODS

Cells and viruses. Human R970 cells (51) and monkey Vero cells (from the
American Type Culture Collection) were propagated in o minimal essential
medium (Life Technologies, Inc.) supplemented with 7% fetal bovine serum
(FBS). MRC-5 human fibroblasts (from the American Type Culture Collection)
and 293 cells (23) were grown in Dulbecco’s modified minimal essential medium
(DMEM) (Life Technologies, Inc.) supplemented with 10% FBS. E1~ Ad vec-
tors were propagated and titered on 293 cell monolayers. Wild-type HSV-1 strain
F was obtained from P. G. Spear (Northwestern University, Chicago, Ill.). HSV-1
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(QAA), a mutant that lacks the three N-linked oligosaccharide sites on gD (59),
was obtained from G. H. Cohen and R. J. Eisenberg (University of Pennsylvania,
Philadelphia). HSV-1 cells were propagated and titered on Vero cells.

Antibodies. MAb DL6, specific for HSV-1 gD (33), and rabbit antiserum NC-1
(anti-VP5) (13) were gifts of G. H. Cohen and R. J. Eisenberg. MAb LP2,
specific for gD, was obtained from A. C. Minson (University of Cambridge,
Cambridge, United Kingdom). Rabbit polyclonal serum specific for gD was
produced by using soluble gD1t (a generous gift of Rae Lyn Burke, Chiron).
Rabbit antiserum which recognizes human TAP (27) was obtained from H.
Ploegh (Massachusetts Institute of Technology). MADb 3104, specific for HSV-1
gl (35), was a generous gift from A. Cross and N. Stow (Institute of Virology,
Glasgow, United Kingdom). Mouse anti-transferrin receptor antibody was ob-
tained from Sigma (Mississauga, Canada). Immunopurified rabbit antibodies
specific for the 275-kDa MPR were generated with serum from rabbits injected
with a soluble form of the 275-kDa MPR purified from FBS as described pre-
viously (7). The anti-MPR antibodies were immunopurified with soluble MPR
coupled to Sepharose 4B by CNBr (Pharmacia, Baie d’Urfé, Canada). Antibod-
ies were eluted with 100 mM glycine, pH 2.5, and precipitated by adding an equal
volume of ammonium sulfate and centrifuging the material at 10,000 X g for 30
min. The antibodies were resuspended in phosphate-buffered saline (PBS) and
dialyzed against PBS.

Construction of replication-defective recombinant Ad vectors expressing gD1
or gD1t. Plasmids pCA3 and pCA4 contain the left end (16%) of the Ad type 5
(Ad5) genome with a deletion in the E1 region and differ in the orientation of the
cloning polylinker (28). The full-length gD gene, encoding amino acids 1 to 394,
or a truncated version of the gD1 gene (gD1t), lacking sequences encoding the
transmembrane domain and the cytoplasmic tail and encompassing amino acids
1 to 312, were excised with restriction enzymes from plasmid pSSexp, which
contains the HSV-1 (strain KOS) gD coding sequences, and the genes were
subcloned into pCA4 and pCA3, respectively. The plasmids, denoted pCA3gD1t
(with the truncated gD gene) and pCA4gD1 (with the full-length gD gene),
contained the gD genes coupled to the human cytomegalovirus immediate-early
promoter and an simian virus 40 poly(A) site flanked by Ad EI sequences.
Cotransfection of either pCA3gD1t or pCA4gD1 vectors with pBHG10 (5) into
293 cells produced recombinant AdgD1t(E17) and AdgD1(E1™), respectively.
Both viruses were plaque purified three times.

Labelling of proteins with [*H]mannose and analysis of M6P. Approximately
1.5 X 107 R970 cells were infected with AdgD1t(E17) or AdgD1(E17) at 10
PFU/cell and incubated at 37°C for 48 h. The cells were labelled for 4 h at 37°C
in medium containing 10% of the normal level of glucose, 1% FBS, and 30 p.Ci
of p-[2-*H]mannose (Dupont, NEN)/ml. The medium was removed, and the cells
were incubated in medium containing the normal amount of glucose for 3 h. The
cells were lysed in Nonidet P-40 (NP-40)-sodium deoxycholate (DOC) buffer
(1% NP-40, 0.5% DOC, 50 mM Tris-HCI [pH 7.5], 100 mM NaCl) containing
2 mg of bovine serum albumin (BSA)/ml, and 1 mM phenylmethylsulfonyl
fluoride. gD was immunoprecipitated with a mixture of MAbs DL6 and LP2 and
protein A-Sepharose and eluted with 2% sodium dodecyl sulfate SDS-100 mM
Na citrate [pH 5.5] at 100°C for 10 min. The gD was characterized by gel elec-
trophoresis and then incubated with 5,000 U of endoglycosidase H (endo H; New
England Biolabs) for 6 h at 37°C. The samples were diluted to 2 ml with 2 mM
Tris base and applied to a Centricon-30 membrane (Amicon, Beverly, Mass.) so
that the liberated oligosaccharides passed through the membrane and the core
glycoproteins (containing complex N-linked oligosaccharides) were retained.
The oligosaccharides were hydrolyzed by boiling in 0.02 N HCI for 30 min,
diluted to 10 ml with H,O, and applied to a 1-ml quaternary aminoethyl-Seph-
adex ion-exchange column (Pharmacia). Oligosaccharides without M6P residues
do not bind to the ion-exchange column, whereas those bearing one or two M6P
residues can be eluted with 2 mM Tris base containing 20 mM and 70 mM NaCl,
respectively (3, 12).

Radiolabelling of cells with [>*S]methionine and [3°S]cysteine and immuno-
precipitation of radiolabelled proteins. R970 or MRC-5 cells were labelled with
[**S]methionine and [**S]cysteine (Dupont, NEN) by washing the cells exten-
sively with DMEM lacking methionine and cysteine and incubating the cells with
medium lacking methionine and with 50 to 150 pCi of [**S]methionine and
[**S]cysteine per ml for various periods. Chase periods involved incubating the
cells in DMEM containing a 10-fold excess of methionine and cysteine. Extracts
of radiolabelled cells were made with NP-40-DOC buffer containing 2 mg of
BSA/ml and 1 mM phenylmethylsulfonyl fluoride. The extracts were clarified by
centrifuging at 100,000 X g for 60 min at 4°C. Antibodies were mixed with the
extracts, and the samples were incubated on ice for 60 min. Protein A-Sepharose
(Pharmacia) was added, and the samples were incubated for a further 2 h at 4°C.
The protein A-Sepharose was washed three times with NP-40-DOC buffer;
resuspended in a solution containing 50 mM Tris (pH 6.8), 2% SDS, 10%
glycerol, bromophenol blue, and 2% B-mercaptoethanol; boiled for 5 min; and
then loaded onto 10% N,N’-diallyltartardiamide cross-linked polyacrylamide
gels. The gels were dried, enhanced with Enlightning (Dupont, NEN), and
exposed to Kodak XAR film.

Cell surface labelling. Approximately 1.5 X 10” MRC-5 fibroblasts grown on
a 150-mm? dish were overlaid with a solution of 8 ml of PBS containing 1.2 mg
of lactoperoxidase (Sigma), 1 mM CaCl,, 1 mM MgCl,, and 1 mCi of Na'*1.
Every 2 min for 12 min, 120 pl of 0.1% H,O, was added to the cells; the cells
were then incubated for a further 12 min at room temperature and subsequently
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washed three times with PBS containing 1 mM CaCl,, 1 mM MgCl,, 5 mg of
BSA/ml, and 1% FBS.

Cell fractionation. Approximately 1.5 X 10 MRC-5 cells grown in a 150-mm?
dish were radiolabelled with either [**S]methionine or Na'?°I, washed with PBS,
and scraped into 10 ml of PBS. The cells were pelleted at 1,000 X g for 5 min,
resuspended in 1.5 ml of homogenization buffer (0.25 M sucrose, 1 mM EDTA
[pH 7.5]), and stored on ice for 5 min. The cells were homogenized with a
Dounce homogenizer, and the nuclei and unbroken cells were pelleted at
4,000 X g for 20 min. Membranes were diluted in homogenization buffer and
Percoll to produce 12-ml of solution with a final Percoll concentration of 18%.
The gradient was centrifuged for 30 min at 20,000 rpm in a 50Ti rotor (Beckman
Instruments Inc., Palo Alto, Calif.) at 4°C and fractionated into 12 1-ml fractions
collected from the bottom of the tube, and the fractions were analyzed for
radioactivity or enzyme markers.

Enzymatic assays of cell fractions. Lysosomal B-hexosaminidase activity was
determined as described previously (24). Briefly, samples were diluted with 50
mM Na citrate (pH 4.5)-0.1% Triton X-100 and incubated at 37°C for 60 min
with 1.67 mM p-nitrophenyl N-acetyl B-glucosaminide (Sigma). The reaction was
terminated by the addition of 200 wl of 1 M Na carbonate (pH 10), and the
absorbance was read at 400 nm. Golgi galactosyltransferase activity was deter-
mined as described previously (24) after the fractions were diluted with 50 mM
Tris-HCI (pH 7.6), 20 mM MnCl,, 0.4% Triton X-100, 0.0031 nM [**C]JUDP-
galactose (DuPont, NEN), and 17.5 pg of ovalbumin/ml and incubated at 37°C
for 60 min. Cold 10% (wt/vol) trichloroacetic acid was added, and the samples
were incubated for 30 min on ice and then passed through GF/C glass fiber
filters. The filters were washed three times with 5% (wt/vol) trichloroacetic acid
and dried, and radioactivity was counted.

Coupling of FITC to rabbit IgG. Inmunoglobulin G (IgG) was purified from
rabbit antiserum directed against VP5 (anti-NC1 serum) by using protein A-
Sepharose, and the IgG was eluted with 100 mM glycine (pH 3.0). The IgG was
dialyzed against 100 mM carbonate-bicarbonate buffer (pH 9.0), 0.025 mg of a 1
mg/ml solution of fluorescein isothiocyanate (FITC; Sigma) in dimethyl sulfoxide
was added to 300 pl of purified IgG (2 mg/ml), and the mixture was incubated at
22°C for 2 h. The IgG was separated from the uncoupled FITC by using a
Sephadex G50 gel filtration column.

Confocal immunofluorescence microscopy. R970 cells grown on glass cover-
slips were infected with AdgD1(E1~) or AdgD1t(E1") at 100 PFU/cell for 36 to
48 h. Alternatively, the cells were infected with either HSV-1 (F) or HSV-1
(QAA) at 10 PFU/cell for 8 to 16 h. The cells on coverslips were fixed with 4%
paraformaldehyde for 10 min, washed twice with PBS, permeabilized with 0.2%
Triton X-100 in PBS for 5 min, and then washed twice with PBS. The cells were
incubated for 1 h at 22°C in 1% (wt/vol) BSA-2% goat serum in PBS (blocking
buffer) and then incubated with primary antibodies diluted in blocking buffer for
1 h at room temperature. The samples were washed three times with blocking
buffer and then incubated with secondary goat anti-rabbit Texas red and goat
anti-mouse FITC antibodies (Jackson ImmunoResearch Laboratories, West
Grove, Pa.) diluted in blocking buffer. In some experiments, the cells were
stained with anti-275-kDa MPR antibodies and Texas red-conjugated anti-rabbit
IgG, washed with blocking buffer containing 10% normal rabbit serum, and then
incubated with FITC-conjugated anti-NC1 IgG. The coverslips were mounted on
microscope slides with Vectashield (Vector Labs, Burlingame, Calif.) and viewed
with a Zeiss confocal microscope.

RESULTS

Construction of Ad vectors expressing full-length or soluble
gD. Previously, we compared M6P modification of soluble and
membrane-bound forms of gD (8), but these studies were
complicated because the soluble gD was produced in trans-
fected CHO cells and the membrane-bound gD was produced
in HSV-infected human R970 cells. In order to compare M6P
modification and intracellular transport of these proteins in the
same cell type, replication-defective (E1 ) Ad vectors express-
ing either membrane-bound or soluble forms of gD were con-
structed. This also allowed us to examine M6P modification
and intracellular transport of gD in the absence of HSV infec-
tion, which causes inhibition of host protein synthesis (54, 63,
64), alterations in the cytoskeleton, cell rounding, and disrup-
tion of the Golgi apparatus and other cellular membranes (10).
A soluble form of HSV-1 gD, denoted gDt, composed of
amino acids 1 to 312 and including the extracellular domain
but lacking the transmembrane and cytoplasmic domains, was
constructed by using restriction enzymes (HindIII and Narl) to
remove a truncated form of the gD gene from a plasmid con-
taining the entire gD coding sequence. This truncated gD gene
was inserted into pCA3, which contains the human cytomega-
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FIG. 1. Features of recombinant Ad vectors expressing gD1 or gDI1t. Se-
quences encoding a full-length, membrane-anchored gD (gD1; residues 1 to 394;
nucleotides 1 to 1182) or a truncated version of gD missing the transmembrane
and cytosolic domains (gD1t; residues 1 to 312; nucleotides 1 to 936) were
inserted into the E1 region of the Ad5 genome. The gD genes were coupled to
the human cytomegalovirus (HCMV) immediate-early promoter in the right-to-
left orientation, opposite to the direction of E1 transcription. The Ad vectors,
AdgD1(E17) and AdgD1t(E17), are nonreplicating Ad propagated on 293 cells
that supply E1 proteins.

lovirus promoter, the simian virus 40 poly(A) site, and flanking
Ad E1 sequences (28). Sequences encoding the full-length,
membrane-bound form of gD were also inserted into a similar
Ad shuttle plasmid, pCA4 (28). The gD-containing pCA3 or
pCA4 shuttle plasmids were cotransfected into 293 cells along
with pBHG10, which supplies the right end of the Ad5 genome
(5). Recombinant Ad vectors, AdgD1(E1") and AdgD1t(E17),
expressing membrane-anchored and soluble gD, respectively,
were isolated (Fig. 1). These replication-defective Ad vectors,
like other such viruses, produce very low levels of Ad proteins
and little or no cytopathic effect (28).

To test for expression of the two different forms of gD,
human R970 cells were infected with either AdgD1(E17) or
AdgD1t(E1") and labelled with [**S]cysteine and [**S]methi-
onine for 2 h and gD proteins were immunoprecipitated. Two
protein bands were precipitated by using anti-gD antibodies
from cells infected with AdgD(E1 "), apparently corresponding
to the mature and immature forms of the membrane-bound
form of gD (Fig. 2A). In contrast, a single band of gDt was
observed in extracts of AdgD1t(E1 " )-infected cells. This band
appeared to be the immature form of the truncated protein
because a slower-migrating form, presumably the mature form,
was observed in the medium of AdgD1t(E1 " )-infected cells
(Fig. 2). Comparisons of the amount of gD1t which was se-
creted and that which remained cell associated in AdgD1t
(E1")-infected cells suggested that the majority of the gD1t
(80% of the labelled protein) was secreted from the cell after
a 2-h chase period (Fig. 2B). However, Western blot analysis
indicated that a substantial fraction (~30%) of gD1t remained
cell associated (not shown). The steady-state levels of gD1 and
gD1t in Ad-infected cells observed in Western blots were sim-
ilar to the levels of gD1 found in cells infected with HSV-1 8 to
10 h after infection (not shown).

MG6P content of soluble and membrane-bound forms of gD.
In previous experiments, we found that approximately 58% of
the oligosaccharides associated with a soluble form of gD,
produced in recombinant CHO cells and secreted into the
cell culture supernatant, were modified with M6P residues (8).
Since there are three oligosaccharides on each gD molecule, it
was reasonable to believe that virtually every soluble gD mol-
ecule was modified with one or two M6P residues. By contrast,
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FIG. 2. Expression of gD by recombinant Ad vectors. (A) Human R970 cells
were infected with AdgD1(E17) or AdgD1t(E17) at 10 PFU/cell, and after 44 h
the cells were labelled for 2 h with [**S]cysteine and [>°S]methionine. Detergent
extracts of the cells were made, and gD was immunoprecipitated from cellular
extracts with a mixture of anti-gD MAbs DL6 and LP2. (B) Human R970 cells
were infected as for panel A, and then the cells were labelled for 30 min with
[**S]cysteine and [**S]methionine. The medium was removed, medium contain-
ing excess unlabelled cysteine and methionine was added, and the cells were
incubated for an additional 2 h. The gD present in the cell culture supernatant
or in detergent extracts of the cells was immunoprecipitated with a mixture of
anti-gD MAbs DL6 and LP2, and the proteins were separated on SDS-polyacryl-
amide gels.

only 1.0% of the full-length gD produced in HSV-infected
R970 cells was modified with M6P residues (8). Similar levels
of phosphorylation of VZV glycoproteins (0.6 to 3% of M6P)
have been reported (19). To compare the amount of M6P
modification of soluble gD with that of full-length gD in the
same cell type, we infected human R970 cells with AdgD1(E17)
or AdgD1t(E17). The cells were labelled with [*H]mannose
for 4 h beginning 40 h after infection, and then the label was
chased for 3 h. gD was immunoprecipitated from detergent
extracts of the cells and from the medium, and then the gD
proteins were treated with endoglycosidase H to release high-
mannose oligosaccharides. The liberated high-mannose oligo-
saccharides were separated from complex oligosaccharides
(which remain on the protein) with Centricon-30 membranes.
The high-mannose oligosaccharides were subjected to mild
acid hydrolysis to remove GIcNAc residues, and uncharged
oligosaccharides (without M6P) were separated from charged
oligosaccharides (containing M6P) with quaternary aminoeth-
yl-Sephadex (3, 12). Complex oligosaccharides were quantified
by counting the labelled material that was retained by the
Centricon-30 membrane.

Approximately 8.4% of the membrane-bound gD1 was mod-
ified with M6P residues, again based on the assumption that
there are three N-linked oligosaccharides per gD molecule
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(Table 1). The fraction of soluble gD1t that was found in cells
was more extensively modified with M6P residues (30.3%),
whereas the fraction of soluble gD1t that was secreted from
cells was modified less extensively (2.4%). These results dem-
onstrate that both soluble and membrane-bound forms of gD
can be modified with M6P and this can vary from 1.0% in
HSV-infected cells to 30 or 100% for gD that is secreted. The
lower content of M6P in gD from HSV-infected cells may be
related to the effects of HSV on the phosphorylation machin-
ery. The gD analyzed in previous experiments (8) was extract-
ed relatively late in the infection for technical reasons, and
there may be more M6P associated with gD produced early in
the infection. As in our previous experiments, the soluble form
of gD was a better substrate for the phosphotransferase (which
modifies mannose residues) than was membrane-bound gD.

The subcellular localization of gD coincides with that of the
275-kDa MPR. Since both full-length and soluble forms of gD
were modified with M6P residues, it was reasonable to believe
that a fraction of the gD in cells would bind to MPRs and be
directed to an endosomal or lysosomal compartment. Immu-
nofluorescence confocal microscopy was performed to deter-
mine whether intracellular gD colocalizes with the 275-kDa
MPR. R970 cells were infected with either AdgD1(E1") or
AdgD1t(E17), fixed and permeabilized, and then incubated
with rabbit antibodies specific for the 275-kDa MPR and si-
multaneously with a mouse MADb directed to gD. The primary
antibodies were detected with fluorescent secondary antibod-
ies, goat anti-mouse FITC (green signal indicated gD) and goat
anti-rabbit Texas red (red signal indicated the 275-kDa MPR).
In AdgD1(E1")-infected cells, the membrane-anchored form
of gD was found on the cell surface and in cytosolic vesicles,
primarily close to the nucleus (Fig. 3A). A substantial fraction
of the cytoplasmic vesicles containing gD also contained the
275-kDa MPR, as can be seen by the yellow fluorescence de-
rived from superimposed green and red fluorescence (Fig. 3A,
right). Similarly, soluble gD1t was largely localized to cytoplas-
mic, perinuclear vesicles and a relatively large fraction of the
glycoprotein was found in endosomes containing the 275-kDa
MPR (Fig. 3B).

These studies were extended to HSV-infected cells. Again, a
large fraction of gD, often a majority of the protein, was found
in cytoplasmic vacuoles that colocalized with the 275-kDa
MPR (Fig. 3C). This pattern of gD colocalization with the 275-
kDa MPR was maintained for 3 to 5 h in HSV- or AdgD(E1")-
infected cells treated with cycloheximide to block protein syn-
thesis (data not shown). Thus, the colocalization of gD to the
MPR-positive compartment was a relatively stable event, and
¢D was not passing through this compartment in a transient
fashion. At later times after infection with HSV-1, especially
when higher multiplicities of infection were used, there was
less colocalization of gD with the 275-kDa MPR (not shown),

TABLE 1. M6P content of gD molecules expressed by AdgD1 and AdgD1t

Virus Protein analyzed Cell line % Complex” % HM* % 1 M6P? % 2 M6P? % gD
AdgD1 gD1 R970 95.4 4.6 1.9 0.9 8.4
AdgD1t gDI1t R970 50.3 49.7 55 4.6 30.3
AdgD1t gD1t (medium) R970 98.5 1.5 0.8 ND“ 2.4

“ The percentage of complex or high-mannose (HM) oligosaccharides was determined as described in Materials and Methods based on the assumption that HM
oligosaccharides contain an average of 5.1 mannose residues/oligosaccharide and complex oligosaccharides contain three mannose residues/oligosaccharide.

>1 M6P and 2 M6P, percentage of oligosaccharides bearing one or two M6P residues, respectively.

¢ Value obtained by multiplying the total percentage of M6P-modified oligosaccharides by 3, the number of N-linked oligosaccharides per gD molecule.

4 ND, none detected.
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FIG. 3. HSV gD accumulates in endosomes. R970 cells grown on glass coverslips were infected with AdgD1(E17) (A) or AdgD1t(E1™) (B) at 100 PFU/cell for
44 h or with wild-type HSV-1 (C and D) or HSV (QAA) (E) at 1 PFU/cell for 8 h. The cells were fixed with paraformaldehyde and permeabilized with 0.2% Triton
X-100. The following primary antibodies were applied to the cells: affinity-purified rabbit anti-275-kDa MPR antibodies and, simultaneously, anti-gD MAb DL6 (A,
B, C, and E) and rabbit anti-gD polyclonal antibodies and a mouse anti-transferrin receptor (TnR) MAb (D). The cells were washed, and secondary antibodies, goat
anti-rabbit Texas red (red signal) and goat anti-mouse FITC (green signal), were applied to the cells. In panel D the red signal produced by rabbit anti-gD antibodies
was switched to a green signal and the green signal from the mouse anti-transferrin receptor MAb was switched to green for consistency. The cells were washed, and
the coverslips were mounted on glass slides and viewed with a Zeiss confocal microscope. “Both” indicates images in which both signals (green for gD and red for MPR
or TnR) were superimposed. n, cell nucleus.
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perhaps related to observations that HSV infection leads to
destruction of the Golgi apparatus (10).

While the bulk of the 275-kDa MPR is localized to late
endosomes, the protein is also found in the TGN (25), and
thus, it was possible that the colocalization of gD with the 275-
kDa MPR was simply due to gD that was trafficking through
the TGN. To further examine the intracellular localization of
gD, HSV-infected cells were simultaneously stained with anti-
transferrin receptor antibodies and anti-gD antibodies. The
transferrin receptor is found on the cell surface and inside
cells, almost exclusively in early endosomal compartments
rather than in late endosomes or in the TGN (29, 49, 55, 71).
Again, a substantial fraction of HSV gD colocalized with the
transferrin receptor (Fig. 3D), confirming that gD is in both
early and late endosomes in HSV-infected cells.

Although we found that gD was present in late and early
endosomes, it was not clear whether this was related to M6P
modification and the involvement of MPRs in targeting to
endosomes. The HSV-1 mutant, QAA, expresses a mutant form
of gD lacking the sites for addition of N-linked oligosaccha-
rides (59), and without N-linked oligosaccharides, there is no
possibility for the addition of M6P residues on gD. QAA gD
does not bind to the purified 275-kDa MPR (6a). To test
whether this mutant form of gD was localized to endosomes,
cells were infected with HSV-1 (QAA) and the distributions of
gD and the 275-kDa MPR were determined by immunofluo-
rescence microscopy. QAA gD was found to have a distribu-
tion similar to that of wild-type gD (i.e., largely in cytoplasmic
vesicles surrounding the nucleus and on the cell surface), and
a large fraction of QAA gD, a majority of the protein in some
cells, was colocalized with the 275-kDa MPR (Fig. 3E). Similar
results were observed when the distribution of QAA gD was
compared to that of the transferrin receptor (not shown). There-
fore, gD, produced either in HSV-infected cells or in cells
infected with Ad vectors, localized to endosomes and accumu-
lation in endosomes did not require M6P modification, at least
in the context of HSV-infected cells.

HSYV gI and a nucleocapsid protein colocalize with the 275-
kDa MPR. The studies were extended to another HSV glyco-
protein, gl. Previously, we could not detect M6P associated
with gl that was extracted from HSV-infected cells (8, 8a).
HSV-infected cells were stained with an anti-gIl MAb and, as
with gD, a substantial fraction of gl colocalized with the 275-
kDa MPR (Fig. 4A). There was a ring of gl associated with
vesicles surrounding the nucleus, and many of these vesicles
stained with antibodies specific for the 275-kDa MPR (Fig.
4A).

Since fractions of gD and other HSV glycoproteins are com-
ponents of the virion envelope and the majority of virions often
accumulate in cytoplasmic vesicles, we sought to determine
whether virions were also present in endosomes. The major
HSV nucleocapsid protein, VPS5, is found in the cytoplasm and
in the nucleus and is a component of enveloped virions that are
in the process of virus egress (47, 65, 66). It is apparent from
our studies, as well as those of others, that a relatively large
fraction of the VPS5 in the cytoplasm is distributed in an in-
tensely staining, punctate pattern near the nuclear envelope as
well as throughout the cytoplasm (Fig. 4B and C). Electron
microscopy of HSV-infected R970 cells has shown numerous
enveloped nucleocapsids within cytoplasmic vesicles, especially
close to the nucleus, and only very few unenveloped capsids
(32, 42). Unenveloped capsids in the cytoplasm tend to be
more evenly distributed and are unlikely to produce the in-
tense, punctate staining that might be obtained with cytosolic
vesicles containing numerous enveloped particles. Consistent
with this interpretation, the pattern of VPS5 staining in the

HSV gD AND VIRIONS IN ENDOSOMES 3335

nucleus was diffuse, with no evidence of intense, punctate
staining (Fig. 4B and C), yet it is well known that there are free
VPS5 and numerous nucleocapsids in the nucleus. Therefore, it
is highly likely that the intense, punctate VPS5 staining in the
cytoplasm is associated with enveloped nucleocapsids that ac-
cumulate in membrane vesicles rather than nonenveloped nu-
cleocapsids in the cytosol or free VP5.

Using confocal immunofluorescence microscopy, we exam-
ined the subcellular distribution of VPS5 and the 275-kDa
MPR. The majority of cytosolic vesicles that stained with anti-
VPS5 antibodies also stained with anti-275-kDa MPR anti-
bodies (Fig. 4B and C). Anti-VP5 antibodies did not stain
uninfected cells (not shown). Since the MPR is exclusively
membrane associated, the colocalization of VP5 with the 275-
kDa MPR is further evidence that the punctate, cytosolic VP5
is associated with enveloped, rather than unenveloped, capsids.
Therefore, these results indicate that many of the enveloped
virions that accumulate in the cytoplasm of HSV-infected cells
are present in endosomes or endosomal compartments, either
as part of the egress process or as a dead-end pathway.

Soluble gD1t and membrane-anchored gD1 are not trans-
ported to lysosomes. Since gD colocalizes with the 275-kDa
MPR in endosomes, it was also of interest to determine wheth-
er gD was delivered to lysosomes. Though MPRs deliver lyso-
somal enzymes to lysosomes, the MPRs uncouple from the
M6P-modified glycoproteins in late endosomes. Lysosomes are
relatively dense subcellular organelles which can be effectively
separated from other organelles, e.g., ER, Golgi apparatus,
plasma membrane, and endosomes, by using Percoll density
gradient centrifugation (24, 53). Cells infected with AdgD1
(E17), AdgD1t(E17), or HSV-1 were labelled with [>>S]cys-
teine and [*°S]methionine for 30 min, and then the label was
chased for 2 h. The cells were disrupted with a Dounce ho-
mogenizer, the cellular membranes were applied to 18% Per-
coll gradients, and the gradients were centrifuged. The gradi-
ent fractions were analyzed for organelle-specific markers or
for the presence of radiolabelled gD that was immunoprecipi-
tated by using gD-specific antibodies. Figure 5 shows that the
lysosomal marker, B-hexosaminidase, was predominantly at
the bottom of the gradient (fractions 1 to 3) while the Golgi
marker, galactosyltransferase, was found at the top of the gra-
dient (fractions 10 to 12). Plasma membranes, labelled by
lactoperoxidase-catalyzed iodination with '#°I, were also in the
less dense fractions at the top of the gradient (Fig. 5). A
specific marker for the ER, TAP (transporter associated with
antigen presentation), was immunoprecipitated from cell ex-
tracts and was similarly found at the top of the gradients.
Membrane-anchored gD expressed with AdgD1(E1") or after
HSV infection was found at the top of the gradient. Similarly,
the soluble form of gD was present in less dense fractions of
cells. There was no evidence that HSV-1 infection of these cells
caused redistribution of the lysosomal marker at early and
intermediate times after infection (1 to 9 h postinfection).
Therefore, soluble and membrane-anchored forms of gD do
not accumulate to any extent in lysosomes.

DISCUSSION

Soluble lysosomal enzymes are modified with M6P in the
Golgi apparatus and are bound by MPRs and directed to the
endocytic compartment via clathrin-coated vesicles (CCVs)
(reviewed in references 31, 40, 45, 50, and 57). In a low-pH,
late-endocytic compartment the MPRs dissociate from M6P-
containing lysosomal enzymes, which are delivered to lyso-
somes while the MPRs are recycled to the TGN. MPRs can
also traffic to the plasma membrane, where M6P-containing
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FIG. 4. HSV gl and VPS5 capsid protein colocalize with 275-kDa MPR. R970 cells were infected with HSV-1, and 12 to 16 h later, the cells were fixed and
subsequently permeabilized with 0.2% Triton X-100. (A) Cells incubated simultaneously with affinity-purified rabbit anti-275-kDa MPR and anti-gI MAb 3104. (B and
C) Cells incubated with rabbit anti-275-kDa MPR antibodies for 60 min, washed, and incubated with Texas red-conjugated goat anti-rabbit IgG. The cells were washed
and subsequently incubated with rabbit anti-VP5 antibodies that had been directly conjugated with FITC. The cells were washed again and viewed with a confocal

microscope. n, cell nucleus.

lysosomal enzymes can be captured in coated pits, endocy-
tosed, and delivered to lysosomes. In addition, there are M6P-
independent lysosomal targeting mechanisms. For example,
Lampl and LAP, membrane-bound lysosomal proteins, are
delivered specifically to lysosomes without modification by
MG6P. Signals in the cytoplasmic domains of these membrane
proteins, including tyrosine-based and dileucine, motifs direct
incorporation into CCVs, either at the cell surface or in the

TGN, so that the proteins are transported to endosomes and,
ultimately, to lysosomes (31, 43).

Both HSV gD and several VZV glycoproteins are modified
with M6P (8, 19), suggesting that alphaherpesviruses utilize the
endosomal-lysosomal targeting pathway for their replication.
In a previous study, most or all of the soluble gD2 produced in
transfected CHO cells was modified with M6P while only ap-
proximately 1% of the membrane-anchored gD1 produced in
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FIG. 5. Subcellular fractionation of AdgDI1t(E17)-, AdgD1(E17)-, and
HSV-1 (F)-infected cells. Human MRC-5 fibroblasts were infected with AdgD1
(E17) or AdgD1t(E1 ") at 20 PFU/cell for approximately 40 h or with HSV-1 (F)
for 8 h. Cells were labelled for 30 min with [**S]cysteine and [**S]methionine
followed by incubation for 2 h in unlabelled medium or with Na '?°T and lacto-
peroxidase or were left unlabelled (for enzyme assays). The cells were disrupted
with a Dounce homogenizer, nuclei were removed by centrifugation, and cellular
membranes were applied to an 18% Percoll gradient, which was centrifuged for
30 min. The gradients were fractionated from the bottom, and fractions from
unlabelled cells were assayed for galactosyltransferase activity (circles) (Golgi
marker) and B-hexosaminidase activity (squares) (lysosomal marker). Fractions
from cells labelled with '*I (triangles) (plasma membrane marker) were ana-
lyzed by using a liquid scintillation counter. Fractions from cysteine- or methi-
onine-labelled cells were immunoprecipitated with gD-specific MAbs LP2 and
DL6 or with rabbit polyclonal serum specific for TAP (ER marker).

HSV-infected R970 cells was phosphorylated (8). In order to
compare soluble and membrane-bound forms of gD in the
same cells and to determine whether virus infection altered
M6P modification, we expressed these proteins with nonrepli-
cating Ad vectors and found that 8% of the membrane gD was
modified with M6P while 31% of the secreted, soluble gD was
phosphorylated. In the previous study, HSV-1-infected cells
were labelled with [*H]mannose until relatively late in the
infection, in order to produce sufficient quantities of labelled
material for M6P analysis (8). gD produced earlier during the
infection may be more extensively modified by M6P. HSV
disruption of the Golgi apparatus or other organelles late in
the infection (10) may contribute to reduced levels of phos-
phorylation. Again, in this study, the membrane-bound form of
gD was modified less extensively than was the soluble secreted
gD, probably related to a preference of the phosphotransferase
for soluble proteins. For example, when cathepsin D, a soluble
lysosomal enzyme, was fused to a membrane anchor, M6P
modification was reduced 10-fold (40a).

Given what is known about the specificity of M6P addition to
lysosomal enzymes, it appears highly unlikely that phosphory-
lation of mannose residues on HSV gD and those of VZV
glycoproteins is accidental or serendipitous. The domains of
soluble lysosomal enzymes that are recognized by the phos-
photransferase are highly specific and are restricted to lysoso-
mal enzymes (4). In an in vitro assay involving partially purified
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mannose phosphotransferase, soluble gD2 was phosphorylated
as a high-affinity substrate similar to cathepsin D, an authentic
lysosomal enzyme. Moreover, when M6P modification was in-
hibited (in pseudo-Hurler fibroblasts) or when MPR was
blocked with a synthetic ligand, HSV cell-to-cell spread was
inhibited (7), supporting the hypothesis that interactions be-
tween HSV glycoproteins and MPRs play a role in some aspect
of intracellular transport or movement of virus across cell
junctions. This observation led us to investigate whether viral
glycoproteins and virions traffic through endosomal compart-
ments.

Substantial fractions of both soluble and membrane-bound
forms of gD, expressed with Ad vectors or in HSV-infected
cells, were found in late endosomes containing the 275-kDa
MPR and in early endosomes containing the transferrin recep-
tor. On their own, these observations might suggest that MPRs
direct gD to endosomal compartments. However, QAA gD
and gl, which do not contain M6P, were also found in endo-
somes. This is perhaps not surprising given that there is a high
degree of redundancy in these interacellular trafficking signals.
Signals such as di-Leu or Tyr motifs may cause these glyco-
proteins to traffic to endosomes. HSV-1 and HSV-2 gDs do not
contain cytoplasmic di-Leu or Tyr motifs similar to those found
in lysosomal enzymes (31, 41, 68), although there are Tyr res-
idues at the C termini of gD1 and gD2 that could potentially
participate in targeting to endosomes. VZV glycoproteins, gE
and gl, contain Tyr and di-Leu motifs that have been shown to
direct the glycoproteins to endosomes (2, 48, 72), and it is
likely, by extension, that HSV gE and gl also contain such
motifs. Moreover, gD may have signals in the extracellular
(lumenal) domain that mediate sorting to endosomes. Cathep-
sin D, without a cytoplasmic domain, can reach lysosomes,
albeit less (45%) efficiently, in the absence of M6P (22). There
are determinants for M6P-independent lysosomal sorting of
cathepsin D that overlap the domain recognized by the phos-
photransferase (22), and these may also be present in gD.
Consistent with M6P-independent sorting signals in gD, only
8% of membrane-bound gD was modified with M6P in AdgD1-
infected cells, yet a larger fraction (as much as 50%) of the
protein colocalized with MPRs in endosomes.

The VPS5 nucleocapsid protein was also found in endosomes,
even a majority of that fraction of the protein found in the
cytoplasm. Therefore, apparently, virions accumulate in endo-
somes. This observation might partially explain why glycopro-
teins not modified with M6P, e.g., gl and QAA gD, are present
in endosomes, whether or not there are other trafficking sig-
nals. At present, our studies do not allow us to discern whether
virions accumulate in endosomes by the action of MPRs. Al-
though only a relatively small fraction of gD is phosphorylated,
there are thousands of copies of gD per virion, and this may be
sufficient to allow MPRs to target virions to endosomes from
the Golgi apparatus or even from the cell surface. Thus, with-
out M6P and MPRys, i.e., in the case of pseudo-Hurler cells (7),
intracellular transport to the cell surface via endosomes might
be inhibited.

Previously, it was suggested that VZV accumulates in low-
pH vesicles, which may be prelysosomes or lysosomes, and that
this may account for low levels of infectious VZV in some
cultured cells (19, 21). In our studies we found no evidence for
HSV glycoproteins in dense lysosomes and there was no evi-
dence for disruption of lysosomes after HSV infection. Since
HSV gD contains M6P, one might expect that the glycopro-
teins would be delivered to lysosomes; however, MPRs (inte-
gral membrane proteins) escape lysosomes, and presumably
gD also has mechanisms to stay out of lysosomes. There was
also evidence that gD that is part of the virion envelope was
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not found in lysosomes, and thus, virions apparently also es-
cape delivery to lysosomes. Consistent with these observations,
HSV grows to relatively high titers in these cultured cells.
The existing evidence suggests that there is active traffic of
alphaherpesvirus glycoproteins and virions to endosomes. This
transport appears to be important for some aspect of virus
egress or cell-to-cell spread of HSV, but at present, it is not
clear how endosomes figure in these processes. One possibility
is that virions acquire a second envelope in the cytoplasm,
derived from endosomal membranes. Previous electron micro-
scopic studies of alphaherpesvirus maturation have suggested
reenvelopment at Golgi apparatus-derived membranes (21, 39,
69), largely based on their morphology. Endosomal compart-
ments contain tubules, budding intermediates, and vesicles re-
sembling the Golgi apparatus. Therefore, if reenvelopment
models of HSV egress are correct, it is possible that HSV
acquires an envelope by budding into endosomes, and viral
glycoproteins might be directed there to facilitate this process.
A second possibility is that enveloped virions are directed into
endosomes on their path from the Golgi apparatus to the cell
surface. HSV particles are large structures which may not be
handled well by the exocytic pathway, and thus, entry into
endosomes may facilitate transport to the plasma membrane
or even to specialized cell surface domains, such as cell junc-
tions. In polarized epithelial cells and keratinocytes, important
cells in the life cycle of HSV, traffic of proteins to the basolat-
eral surface is directed by many of the same signals involved in
transport to endosomes or CCVs (reviewed in reference 52).
Thus, our observations that cell-to-cell spread of HSV was
reduced in pseudo-Hurler cells or by bulky MPR ligands (7)
may be related to accumulation of saccharides, proteins, or
other debris in endosomes, inhibiting movement of virus par-
ticles to the cell surface or cell junctions. Thirdly, the accumu-
lation of HSV glycoproteins and virions in endosomes may be
due to endocytosis from the cell surface. HSV particles fre-
quently accumulate on the cell surface, and these could be
readily endocytosed, with or without MPRs that are exclusively
in cell surface coated pits (31, 40). Recent studies by Olson and
Grose have demonstrated that the VZV gE is rapidly endocy-
tosed from the cell surface (48), and this may also be the case
for gD. Efforts are under way to determine the origin of the
endosomes containing HSV glycoproteins and virions.
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