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The role of alphaherpesvirus membrane protein internalization during the course of viral infection remains
a matter of speculation. To determine the role of internalization of the pseudorabies virus (PRV) gE and gI
proteins, we constructed viral mutants encoding specific mutations in the cytoplasmic tail of the gE gene that
inhibited internalization of the gE-gI complex. We used these mutants to assess the role of gE-gI endocytosis
in incorporation of the proteins into the viral envelope and in gE-mediated spread or gE-promoted virulence.
In addition, we report that another viral mutant, PRV 25, which encodes a gE protein defective in endocytosis,
contains an additional, previously uncharacterized mutation in the gE gene. We compared PRV 25 to another
viral mutant, PRV 107, that does not express the cytoplasmic tail of the gE protein. The gE protein encoded
by PRV 107 is also defective in endocytosis. We conclude that efficient endocytosis of gE is not required for gE
incorporation into virions, gE-mediated virulence, or spread of virus in the rat central nervous system.
However, we do correlate the defect in endocytosis to a small-plaque phenotype in cultured cells.

Pseudorabies virus (PRV) is a neurotropic alphaherpesvirus
that causes acute fatal disease in a variety of mammals and
birds (13, 39). The viral glycoprotein E (gE) is an important
mediator of virulence and spread of PRV in every animal
model tested thus far (4, 5, 9, 10, 19, 20, 22, 24, 27, 28, 47). The
N-terminal extracellular domain of gE is sufficient to mediate
gE-promoted spread in the rat central nervous system (CNS),
while the C-terminal cytoplasmic domain of gE is required for
gE-mediated virulence (44). The mechanism by which gE ac-
complishes these two separable functions has not yet been
determined. One or both of these functions could involve the
glycoprotein I (gI), which binds specifically to gE shortly after
synthesis of the proteins (47, 52). Expression of the N-terminal
domain of PRV gE is sufficient to mediate binding of gI,
suggesting that the gI binding domain is in the extracellular
domain of gE (44). Similar findings have been previously made
with the feline herpesvirus (FHV) gE homologue (29).

Several groups have begun studying the trafficking and lo-
calization of the gE homologues in the alphaherpesvirus fam-
ily, and they have noted that after expression on the plasma
membrane of both transfected and infected cells, the gE pro-
tein alone or the gE-gI complex is internalized into the interior
of the cell in a manner analogous to receptor-mediated endo-
cytosis (1, 2, 32–34, 43, 49, 50). In some circumstances, gE is
required for endocytosis of gI, while in other instances, gI
internalizes in the absence of gE (1, 32, 43). The varicella-
zoster virus (VZV) gE homologue is targeted either to endo-
somal compartments or to the trans-Golgi network (TGN)
after its internalization from the plasma membrane during
transfection studies (1, 32, 33, 35, 49, 50).

In the case of VZV, which is believed to acquire its final
envelope in the TGN, endocytosis of proteins from the plasma
membrane to the TGN was proposed to be a mechanism for
targeting proteins to the site of envelopment (17, 49, 50). In
addition, the human cytomegalovirus glycoprotein B is inter-
nalized and subsequently incorporated into viral particles (37).

Studies using a PRV mutant (PRV 25) expressing a gE protein
that lacks the cytoplasmic tail suggested that this may also be
the case for PRV (44). The gE protein made by PRV 25 was
not internalized and remained stably expressed on the plasma
membrane of infected cells. In addition, the protein was not
incorporated into viral particles. This finding suggested a direct
correlation of the ability of a protein to internalize from the
plasma membrane and its ability to be targeted efficiently to
the viral envelope.

Several lines of evidence, however, suggest that endocytosis
of glycoproteins is not the sole route for incorporation of the
proteins into viral particles (43). First, endocytosis of the PRV
gE-gI complex is inhibited after 6 h of infection, a time at
which the majority of the viral particles are beginning to be
made and released. Therefore, only those proteins internalized
during the first 6 h of infection would be capable of being
targeted to viral particles and would have to be set aside for all
subsequent incorporation. However, biotinylation of the cell
surface at 4 h postinfection showed that those molecules on the
cell surface during the time of biotinylation are not directly
targeted to viral particles. In addition, PRV gI is not able to
internalize unless it is coexpressed with gE yet can be incor-
porated into viral particles in the absence of gE (our unpub-
lished observations). This finding suggests that gI need not be
internalized to be incorporated. Finally, glycoprotein C (gC)
does not internalize at any point postinfection, yet this protein
is a major constituent of the PRV viral particle (43).

Endocytosis of cell surface receptors involves the interaction
of the cytoplasmic tails of the receptor proteins with intracel-
lular proteins (adaptor complexes) that mediate recruitment of
the receptors to clathrin-coated pits for internalization (re-
viewed in references 25, 30, 45, and 46). One motif in cyto-
plasmic tails of receptors known to interact with the adaptor
complexes is the YXXF motif (Y 5 tyrosine, X 5 any amino
acid, F 5 large hydrophobic residue). Mutation of the tyrosine
residue often abrogates internalization of these receptors. The
PRV gE cytoplasmic tail contains two potential tyrosine-based
internalization motifs beginning with a tyrosine residue at
amino acid 478 and one at amino acid 517. To address directly
the role of protein endocytosis in incorporation of the protein
into the viral particle without large deletions of the cytoplasmic
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tail of gE, we constructed viral mutants containing single
amino acid substitutions at these tyrosine residues. These mu-
tants also allowed us to assess the role of gE endocytosis in
gE-promoted spread and gE-mediated virulence of PRV. In
conducting these studies, we also found that the mutant gE
gene encoded by PRV 25 contains an additional mutation
upstream of the engineered stop codon. This additional muta-
tion leads to a shift in the reading frame during translation of
the protein such that the engineered stop codon is no longer
effective and the protein contains a novel cytoplasmic tail. To
determine the effect of this additional mutation on the results
obtained with PRV 25, we constructed another viral mutant,
PRV 107, that contains only the engineered stop codon after
the sequences coding for the transmembrane domain of the
protein. This gene does not contain the extra base insertion
that is found in the PRV 25 gE gene. PRV 107 encodes an
anchored gE protein that no longer expresses the cytoplasmic
tail of the protein.

In this report, we show that PRV 107 has most of the phe-
notypes described for PRV 25, including stable expression of
the protein on the plasma membrane, inhibition of endocytosis
of the protein, reduced plaque size on Madine-Darby bovine
kidney (MDBK) cells, ability to spread to all retinorecipient
areas of the rat eye, and decreased virulence of the virus.
However, unlike the gE protein produced by PRV 25, the PRV
107 gE protein is efficiently incorporated into viral particles. In
further support of this idea, a single mutation in the first
tyrosine residue (Y478), but not the second tyrosine residue
(Y517), in the gE cytoplasmic tail inhibits endocytosis of the
protein. Like the gE protein produced by PRV 107, the gE
mutants containing mutations in the tyrosine residues are also
efficiently incorporated into the viral envelope. In addition, we
report that inhibition of endocytosis of the gE-gI complex leads
to a moderate decrease in plaque size when the virus is plated
on MDBK cells yet has no effect on the ability of the virus to
spread in the rat CNS after eye infection. Finally, we demon-
strate that decreasing the amount of gE-gI endocytosis has no
effect on gE-mediated virulence in rats.

MATERIALS AND METHODS

Virus strains and cells. Table 1 lists the viruses used in this study. Wild-type
PRV strain Becker (PRV Be) and the isogenic strains PRV 25 and PRV 91 have
been previously described (44, 47). All PRV strains were propagated in PK15
(pig kidney) cells. Plaque size phenotypes were analyzed on MDBK cells grown
in 1% methocel in Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 2% fetal bovine serum (FBS). Cells were grown in DMEM supplemented
with 10% FBS, while viral infections were performed in DMEM supplemented
with 2% FBS.

Antisera. The monoclonal antibody (MAb) specific for gE complexed to gI
(MAb 1/14), the polyclonal rabbit PRV-specific antiserum (Rb133), and the poly-
clonal goat antisera to gC (282) and gB (284) have all been previously described
(16, 38, 41, 47). T. Ben-Porat kindly provided the MAb pool to gE (M133, M156,
and M138). Rabbit polyclonal antiserum to gE was a generous gift from K.
Bienkowska-Szewczyk (University of Gdansk). Alexa-568-conjugated goat anti-
mouse immunoglobulin G was purchased from Molecular Probes. Horseradish

peroxidase-conjugated donkey anti-rabbit, anti-mouse, and anti-goat immuno-
globulin G were purchased from Kirkegaard & Perry Laboratories, Inc.

Construction of mutant viruses. All oligonucleotide mutagenesis of PRV gE
was performed with an Altered Sites kit (Promega).

Mutation of arginine 457 to an amber stop codon. Site-directed mutagenesis
was performed on pRT14 (44), which contains the 1,052-bp BstEII-SphI frag-
ment of the gE gene, using an oligonucleotide that results in the substitution of
amino acid 457 of the protein with an amber stop codon (59-GCTGTGCTCCC
GCCGCTAGGCGGCCTCGCGGCCG-39). The plasmid was sequenced by us-
ing Sequenase (United Biochemicals) to confirm the presence of only the desired
mutation. The resulting plasmid was named pRS25. The addition of the stop
codon created a novel BfaI restriction site in the BamHI-7 restriction fragment
of PRV Be viral DNA. A transfer vector, pPH2, was constructed by cloning the
SalI-MluI restriction fragment from the Us region of PRV Be into a modified
pAlter-1 plasmid. This fragment contains a portion of gD, all of the gE, gI, and
Us9 genes, and a portion of the Us2 gene. The 1,052-bp BstEII-SphI restriction
fragment from pRS25 containing the site-directed mutation was introduced into
pPH2. Transfer of the appropriate fragment was confirmed by restricting the
resulting plasmid with BfaI. This plasmid was named pRS33.

Mutation of tyrosine residues to serine residues. To construct the tyrosine-
to-serine amino acid substitutions in the gE tail, the SphI-HindIII fragment of
pPH2 was cloned into the pAlter-1 plasmid, creating pRS3. This fragment con-
tains the gE cytoplasmic tail, the entire Us9 gene, and a portion of the Us2 gene.
The nucleotide sequences encoding the tyrosine residues in the gE tail at amino
acids 478 and 517 were changed individually or in combination to serine residues
by using either the single oligonucleotide 59-CATGCTCTCGCCGGTGAGCA
CCAGCCTGCCCACG-39 or 59-CGGCTACGAGGGGCCGAGCGTGAGCC
TGGACGCC-39, respectively, or by using both oligonucleotides in the same
reaction. The resulting plasmids were sequenced to the EagI restriction site in
the Us9 gene and were named pRS7 (Y478S), pRS8 (Y517S), and pRS9
(Y478S 1 Y517S). Mutation of the tyrosine residue at amino acid 478 results in
the loss of a BsrGI restriction site, while mutation of tyrosine 517 results in the
loss of a BsiWI restriction site. To decrease the amount of sequence that was
used in the mutagenesis reactions that would also be used to make recombinant
virus, the EagI-MluI restriction fragments containing Us9 and Us2 coding se-
quences were repaired with wild-type sequences in the following manner. A
SphI-SphI restriction fragment containing wild-type sequences encoding the gE
tail, the entire Us9 gene, and a portion of the Us2 gene was cloned from PRV Be
viral DNA into the SphI restriction site of pSP72 (Promega), creating pGS166.
Fragments from pRS7, pRS8, or pRS9 were subcloned into pGS166, using
outside XbaI restriction sites contained in the vectors and the EagI sites located
in the Us9 gene. Replacement of the wild-type XbaI-EagI restriction fragment in
pGS166 with the fragments from pRS7, pRS8, or pRS9 were confirmed by
restriction digestion of the plasmids with BsrGI and BsiWI. The resulting plas-
mids were named pRS13 (Y478S), pRS14 (Y517S), and pRS15 (Y478S 1
Y517S). The SphI-MluI restriction fragment of each of these plasmids was then
subcloned into the transfer vector pPH2, creating pRS28 (Y478S), pRS29
(Y517S), or pRS30 (Y478S 1 Y517S). Transfer of fragments containing the
point mutations was confirmed by restriction digestion of the plasmids with
BsrGI and BsiWI.

Construction of mutant viruses. PRV 91 viral DNA, which has the gE gene
deleted, was cotransfected by the calcium phosphate precipitation method into
PK15 cells with either pRS33 (amber 457 [Am457]), pRS28 (Y478S), pRS29
(Y517S), or pRS30 (Y478S 1 Y517S) to enable the formation of recombinant
virus. After a complete cytopathic effect was observed, the infected cells were
harvested, frozen, thawed, and replated onto PK15 cells to allow plaque forma-
tion. Plaques formed by recombinant virus were screened for gE expression by a
black plaque assay with monoclonal antiserum against gE. Recombinants that
expressed gE protein were picked and purified by four rounds of plaque purifi-
cation, creating PRV 107 (Am457), PRV 104 (Y478S), PRV 105 (Y478S 1
Y517S), and PRV 106 (Y517S).

Construction of revertant virus. PRV 107 revertants were constructed by
cotransfection of PRV 107 DNA with a wild-type 1.4-kb StyI restriction frag-
ment that spans the transmembrane domain of gE to the beginning of the Us9
gene. Wild-type recombinants were screened by plaque size phenotypes (large
plaques) on MDBK cells. One isolate was plaque purified four times and was
named PRV 107R.

Verifying genotypes of recombinant viruses. The presence or absence of the
desired mutations in recombinant viral DNA was confirmed by Southern blot
analysis as follows. The amber mutation in PRV 107 creates a novel BfaI re-
striction site in the BamHI-7 fragment of PRV, which alters a 6,400-bp fragment
to 1,400- and 5,000-bp fragments following DNA digestion with BamHI and BfaI.
The substitution of tyrosine 478 with serine destroys a BsrGI restriction site in
the BamHI-7 fragment of PRV that changes two fragments of 1,280 and 5,077 bp
to a 6,400-bp fragment when the DNA is digested with BamHI and BsrGI. The
substitution of tyrosine 517 with serine destroys a BsiWI restriction site in the
BamHI-7 fragment of PRV that results in the alteration of two fragments of 288
and 1,163 bp to one 1,451-bp fragment when the DNA is digested with BamHI
and BsiWI. The presence of both mutations in the double mutant was confirmed.
The rescued virus, PRV 107R, had a wild-type restriction pattern.

Cloning of BamHI-7 from PRV 25. Viral DNA isolated from PRV 25-infect-
ed cells was restricted with BamHI, and the approximately 6,400-bp fragment

TABLE 1. Viruses used in this study

Virus name Description

PRV Be.........................................................Wild type
PRV 91 .........................................................gE deletion
PRV 25 .........................................................Frameshift gE
PRV 107 .......................................................Am457 gE, truncated gE
PRV 104 .......................................................Y478S gE tail
PRV 105 .......................................................Y478S 1 Y517S gE tail
PRV 106 .......................................................Y517S gE tail
PRV 107R ....................................................Rescue PRV 107; wild type
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(BamHI-7) was isolated from an agarose gel by using GeneClean (Bio 101). This
fragment was ligated into BamHI-restricted pBluescript KS1 (Stratagene) that
had also been treated with calf intestinal phosphatase (New England Biolabs).
The resulting plasmid was named pRS26.

Black plaque and plaque size analysis. For black plaque analysis, PK15 cells
were infected and overlaid with 1% methocel for 48 h. Plaques were reacted with
a 1:1:1 mixture of a gE MAb pool diluted 1:10 as previously described (44).

For plaque size analysis, MDBK cells were infected with sufficient virus to pro-
duce approximately 200 plaques per 10-cm2 dish and overlaid with 1% methocel.
At 72 h after infection, the plaques were fixed in 2% electron microscopy-grade
paraformaldehyde (Electron Microscopy Sciences) 10 min at room temperature
and then permeabilized with 0.5% saponin in phosphate-buffered saline contain-
ing 3% bovine serum albumin for 3 min at room temperature. Black plaque anal-
ysis was performed as described above, using gB-specific polyclonal antiserum
284 to define the outermost border of the plaques. Plaques were measured by
using an ocular reticle and a 103 objective on an Olympus inverted microscope.

Indirect immunofluorescence and endocytosis assays. Indirect immunofluo-
rescence assays were performed on fixed, permeabilized PK15 cells that had been
infected for either 4 or 6 h, using a MAb that specifically recognized gE when it
was complexed to gI (MAb 1/14) as previously described (43). All endocytosis
assays were performed at 4 h postinfection with MAb 1/14 as previously de-
scribed (43). Single optical sections were taken through the centers of the cells
by using a Nikon MRC600 confocal microscope mounted on an Optiphot II
which utilizes an argon-krypton laser.

Western blot analysis. Cell lysates from PK15 cells infected for 16 h were
collected in TNX buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100).
Virions were isolated from the medium of infected PK15 cells at 14 h postin-
fection through a sucrose cushion as previously described (43). Virion and cell
extracts were electrophoresed through a sodium dodecyl sulfate–8% polyacryl-
amide gel and transferred to nitrocellulose membranes. Western blot analysis
using either a rabbit polyclonal antiserum against gE or goat polyclonal anti-
serum 282 against gC and enhanced chemiluminescence detection were per-
formed as recommended by the manufacturer of SuperSignal (Pierce).

Animal experiments, tissue processing, and immunohistochemistry. Adult
male Sprague-Dawley rats weighing 200 to 250 g at the time of the experiment
were used in this study. Food and water were freely available during the course
of the experiment, and the photoperiod was standardized to 14 h of light and 10 h
of darkness. Experimental protocols were approved by the Princeton University
Animal Welfare Committee and were consistent with the regulations stipulated
by the American Association for Accreditation of Laboratory Animal Care and
those in the Animal Welfare Act (Public Law 99-198). The animals were con-
fined to a biosafety level 2 facility, and the experiments were conducted with
specific safeguards as described previously (14).

For intraocular injections, 2.5 ml of virus suspension (approximately 108 PFU/
ml) was injected into the vitreous humor of the left eye of an anesthetized
animal. When symptoms of infection were overt, the animals were sacrificed and
exsanguinated, and the brains were removed as described previously (14). Im-
munohistochemical analysis of coronal brain slices with a rabbit polyclonal an-
tiserum to whole PRV virus (Rb133) has been described previously (14). Tissues
were taken for analysis just prior to the estimated time to death.

RESULTS

PRV 25 gE gene contains an additional mutation. PRV 25 is
a previously characterized mutant virus encoding a gE protein
designed to contain a stop codon at codon 457 just after the
amino acids encoding the gE transmembrane domain (44). In-
sertion of this stop codon was proposed to create a truncated
gE mutant protein that would be anchored in membranes and
would not express the cytoplasmic tail of the protein. While
conducting further experiments with the plasmid used to make
PRV 25 (pRT25), we discovered that this plasmid contained an
additional mutation of an extra guanine residue inserted into a
string of seven other guanine residues just 33 bases upstream
of the engineered stop codon mutation. To confirm the pres-
ence of this mutation in PRV 25 viral DNA, the BamHI-7 frag-
ment was cloned from PRV 25 viral DNA, resulting in plasmid
pRS26, and portions of the gE gene were sequenced from this
plasmid. The extra guanine residue and the engineered stop
codon were both confirmed in the viral DNA. The insertion of
the extra guanine residue in the gE gene results in a shift of the
reading frame in the last portion of the region encoding the gE
transmembrane domain during translation of the protein. The
resulting frameshifted protein would not terminate at the en-
gineered stop codon or at the natural gE stop codon but would
be predicted to continue translating into the downstream se-

quences encoding the Us9 gene. This would create a novel
gE cytoplasmic tail consisting of 167 amino acids as depicted in
Fig. 1. A gE-Us9 translational fusion would not be produced,
however, as the reading frame would be different from the
reading frame of Us9. To test the effects that this extra muta-
tion had on the previous results obtained with PRV 25, we
constructed PRV 107, which contains the desired stop codon
mutation at amino acid 457, and compared this virus to PRV
25. The mutation in PRV 25 will be referred to as frameshift
mutation, and that in PRV 107 will be referred to as Am457.

Construction of mutant viruses. At least two types of inter-
nalization motifs have been defined in the cytoplasmic tails of
cell surface receptors that physically interact with the cellular
machinery involved in endocytosis: tyrosine-based motifs and
dileucine motifs (21, 45, 46). In addition, stretches of acidic ami-
no acids containing phosphorylated residues have also been
implicated in internalization of proteins (21). The PRV gE tail
contains two potential tyrosine-based internalization motifs, a
single dileucine motif, and two stretches of acidic amino acids,
one containing a predicted casein kinase II phosphorylation
site as depicted in Fig. 1. Most gE homologs in the alphaherpes-
virus family also contain at least one potential tyrosine-based
motif. The PRV gE protein is the only homolog containing a
traditional potential dileucine-based internalization motif, while
the bovine herpesvirus 1, equine herpesvirus 4, and FHV gE
homologs contain IL motifs that could lead to endocytosis of
the proteins (3, 7, 11, 15, 23, 26, 42, 48). In addition, the stretch
of acidic residues is also not completely conserved among ho-
mologs. Furthermore, VZV gE protein internalization was in-
hibited by a single mutation in its tyrosine-based internaliza-
tion motif. We therefore chose to mutate the tyrosine motifs in
PRV gE by changing the tyrosine residues to serine residues.
Three viral mutants were constructed; PRV 104 contains a
serine codon in place of the tyrosine at codon 478 (Y478S),
PRV 105 contains serine codons in place of both tyrosine 478
and tyrosine 517 (Y478S 1 Y517S), and PRV 106 contains a

FIG. 1. Amino acid comparison of gE proteins. The amino acid sequences of
the transmembrane domains and cytoplasmic tails of gE proteins encoded by
PRV Be (wild-type), PRV 25 (frameshift), and PRV 107 (Am457) are shown.
The transmembrane domain of each protein is underlined. Potential internal-
ization motifs, either tyrosine or dileucine based, are in shown in bold in the
wild-type sequence. The two acidic amino acid clusters are shown in italics. An
asterisk indicates a stop codon in translation of the protein. PRV 25 contains a
shift in reading frame predicted to result in a truncated transmembrane domain
and a novel cytoplasmic tail. PRV 107 contains an amber stop codon in place of
an arginine residue just after the transmembrane domain and encodes a trun-
cated, anchored gE protein.
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serine codon in place of tyrosine 517 (Y517S). As PRV 107
also encodes a gE protein defective in endocytosis (see below),
we describe its characterization along with these mutants.

As described in detail in Materials and Methods, site-direct-
ed mutagenesis was used to create all desired mutations in the
gE gene. All resulting plasmids were sequenced to confirm the
presence of only the desired mutations. Recombinant virus was
made by cotransfection of PRV 91 viral DNA (gE null virus)
and plasmids containing the gE gene with the desired muta-
tions. Recombinant viruses were identified by screening for the
expression of gE protein, using the black plaque test. All re-
combinant viruses were purified through four rounds of single-
plaque purification. Southern blot analysis was performed on
DNA isolated from recombinant virus to confirm the presence
of the desired mutations. Revertant virus was made as de-
scribed above by cotransfecting PRV 107 viral DNA with wild-
type restriction fragment of the gE gene. The resulting viruses
are described in Table 1.

Expression of gE proteins. gE proteins were analyzed by
Western blot analysis on extracts isolated from infected PK15
cells. Wild-type immature gE protein present in Be-infected
cells had a molecular mass of approximately 93 kDa and was
further glycosylated to form the 110-kDa mature species, as
shown in Fig. 2A. PRV 25 (frameshift) encoded a gE precursor
form of approximately 80 kDa and a mature form of approx-
imately 101 kDa as reported previously (44). As noted earlier,
the protein was expressed less abundantly than wild-type gE,
and six times more total protein from the PRV 25 cell extract
was loaded to detect a comparable amount of gE protein. The
gE protein made after infection with PRV 107 (Am457) mi-
grated faster than the protein made by PRV 25. The immature
form had a molecular mass of approximately 70 kDa and a
mature form of 93 kDa. Expression of this protein was similar
to expression of wild-type protein. The gE proteins produced
by PRV 104 (Y478S), PRV 105 (Y478S 1 Y517S), PRV 106
(Y517S), and PRV 107R migrated identically to wild-type gE.
Equal amounts of protein from each cell extract were also
analyzed for gC expression in Fig. 2B for comparison. Identical
amounts of both precursor and mature forms of gC were made
after infection with each virus. Immunoprecipitations of the
proteins showed the same results (data not shown). In addi-

tion, we observed that all of the proteins retained the ability to
complex with gI (data not shown).

Steady-state localization of gE proteins. To determine the
steady-state localization of the gE proteins produced by PRV
mutants in infected cells, indirect immunofluorescence was per-
formed with an antibody that specifically recognized gE com-
plexed with gI (MAb 1/14). This antibody recognizes gE pro-
tein found in the endoplasmic reticulum (ER), in the Golgi
apparatus, and in the plasma membrane of cells. Infected PK15
or MDBK cells were fixed and permeabilized at either 4 or
6 h postinfection prior to processing. Figure 3 shows infected
PK15 cells and infected MDBK cells. In both cell lines, at 4 h
postinfection, wild-type (PRV Be) gE-gI complex localized to
a perinuclear region reminiscent of the ER and the Golgi ap-
paratus and could also be seen in cytoplasmic vesicles. The
complex was barely detectable on the plasma membrane of
permeabilized PK15 cells, while almost no gE protein was seen
on the plasma membrane of permeabilized MDBK cells. At 6 h
postinfection, wild-type gE-gI complex was observed in the in-
terior regions of the cell as noticed above but in greater abun-
dance. In addition, noticeably more of the complex could be
detected on the plasma membrane of PK15 cells, while the
complex remained virtually undetectable on the surface of
MDBK cells. The gE-gI complex made after PRV 25 infection
localized predominantly to a perinuclear region at both 4 and
6 h postinfection in both cell lines, as reported previously (44).
However, the complex could also be detected in greater abun-
dance on the cell surface of both cell types, especially at 6 h
postinfection. The gE-gI complexes formed after infection with
PRV 107 (Am457), PRV 104 (Y478S), and PRV 105 (Y478S 1
Y517S) were localized similarly to wild-type gE-gI complex ex-
cept considerably more complex accumulated on the plasma
membrane of both types of infected cells at 4 and 6 h postin-
fection. The gE-gI complex formed by PRV 106 (Y517S) in-
fection was also localized to similar structures intracellularly
but was difficult to detect the complex on the plasma mem-
brane of cells even at 6 h postinfection. These results indicated
that a gE protein lacking the cytoplasmic tail (Am457) or gE
proteins containing a single point mutation at tyrosine 478
or a double mutation at tyrosine residues 478 and 517 re-
sulted in a marked localization of the gE-gI complex to the
plasma membrane of infected cells. Mutation of tyrosine 517
alone had no effect on localization of the gE-gI complex. Re-
sults were similar for the two cell types but more dramatic for
the MDBK cells.

Endocytosis of gE proteins. To assess the ability of the gE
proteins to internalize from the plasma membrane of infect-
ed cells, indirect immunofluorescence endocytosis assays using
MAb 1/14 were performed with either PK15 (Fig. 4A) or
MDBK cells (Fig. 4B) at 4 h postinfection as previously de-
scribed (43). As shown in Fig. 4A, wild-type gE-gI complex
(PRV Be) was seen on the plasma membrane of infected PK15
cells when the cells were not shifted to 37°C. However, after a
temperature shift for the indicated times, the complex accu-
mulated in the interior of the cells in cytoplasmic vesicles
which became larger and more numerous with increased incu-
bation at 37°C. The internalized vesicles remained scattered
throughout the cytosol of the cells. The gE-gI complex formed
after infection with PRV 107 was also observed on the plasma
membrane of PK15 cells at time zero. However, the complex
remained on the cell surface and did not accumulate appre-
ciably in the interior of the cells when the cells were shifted to
37°C, as previously reported for PRV 25 (44). Both PRV 104
(Y478S) and PRV 105 (Y478S 1 Y517S) gave similar results in
the endocytosis assay as PRV 107. The gE-gI complexes
formed by both viruses could be found on the plasma mem-

FIG. 2. Expression of gE proteins. PK15 cells were infected at an MOI of 10
with either PRV Be (wild type), PRV 107 (Am457), PRV 104 (Y478S), PRV 105
(Y478S 1 Y517S), PRV 106 (Y517S), PRV 107R (revertant PRV 107), or PRV
25 (frameshift) for 16 h prior to preparation of cell lysates. Western blot analysis
was performed with either rabbit polyclonal antiserum to gE (A) or goat poly-
clonal antiserum to gC (B). In lanes 1 to 7 of panel A, 10 mg of total protein was
loaded in each lane; 60 mg of total protein was loaded in lane 8. Immature
wild-type gE protein has a molecular mass of approximately 93 kDa and a mature
form of approximately 110 kDa. Cells infected with PRV 107 contain immature
and mature forms of approximately 70 and 93 kDa, respectively. The gE protein
produced by PRV 25 has an immature form of 80 kDa and a mature form of 101
kDa. In panel B, 10 mg of total protein was analyzed for each sample. Positions
of apparent molecular mass markers are shown on the left in kilodaltons.
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brane of infected cells when the cells were not shifted in tem-
perature (time zero). After a shift to 37°C, some vesicles could
be found in the interior of the cells; however, much less of the
complex accumulated intracellularly compared to wild-type
gE-gI. The plasma membrane of the cells infected with PRV
104 and PRV 105 remained brightly stained even after the cells
were shifted to 37°C for up to 45 min. More internalized
vesicles were repeatedly seen in PRV 104- or PRV 105-in-
fected PK15 cells than in cells infected with PRV 107. The
amount of internalized protein, however, appeared to be much

less than that internalized in PRV Be-infected cells. The gE-gI
complex formed after infection with PRV 106 (Y517S), was
internalized similarly to wild-type gE-gI complex in this assay.
Endocytosis assays performed with cells infected with PRV
107R (revertant of PRV 107) yielded data identical to those for
cells infected with wild-type virus (data not shown).

The results of endocytosis assays performed in MDBK cells
are shown in Fig. 4B. The results are similar to the results
obtained for PK15 cells, with a few notable differences. Wild-
type gE-gI complex (PRV Be) was difficult to detect on the

FIG. 3. Steady-state distribution of the gE-gI complex. PK15 and MDBK cells were infected at an MOI of 10 for the times indicated with either PRV Be (wild type),
PRV 25 (frameshift), PRV 107 (Am457), PRV 104 (Y478S), PRV 105 (Y478S 1 Y517S), or PRV 106 (Y517S). The cells were fixed, permeabilized, and reacted with
a MAb that specifically recognized gE when it was complexed with gI (MAb 1/14). An Alexa-568-conjugated secondary antibody was used to visualize bound MAb.
Confocal sections were taken through the centers of the cells.
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plasma membrane of the cells, as was also seen with steady-
state localization of the complex. The gE-gI complex on the
cell surface appeared to be in patches along the membrane.
The lack of gE-gI complex on the cell surface of MDBK cells
made it difficult to detect internalized protein when it was
scattered throughout the cytosol of the cell. In addition, the
internalized vesicles in MDBK cells were smaller than those
seen in PK15 cells. The complex, however, was easier to detect
after 30 to 45 min of temperature shift, when it appeared to
accumulate in a region next to the nucleus of the cell. The
gE-gI complexes formed after infection with PRV 107, PRV
104, and PRV 105 were virtually indistinguishable from one

another and were readily detected on the plasma membrane of
the cells. Even after a shift in temperature, the cell surfaces
remained brightly stained. As in PK15 cells, some internalized
gE-gI complex was seen in infections with all three viral mu-
tants. The localization of the gE-gI complex after PRV 106
infection was similar to wild-type gE-gI complex and was dif-
ficult to detect on the cell surface. The complex internalized
similarly to wild-type complex.

Taken together, these results suggest that the cytoplasmic
tail of gE was required for endocytosis of the protein and that
the first tyrosine residue (Y478) was critical for efficient inter-
nalization of the protein. Mutation of this residue alone or in

FIG. 4. Endocytosis of the gE mutant-gI complex. PK15 (A) and MDBK (B) cells were infected at an MOI of 10 with either PRV Be (wild type), PRV 107 (Am457),
PRV 104 (Y478S), PRV 105 (Y478S 1 Y517S), or PRV 106 (Y517S) for 4 h prior to an indirect immunofluorescence endocytosis assay as described in Materials and
Methods. Briefly, the cells were incubated at 4°C with MAb 1/14, which specifically recognized gE when it was complexed with gI prior to a shift of the cells to 37°C
for the indicated times to allow internalization of the protein complex. The cells were then fixed, permeabilized, and reacted with an Alexa-568-conjugated secondary
antibody to visualize the bound primary antibody. Confocal sections were taken through the centers of the cells.
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combination with tyrosine 517 inhibited endocytosis of the
protein. gE protein containing a mutation in only the second
tyrosine residue (Y517) internalized as efficiently as wild-type
gE-gI. Therefore, PRV 107, PRV 104, and PRV 105 but not
PRV 106 encode gE proteins defective in endocytosis.

Incorporation of gE proteins into viral particles. The gE
protein produced by PRV 25 had been previously reported not
to be incorporated into viral particles (44). As this protein was
also defective in endocytosis (43), there was a direct correla-
tion between the ability of the gE protein to internalize and its
incorporation into the viral envelope. We tested the ability
of the gE proteins made by PRV 107 (Am457), PRV 104
(Y478S), PRV 105 (Y478S 1 Y517S), and PRV 106 (Y517S)
to be targeted to the virion. Western blot analysis was per-
formed on virion extracts as depicted in Fig. 5. Only the mature
gE protein could be seen in virions isolated from PRV Be-

infected cells. Mature gE protein from PRV 107-infected cells
was also detected in viral particles; however, the protein was
approximately twofold less abundant than gE protein in virions
isolated from cells infected with wild-type virus. As previously
reported, no gE protein could be detected in virions isolated
from PRV 25-infected cells even when six times more total
protein was loaded on the gel (44). Virions isolated from PRV
104-, PRV 105-, or PRV 106-infected cells contained identical
amounts of mature gE protein as virions isolated from PRV
Be-infected cells. Although PRV 25 gE protein was not target-
ed to the virion, the protein produced by PRV 107 was found
in viral particles. In addition, gE protein containing mutations
in the first (Y478), second (Y517), or both tyrosine motifs was
efficiently incorporated into viral particles. We conclude that
gE proteins markedly defective in endocytosis are efficiently
incorporated into viral particles, showing that there is no cor-

FIG. 4—Continued.
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relation between the ability of a protein to internalize and its
targeting to the viral envelope.

Plaque size on MDBK cells. Viruses that lack gE form small
plaques on MDBK cells (19, 51). In addition, PRV 25 also
forms small plaques on these cells (44). We analyzed plaques
formed by the viral mutants on MDBK cells at 72 h postinfec-
tion. Plaques formed by wild-type virus had diameters of an
average of 1.2 mm (Table 2). Plaques formed by PRV 91 (gE
null) were significantly smaller, with diameters of approxi-
mately 0.83 mm (69% of the wild-type diameter). We ob-
served that the plaques resulting from infection with PRV
107 (Am457) or PRV 25 (frameshift) were identical to PRV 91
(gE null) plaques in size. We also noted that PRV 104 (Y478S)
and PRV 105 (Y478S 1 Y517S) consistently made plaques
that were slightly smaller than plaques formed by wild-type
virus measuring approximately 1.11 and 1.02 mm, or 93 and
85%, respectively of the wild-type diameter. However, there
was a statistical difference between the plaques formed by
either of these viruses and those formed by PRV Be or PRV
91. PRV 106 (Y517S) and PRV 107R made plaques indistin-
guishable in size from plaques formed by the wild-type virus
(PRV Be). Thus, viruses defective in gE endocytosis made
small (PRV 25 and PRV 107) or intermediate-size (PRV 104
and PRV 105) plaques, while virus that was not defective in gE
endocytosis (PRV 106) formed wild-type-size plaques.

Spread in the rat CNS. Following intraocular infection with
wild-type virus, viral antigen is detected in the visual centers,
including the lateral geniculate complex (LGN; dorsal and
ventral aspects) and the superior colliculus (SC), as well as the
circadian rhythm centers such as the suprachiasmatic nucleus
(SCN) and the intergeniculate leaflet (IGL) (10, 47). Infection
of the SC and the LGN is dependent on expression of both gE
and gI. Viruses lacking one or both of these genes do not
spread to these areas but retain the ability to spread to the
circadian rhythm centers (47). We determined the ability of
the various mutant viruses to infect these areas after intra-
ocular infection to test the role of gE endocytosis in gE-pro-
moted spread of virus. As shown in Fig. 6, wild-type virus
(PRV Be) established a robust infection in all of the areas
observed: SCN, LGN, IGL, and SC. PRV 104 (Y478S), PRV
105 (Y478S 1 Y517S), and PRV 106 (Y517S) were identical
to wild-type virus; robust staining for viral antigen was ob-
served throughout all of the regions. As described for PRV
25, PRV 107 (Am457) showed strong staining in the SCN,
the IGL, and the SC (44). The virus was able to infect all
areas of the LGN; however, the dorsal and ventral regions
showed consistently less staining than was seen in sections
taken from animals infected with wild-type virus. This is dif-
ferent from a gE null virus, which does not show any staining
in the dorsal or ventral aspects of the LGN or the SC (47).
This finding supports the result obtained with PRV 25 that
the N terminus of gE is sufficient for gE-mediated spread to

the LGN and the SC. In addition, viruses that are defective in
gE endocytosis (PRV 104 and PRV 105) infected all retino-
recipient areas as efficiently as wild-type virus. We conclude
that efficient endocytosis of gE is not required for gE-promot-
ed spread to rat visual centers upon intraocular infection.

Virulence of viral mutants. Virulence of PRV can be as-
sessed by determining the mean time to symptoms of imminent
death of infected animals. Animals infected with wild-type vi-
rus have a mean time to symptoms of imminent death of 72 h
postinfection (8). PRV 91 (gE null) and PRV 25 (frameshift)
are considerably less virulent, causing death at 110 and 106 h
postinfection, respectively (44). This finding suggests that the
cytoplasmic tail of gE is required for gE-mediated virulence.
Since endocytosis of gE was also directed by the cytoplasmic
tail of gE, we tested whether the endocytosis mutants had an
effect on virulence of the virus by infecting rats intraocularly
and observing them for symptoms. Infections were performed
with wild-type virus (PRV Be) and PRV 107R as controls. The
mean times to symptoms of imminent death for all of the
viruses tested are shown in Table 3. PRV 104 (Y478S), PRV
105 (Y478S 1 Y517S), and PRV 106 (Y517S) were indistin-
guishable from PRV Be (63.1 h) and PRV 107R (67.2 h) in this
assay, with mean times to death of 67.4, 64.0, 68.2, and 66.0 h
postinfection, respectively. There was no statistical difference
between PRV Be and each of these viruses. Animals infected
with each individual virus all showed signs of death within a
close time span to one another, as indicated by the standard
deviations. In addition, animals infected with all of these vi-
ruses showed severe symptoms of infection typical of a wild-
type virus. The mean time to signs of death for PRV 107
(Am457) was approximately 89.5 h. This is statistically different
from infections with PRV Be. There was a high degree of
variability in the time to symptoms of imminent death for each
individual animal infected with PRV 107, as shown in Fig. 7,
with animals dying from 74 up to 108 h postinfection. Animals
infected with PRV 107 showed markedly less severe symptoms
than those infected with wild-type virus. The results obtained
with PRV 107 support the conclusion drawn from infections
with PRV 25, indicating that the C-terminal cytoplasmic tail of
gE is required for gE-mediated virulence. In addition, we con-
clude that efficient endocytosis of gE does not play a role in
virulence promoted by gE, as the mutants defective in gE
endocytosis (PRV 104 and PRV 105) were as virulent as wild-
type virus. This observation suggests that other functions of gE
encoded by the gE tail are responsible for gE-mediated viru-
lence.

FIG. 5. Incorporation of gE proteins into virions. PK15 cells were infected
at an MOI of 10 with either PRV Be (wild type), PRV 107 (Am457), PRV 25
(frameshift), PRV 104 (Y478S), PRV 105 (Y478S 1 Y517S), or PRV 106
(Y517S) for 14 h. Medium was removed from the cells, and released virions were
isolated by centrifugation through 30% sucrose. Western blot analysis was per-
formed with a rabbit polyclonal antiserum to gE. The same total volume of
extract was loaded in each lane except for lane 3, in which twice as much total
protein was analyzed. Positions of apparent molecular mass markers are indi-
cated in kilodaltons on the left.

TABLE 2. Plaque size on MDBK cells

Virus Size (mm)a % Wild type
Pb with respect to:

PRV Be PRV 91

PRV Be 1.20 6 0.11 100 ND ,0.005
PRV 91 0.83 6 0.06 69 ,0.005 ND
PRV 25 0.80 6 0.07 67 ,0.005 0.04
PRV 104 1.11 6 0.06 93 ,0.005 ,0.005
PRV 105 1.02 6 0.08 85 ,0.005 ,0.005
PRV 106 1.24 6 0.07 103 0.051 ,0.005
PRV 107 0.82 6 0.05 68 ,0.005 0.278
PRV 107R 1.24 6 0.06 103 0.077 ,0.005

a Plaque size averages were taken from 40 isolated plaques measured from two
independent platings of virus.

b Determined by a Student’s t test. Two numbers were considered statistically
different if P was ,0.005. ND, not determined.
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DISCUSSION
These studies were initiated to test the role of gE internal-

ization in known gE functions: plaque size in cultured cells and
spread and virulence of PRV during infections of the rat ret-
ina. To do so, we created defined mutations in the sequences
encoding predicted endocytosis motifs in the gE tail. We pre-
dicted that these gE proteins would remain on the cell surface
and not be internalized. When we began this work, we discov-
ered that another mutant virus previously characterized by us
contained an additional, undescribed mutation (44). This virus,
PRV 25, was designed to encode a truncated gE protein by the
addition of an engineered stop codon just after the sequences
encoding the transmembrane domain of the protein. Due to an
unintentional addition of a 1-bp insertion upstream of the
engineered stop codon, the gE protein encoded by PRV 25
instead encodes a wild-type gE ectodomain but a novel cyto-
plasmic tail resulting from a frameshift mutation. This new tail
does not contain potential endocytosis motifs, and the protein
was not internalized from the plasma membrane of infected
cells (43). To clarify the results obtained with PRV 25, we also
made another virus, PRV 107, that does encode a truncated,
anchored gE protein. This protein was also inhibited in endo-

cytosis but was incorporated into viral particles. To define the
role of endocytosis of gE in other gE functions, we character-
ized PRV 107 along with other viruses encoding gE endocyto-
sis mutants. The cytoplasmic tail of gE was required for en-
docytosis of the protein. Specifically, tyrosine 478 of the gE
cytoplasmic tail was critical in mediating internalization of the
protein. Finally, we observed that efficient endocytosis of gE
played no role in targeting the protein to the viral envelope,
gE-promoted spread in the rat CNS, or gE-mediated virulence.
The only phenotype associated with mutants defective in gE
internalization was a small plaque size defect in MDBK cells.

The discovery of an additional mutation in the previously
described PRV 25 gE gene that led to a frameshift in transla-
tion of the protein was surprising. The novel cytoplasmic tail
encoded by PRV 25 is predicted to be 167 amino acids long,
containing no homology with the cytoplasmic tail encoded by
wild-type virus (PRV Be). One would predict that the gE pro-
tein made by PRV 25 would migrate slower in a sodium do-
decyl sulfate-polyacrylamide gel than PRV Be gE protein.
However, immunoprecipitations and Western blot analyses
showed that PRV 25 gE migrates faster than wild-type gE
protein (44). In concordance with PRV 25 encoding a novel gE

FIG. 6. Localization of viral antigen in brain sections. The brains from animals taken from infections described in the legend to Fig. 7 were removed and analyzed
for viral antigen with a polyvalent rabbit antiserum generated against whole virus particles (Rb133). Serial sections (35 mm) through the coronal plane were cut,
processed and mounted on slides. Representative sections containing the SCN, LGN including the dorsal (D) and ventral (V) aspects as well as the IGL, and the SC
are pictured.
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cytoplasmic tail, however, is the fact that the gE protein made
by PRV 107 migrated faster than PRV 25 gE. The reasons for
the anomalous apparent molecular mass of PRV 25 gE remain
to be explored. One explanation is that the protein is more ER
associated than wild-type gE protein, as evidenced by immu-
nofluorescence. Consequently, the protein may receive inap-
propriate modifications as a result of being retained in the ER.
The native gE cytoplasmic domain contains a DXE signal
which has been shown to be an ER export signal (31). The gE
protein encoded by PRV 25 does not contain this signal. Nev-
ertheless, the results obtained with PRV 25 in previous studies
were informative in that the premise being tested was the
importance of the gE tail in gE functions. Although PRV 25
does not express the expected gE protein, the protein made
does lack the wild-type gE tail. We have now corroborated
these results by constructing PRV 107, which has all of the
phenotypes of PRV 25 except gE incorporation into viral par-
ticles. Our previous conclusion based on observations made
with PRV 25 that the gE tail was required for incorporation of
the protein into the virion envelope was therefore incorrect.
The protein produced by PRV 25 may not be incorporated into
viral membranes due to an additional role played by the novel
cytoplasmic tail. Perhaps the novel tail of PRV 25 prevents the
protein from being targeted to the site of envelopement or
disrupts protein-protein interactions required for incorpora-
tion of proteins into the viral envelope.

PRV 107 encodes a gE protein defective in endocytosis,
supporting the idea that the cytoplasmic tail of gE is required
for internalization of the protein. Both PRV 104 (Y478S) and
PRV 105 (Y478S 1 Y517S) encode gE proteins that are also
defective in endocytosis, although there appears to be a greater
amount of the gE-gI complex internalized than observed with
PRV 107. PRV 106 (Y517S), however, produces a gE protein
that is not defective in endocytosis. Thus, we have defined a
single amino acid in the gE cytoplasmic tail, tyrosine residue
478, in the membrane-proximal tyrosine motif, that is critical
for endocytosis of the protein. Interestingly, the human immu-
nodeficiency virus Env protein also contains two potential ty-
rosine-based internalization motifs. As for PRV gE, only the
membrane-proximal motif mediates internalization of the pro-
tein (6, 40). Recent analysis of the crystal structure of the epi-
dermal growth factor receptor or TGN38 tyrosine-based inter-
nalization signals complexed with the m2 subunit of the AP2
adaptor complex has shown that these internalization signals
need to be in an extended b-strand conformation to interact
with the internalization machinery (36). Perhaps only the mem-
brane-proximal tyrosine motif in the gE tail is in this confor-
mation.

Internalization of gE was not completely inhibited by our
mutants, which makes it difficult to determine if the small

amount of internalized complex has a function. PRV 107 lacks
the gE cytoplasmic tail and presumably is not able to interact
with proteins required for internalization of cell surface recep-
tors, yet a few vesicles containing the gE-gI complex still ac-
cumulate in the interior of the cell. Olson and Grose (32) have
shown that the VZV gI protein can increase internalization of
VZV gE when the two proteins are coexpressed. Internaliza-
tion of VZV gI is directed by a dileucine-type motif in the gI
cytoplasmic tail. The anchored gE protein made by PRV 107
does interact with gI, presumably through the N-terminal por-
tion of the protein (data not shown). Although PRV gI con-
tains no previously identified internalization motif, perhaps
complex formation facilitates endocytosis of the anchored gE,
leading to the residual amount of endocytosis seen with this
mutant. In addition, although endocytosis of the gE-gI com-
plex was significantly reduced in PRV 104- or PRV 105-infect-
ed cells, more of the complex internalized in these cells than in
cells infected with PRV 107, suggesting that other sequences in
the cytoplasmic tail were increasing internalization of the pro-
tein. As noted earlier, the gE cytoplasmic tail also contains a
single dileucine motif and an acidic amino acid patch contain-
ing residues that could be phosphorylated. Both of these motifs

FIG. 7. Distribution of time to symptoms for each infected animal. Animals
were infected with either PRV Be (wild type), PRV 104 (Y478S), PRV 105
(Y478S 1 Y517S), PRV 106 (Y517S), or PRV 107 (Am457) by intraocular in-
jection as described in Materials and Methods. The time at which signs of im-
minent death were evident for each animal was noted before the animals were
sacrificed.

TABLE 3. Mean time to symptoms

Virus No. of
animals

Mean time (h)
to symptoms

6 SD
Pa

PRV Be (wild type) 3 63.1 6 1.5 NDb

PRV 104 (Y478S) 3 67.4 6 1.5 0.022
PRV 105 (Y478S 1 Y517S) 3 64.0 6 2.0 0.557
PRV 106 (Y517S) 3 68.2 6 4.01 0.110
PRV 107 (Am457) 10 89.5 6 11.4 ,0.005
PRV 107R (wild type) 3 67.2 6 5.0 0.247

a P with respect to PRV Be determined by Student’s t test. Two averages were
considered significantly different if P was ,0.005.

b ND, not determined.
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have been implicated in intracellular targeting of internalized
proteins. These motifs may not function as efficiently as the
tyrosine-based motif but could still direct endocytosis of the
proteins. Alternatively, complex formation with gI could ex-
pose other internalization motifs to the cellular endocytosis
machinery. Structural analysis has suggested that dimer forma-
tion of receptors could strengthen and give specificity to inter-
actions of receptors with the endocytosis machinery (36). We
are currently testing the role of these motifs and the role of gI
in endocytosis of the gE protein.

In this report, we showed the effects of mutations of the
tyrosine residues in endocytosis of the gE-gI complex in both
PK15 and MDBK cells. The viral mutants behaved similarly in
both cell types, but the effect was more dramatic in MDBK
cells. In concordance with lack of internalization of the com-
plex and its subsequent stable expression on the cell surface,
the gE-gI complex was localized predominantly on the cell
surface when endocytosis of the complex was inhibited. In
MDBK cells, wild-type gE-gI complex was almost undetectable
on the cell surface, but the proteins defective in endocytosis
showed extremely bright cell surface staining. Presumably, en-
docytosis of the gE-gI complex was efficient in MDBK cells,
leading to a lack of the complex on the cell surface. When this
retrieval was disrupted, the complex was easily detected on the
plasma membrane. Surprisingly, internalization of the complex
in MDBK cells was sufficiently efficient to prevent detection of
gE-gI on the surface even at 6 h postinfection. As in PK15 cells,
endocytosis of the gE-gI complex is also inhibited at 6 h postin-
fection in MDBK cells, and small amounts of the complex
accumulated in the plasma membrane of cells at 8 h postin-
fection (data not shown). The amount of gE-gI complex on the
cell surface appears to have been determined by the amount of
the protein that was internalized and by the cell type infected.
We are interested in determining the amount of endocytosis
that may be occurring in infected neurons in the rat CNS.

Viruses that encoded gE internalization mutants had one
notable phenotype: they consistently formed smaller plaques
on MDBK cells. It is not clear how endocytosis may be affect-
ing plaque size, but it is of interest that the amount of gE-gI
complex on the cell surface of infected MDBK cells is much
less than the amount on infected PK15 cells. Inhibition of en-
docytosis has a more dramatic effect on the distribution of the
complex in MDBK cells. Perhaps the concentration of the gE-
gI complex on the cell surface is important in directing cell-
to-cell spread in tissue culture cells. A change in the amount of
the complex on the cell surface could disrupt cell-to-cell spread
directed by gE and result in an altered plaque size in MDBK
cells.

We tested the role of efficient gE endocytosis in incorpora-
tion of the protein into viral particles. We found that all of the
endocytosis-defective gE proteins were incorporated. Internal-
ization of glycoproteins to the TGN has been proposed as a
mechanism for targeting of the proteins to the site of viral
envelopment to ensure incorporation of the proteins into viral
particles (17, 49, 50). Clearly, internalization of gE and gI is
not required for incorporation of the proteins into particles.
However, this does not preclude envelopment of capsids at the
TGN or endosomal compartments. Several experiments have
shown that VZV gE and gI proteins are targeted to the TGN
after internalization of the proteins from the plasma mem-
brane (1, 2, 49, 50). The TGN targeting signal however, could
function both after internalization of the complex and in con-
ducting newly synthesized complex to the same intracellular
localization. The anchored gE protein produced by PRV 107 is
lacking all targeting motifs that may be found in the cytoplas-
mic domain of the protein; however, newly synthesized protein

could still be targeted to the proper intracellular location
through its interaction with gI. In addition, the gE-gI complex
made by PRV 104 and PRV 105 retains all targeting motifs
found in the gE and gI tails with the exception of the internal-
ization motifs. Newly synthesized complex made by these mu-
tants could also be properly localized intracellularly through
the action of both the gE and gI cytoplasmic tails. Our data
suggest that newly synthesized, rather than retrieved, mol-
ecules are incorporated into viral particles. Taken together, the
newly synthesized molecules made by these endocytosis mu-
tants could still retain the ability to be properly targeted; how-
ever, any protein that is delivered to the plasma membrane
would be improperly retained at the cell surface. In this man-
ner, the internalization defective gE-gI complex could still be
targeted to the viral envelope.

We also tested the role of efficient gE endocytosis in gE-
mediated spread in the rat CNS and in gE-promoted virulence.
We found that all viral mutants were able to spread to areas of
the rat brain dependent on gE protein for infection. We also
found that while a complete lack of the gE tail led to a de-
creased virulence of the virus, a single mutation that signifi-
cantly decreased endocytosis of the protein had no effect on
virulence. This finding suggests that the decreased virulence of
PRV 107 and PRV 25 is not dependent on tyrosine 478 or the
efficiency of gE internalization. Therefore, other functions that
promote virulence must be encoded by the gE tail. As found
with PRV 25, PRV 107 is able to spread in the rat CNS but
is still less virulent than wild-type virus (44). This observa-
tion supports our hypothesis that the gE tail encodes viru-
lence functions. The gE tail is phosphorylated, presumably on
serine residues, and phosphorylation may be a signal that fa-
cilitates gE-promoted virulence (12). Perhaps phosphorylation
of the gE cytoplasmic tail leads to a signal cascade that acti-
vates cellular factors that are detrimental to the health of the
host. We are in the process of testing this idea.

In our assays, we can find no obvious role for endocytosis of
gE. Endocytosis occurs only during the first 6 h of infection in
PK15 and MDBK cells, indicating that endocytosis of the com-
plex must have a role in earlier events of the viral life cycle.
One potential role for early endocytosis of gE and gI may
occur when the virus uncoats upon entry. Perhaps endocytosis
occurs as glycoproteins laterally diffuse into the plasma mem-
brane of cells during fusion of the particle, as shown by Gran-
zow et al. (18). Internalization of the proteins may help pull the
viral particle apart and allow efficient release of the tegument
and nucleocapsid. Endocytosis may then only serve to increase
the efficiency of infection in certain cell types, a phenotype that
may not be observed during a high MOI. This hypothesis is
being tested by determining the rate of penetration of gE
endocytosis mutants compared to wild-type virus. In addition,
endocytosis of gE may lead to transcytosis of the protein in
some cells types (e.g., polarized cell systems). This could be
important at the primary site of infection at mucosal mem-
branes. This possibility is not tested using the intraocular in-
fections of rats used in our studies. Further experiments are
necessary to test gE internalization in these functions.
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