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The Us9 protein is a phosphorylated membrane protein present in the lipid envelope of pseudorabies virus
(PRV) particles in a unique tail-anchored type II membrane topology. In this report, we demonstrate that the
steady-state residence of the Us9 protein is in a cellular compartment in or near the trans-Golgi network
(TGN). Through internalization assays with an enhanced green fluorescent protein epitope-tagged Us9 protein,
we demonstrate that the maintenance of Us9 to the TGN region is a dynamic process involving retrieval of
molecules from the cell surface. Deletion analysis of the cytoplasmic tail reveals that an acidic cluster
containing putative phosphorylation sites is necessary for the recycling of Us9 from the plasma membrane. The
absence of this cluster results in the relocalization of Us9 to the plasma membrane due to a defect in
endocytosis. The acidic motif, however, does not contain signals needed to direct the incorporation of Us9 into
viral envelopes. In this study, we also investigate the role of a dileucine endocytosis signal in the Us9
cytoplasmic tail in the recycling and retention of Us9 to the TGN region. Site-directed mutagenesis of the
dileucine motif results in an increase in Us9 plasma membrane staining and a partial internalization defect.

The unique short (Us) region of most alphaherpesvirus ge-
nomes contains an open reading frame called Us9. The Us9
gene was first described and the protein product was first
characterized in herpes simplex virus type 1 (HSV-1) (18, 42).
Sequences homologous to HSV-1 Us9 have been found in the
Us regions of HSV-2 (16) and varicella-zoster virus (VZV)
(15), as well as in the animal pathogens pseudorabies virus
(PRV) (51, 61), bovine herpesvirus 1 (35), equine herpesvirus
1 (EHV-1) (12, 17, 57), feline herpesvirus 1 (68), canine her-
pesvirus (21, 60), and simian herpesvirus B (29). The only
alphaherpesviruses sequenced to date that do not contain a
Us9 gene are the oncogenic avian Marek’s disease herpesvirus
(7) and herpesvirus of turkeys (69). Although the Us9 gene
product has not yet been assigned a function in vitro or in vivo
(47), the fact that the gene is conserved among the alphaher-
pesviruses, nonessential in tissue culture for HSV-1 and PRV,
and absent from several attenuated strains of PRV (37, 44, 45,
50) implies that the Us9 protein plays a role in virus-host
interactions.

We have recently shown that the 98-amino-acid PRV Us9
protein is a type II membrane protein present abundantly in
the virion envelope (6). We also demonstrated that the protein
is expressed as multiple phosphorylated polypeptides ranging
from 17 to 20 kDa late in infection (6). A striking finding was
that the PRV Us9 protein is localized in a compartment rem-
iniscent of the Golgi apparatus in both infected and transfected
cells. The protein was also visible in small cytoplasmic vesicles
and on the plasma membrane, but it was difficult to detect in
the endoplasmic reticulum (ER) or the nuclear membranes
(6). The Us9 protein is predicted to be anchored in membranes
by a 26-amino-acid stretch of hydrophobic amino acids that is
bracketed by several charged amino acids (6). The topology of

the protein in a type II orientation predicts that there is a
carboxy-terminal extension of only 3 amino acids on the out-
side of the viral particle or plasma membrane, 26 amino acids
spanning the lipid bilayer, and 68 amino acids in the tegument
region or cellular cytosol. The PRV Us9 protein falls into a
unique subclass of type II membrane proteins called tail-an-
chored membrane proteins (31, 32, 36, 66). Tail-anchored
membrane proteins have no obvious signal sequence, an amino
terminus exposed to the cytosol, and a carboxy-terminal mem-
brane anchor. Unlike type I membrane proteins, tail-anchored
type II membrane proteins are posttranslationally inserted into
membranes (31, 32, 36, 66).

Given this unusual topology, it was of interest to determine
the protein sequences responsible for the intracellular traffick-
ing and steady-state localization of the PRV Us9 protein to the
Golgi apparatus and virion envelopes. Immunogold electron
microscopy of PK15 cells stably expressing a Us9-enhanced
green fluorescent protein (EGFP) fusion protein was used to
show that the fusion protein is highly concentrated both in
cytoplasmic vesicles and Golgi-associated membranes. Through
double indirect immunofluorescence microscopy with known
Golgi and trans-Golgi network (TGN) markers, we have been
able to define the intracellular localization of the Us9-EGFP
fusion protein to the TGN region. We then used indirect im-
munofluorescence with confocal microscopy to show that the
intracellular distribution of Us9 is dynamic resulting, in part,
from the retrieval of molecules from the plasma membrane.
We introduced defined mutations in the Us9 gene and found
that the amino-terminal cytoplasmic tail contains at least two
motifs important in the maintenance of Us9 in the TGN region
and recycling from the plasma membrane. These motifs in-
clude an acidic cluster containing putative tyrosine and casein
kinase I and II phosphorylation sites as well as a dileucine
endocytosis signal. Deletion of the acidic region resulted in a
protein that was redistributed from the TGN region to the
plasma membrane. This mislocalized protein was still fully
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competent to be incorporated efficiently into virion envelopes.
Site-directed mutagenesis of the dileucine endocytosis signal
resulted in an increase of Us9 molecules in the plasma mem-
brane and a partial defect in internalization.

MATERIALS AND METHODS

Virus strains and cells. The PRV Becker (Be) strain used in this study was
propagated on PK15 cells as described previously (65). PK15-BB14 cells express-
ing a Us9-EGFP fusion protein (6) were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1 mg
of G418 (Gibco/BRL) per ml.

PK15-AB35 cells and PK15-AB37 cells express Us9(d46-55)-EGFP and
Us9(L30-31A)-EGFP fusion proteins, respectively (see below for descriptions of
Us9 mutants). To construct these cell lines, 40% confluent dishes of PK15 cells
were transfected by the calcium phosphate method (19) with 10 mg of plasmid
pAB35 or pAB37. Two days after transfection, the cells were split 1:20 and
replated into selection medium containing 1 mg of G418 per ml. G418-positive
cells were pooled and grown to confluence. A uniform population of EGFP-
expressing cells were sorted from nonexpressing, low-expressing, and high-ex-
pressing cells by using a FACscan cell sorter (Becton Dickinson).

Antisera. The polyvalent rabbit Us9 antiserum was described previously (6).
Rabbit polyvalent and mouse monoclonal antisera directed against GFP were
purchased from Clontech. The gE monoclonal antibody pool (M133, M138, and
M156) was received from T. Ben-Porat. The rabbit polyvalent mannosidase II
antiserum was provided by K. Moremen (46). 115-2, a monoclonal antiserum
raised against p115, was provided by M. G. Waters (64). The rabbit polyvalent
TGN38 antiserum was provided by G. Banting (67).

Mouse monoclonal antiserum 2A2 was raised against the PRV Us9 protein. A
glutathione S-transferase–Us9 fusion protein was expressed in Escherichia coli
DH5a cells and isolated as inclusion bodies essentially as described previously
(6). The fusion protein was dialyzed against phosphate-buffered saline (PBS) and
used to immunize BALB/c mice according to standard procedures.

Construction of PRV 162. PRV 162 is an isogenic strain of PRV Be encoding
Us9(d46-55), a mutant Us9 protein in which the nucleotide sequence encoding
amino acids 46 to 55 has been removed. To construct PRV 162, a transfer vector
was first engineered by overlap extension PCR mutagenesis (23) in which 30 bp
encoding amino acids 46 to 55 of the Us9 protein were deleted. Specifically, two
fragments flanking the 30-bp region to be deleted were PCR amplified with Taq
DNA polymerase (Gibco/BRL) and plasmid pALM94 as the template (8). The
two amplified fragments containing an overlapping region of homology were
mixed together, denatured, and subjected to another round of PCR amplification
with outside flanking primers. The final PCR product containing the 30-bp
deletion was directly ligated to the T-cloning vector pT7Blue (Novagen) to yield
plasmid pAB30. Plasmid pAB30 was digested with EagI and BbsI to release a
404-bp fragment containing the 30-bp deletion from the Us9 gene. This fragment
was used to replace the EagI-BbsI fragment from plasmid pGS166, and the
resulting plasmid was named pAB31. The nucleotide sequence of pAB31 was
then verified by DNA sequencing with Sequenase (United States Biochemical).
A transfer vector, pAB33, was then constructed by replacing the SphI-MluI
fragment of pPH2 with the SphI-MluI fragment of pAB31. pPH2 contains the
SalI-MluI region of the PRV Be BamHI 7 fragment. Plasmid pAB33 was co-
transfected by the calcium phosphate method (19) with PRV 91 viral DNA, in
which the gE sequences are deleted (65). After complete cytopathic effect was
observed, the infected cells were harvested and replated onto PK15 cells. Re-
combinant viruses were screened for gE expression by an immunoreactivity assay
with a gE monoclonal antibody pool. Recombinant viruses were picked and
plaque purified three times, and the deletion of the 30-bp region encoding amino
acids 46 to 55 from the Us9 open reading frame was confirmed by PCR and
Southern blot analysis.

Plasmids. Plasmid pBB14 contains a hybrid gene in which the EGFP open
reading frame was fused to sequences encoding the carboxy terminus of Us9 (6).
pAB7 contains the Us9 gene under the control of the cytomegalovirus (CMV)
immediate-early promoter (6).

Plasmid pAB35 contains a hybrid Us9 gene encoding a product in which EGFP
was fused to the carboxy terminus of Us9(d46-55). pAB35 was created by PCR
mutagenesis with Taq DNA polymerase and plasmid pAB30 (see above) as the
template. The forward PCR primer corresponded to the 59 end of the Us9 gene,
beginning 24 nucleotides upstream and including the first ATG. The forward
PCR primer also introduced an EcoRI site upstream of the first ATG. The
reverse primer replaced the Us9 stop codon (TAG) with the codon for an
arginine residue. The reverse primer also introduced a BamHI restriction site
after the mutated stop codon to allow an in-frame fusion with EGFP. The 328-bp
PCR product was digested with EcoRI and BamHI and ligated to pEGFP-N1
(Clontech).

Plasmid pAB15 contains the Us9(d46-55)-encoding gene under the control of
the CMV immediate-early promoter. PCR was used to amplify the Us9(d46-55)
open reading frame from plasmid pAB30. The forward primer introduced an
EcoRI site upstream of the Us9 starting methionine residue. The reverse primer
corresponded to the 39 end of the Us9 gene including the stop codon and 12
downstream nucleotides. The 335-bp PCR product was ligated to the T-cloning

vector pT7Blue (Novagen) and subsequently cloned into the mammalian expres-
sion vector pcDNA1/Amp (Invitrogen).

pAB37 contains a hybrid Us9 gene in which the EGFP open reading frame was
fused to the carboxy terminus of Us9(L30-31A), a mutant Us9 protein in which
the leucine residues at positions 30 and 31 were substituted with alanine residues.
Site-directed mutagenesis of the nucleotide sequence encoding Us9 amino acids
30 and 31 was performed with an Altered Sites kit (Promega). Specifically, amino
acids 30 and 31 of the Us9 open reading frame were changed to alanine residues
by oligonucleotide mutagenesis on plasmid pRS3 containing the SphI-MluI frag-
ment of PRV BamHI 7 fragment. The oligonucleotide used to introduce the
alanine residues at amino acid positions 30 and 31 also introduced a unique SacII
restriction enzyme site to facilitate screening of mutated clones. Potential posi-
tive clones were selected by restriction digest analysis and verified by DNA
sequencing to contain the leucine-to-alanine mutations. One positive clone was
chosen for further manipulation and designated pAB36. Us9(L30-31A) was then
fused to EGFP by PCR mutagenesis with pAB36 as the template as described
above for the construction of pAB35.

Cycloheximide treatment. PK15-BB14 monolayers grown on glass coverslips
were treated with cycloheximide (50 mg/ml; Sigma) for 0, 2, 4, and 6 h. At the
indicated times, the cells were fixed and the localization of Us9-EGFP was
detected by fluorescence microscopy.

Electron microscopy. PK15-BB14 cells grown in DMEM containing 10% FBS
and 1 mg of G418 per ml were fixed with increasing amounts of paraformalde-
hyde (2 to 8%) and prepared for cryosectioning as previously described (5).
Ultrathin frozen sections were cut with a Leica/Reichert FCS ultracryomic-
rotome. Thawed sections were incubated with a rabbit polyvalent Us9 antiserum
and then with 10-nm colloidal gold-conjugated protein A (Department of Cell
Biology, Utrecht University School of Medicine, Utrecht, The Netherlands)
diluted in 1% bovine serum albumin (BSA) in 0.1 M phosphate buffer (pH 7.4).
Sections were then stained with 0.3% uranyl acetate in 1.8% methylcellulose and
viewed with a Philips CM100 electron microscope.

Transient transfections. PK15 cells grown to 40 to 50% confluence on glass
coverslips were transfected with 10 mg of plasmid pBB14, pAB35, or pAB37 by
the calcium phosphate coprecipitation method (19). At 72 h after transfection,
the intracellular localization of the EGFP fusion proteins was detected by con-
focal microscopy. The relative level of Us9-EGFP, Us9(d46-55)-EGFP, and
Us9(L30-31A)-EGFP on the cell surface was visualized by fluorescence micros-
copy.

Indirect colocalization immunofluorescence microscopy. PK15 cells grown on
glass coverslips to approximately 40 to 50% confluency were transfected with
plasmid pBB14 or pAB7. At 36 h posttransfection, the coverslips were rinsed
with PBS and fixed with 2% paraformaldehyde. The pBB14-transfected cover-
slips were incubated with p115 mouse monoclonal antiserum (diluted 1:100 in
PBS containing 3% BSA and 0.5% saponin) or with mannosidase II rabbit
polyvalent antiserum (1:500) for 30 min in a 37°C humidified chamber. The
coverslips were rinsed three times with PBS containing 3% BSA and 0.5%
saponin and incubated with Alexa 568-conjugated secondary antibodies (1:400;
Molecular Probes) for 30 min at 37°C. The pAB7-transfected cells were incu-
bated with a mixture of Us9 monoclonal antiserum 2A2 (1:2) and TGN38 rabbit
polyvalent antiserum (1:500). Us9 staining was detected with a fluorescein iso-
thiocyanate-conjugated secondary antibody (Pierce), and TGN38 staining was
detected with an Alexa 568-conjugated secondary antibody. The cells were rinsed
three times with PBS plus 3% BSA and 0.5% saponin, rinsed once with distilled
water, and then mounted onto microscope slides with VectaShield (Vector Lab-
oratories).

Indirect immunofluorescence internalization assay. The assay was performed
on PK15 cells stably expressing Us9-EGFP (PK15-BB14 cells), Us9(d46-55)-
EGFP (PK15-AB35 cells), or Us9(L30-31A)-EGFP (PK15-AB37 cells). All cells
were grown on glass coverslips and cooled on ice by being washed two times with
cold PBS. Incubation on ice inhibited internalization of cell surface molecules.
The EGFP fusion protein molecules on the cell surface were then labeled by the
addition of polyvalent GFP antiserum (diluted 1:75 in PBS–3% BSA) for 30 min
on ice. The cells were then washed three times with PBS to remove any unbound
antiserum and either fixed immediately or shifted to 37°C by the addition of
pre-warmed DMEM–10% FBS and placement in a 37°C incubator. In one case
(see figure legends), the cells were placed in a 32°C incubator rather than a 37°C
incubator in order to slow down the process of endocytosis (14). At various times
after temperature shift, the cells were fixed with 2% paraformaldehyde and the
localization of the GFP antiserum was detected by indirect immunofluorescence
microscopy with an Alexa 568-conjugated goat anti-rabbit secondary antibody as
described above. Single optical sections were taken through the center of the
cells by using a Nikon MRC600 confocal microscope.

Biotinylation internalization assay. A 90% confluent monolayer of PK15-
BB14 cells growing in a 100-mm-diameter dish was cooled to 4°C by three rinses
with Hanks’ balanced salt solution (HBSS). The cells were then biotinylated on
ice with 0.5 mg/ml Sulfo-NHS-SS-biotin (Pierce) in HBSS for 15 min. The excess
biotin was removed by washing the cells three times with HBSS-5 mM Tris (pH
7.4). The cells were then lysed immediately (representing total amount of bio-
tinylated proteins), cleaved immediately (control for cleavage reaction), or
shifted to 37°C to allow internalization by addition of prewarmed DMEM–10%
FBS and placement in a 37°C incubator. At various times after temperature shift,
the cells were chilled on ice and the biotin was cleaved from the cell surface by
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three 20-min incubations in glutathione cleavage solution (15.5 mg of reduced
glutathione [Sigma] per ml, 75 mM NaCl, 1 mM EDTA [pH 8.0], 75 mM NaOH,
10% FBS). The cells were then washed three times in HBSS, and free glutathione
was quenched by the addition of PBS-CM (PBS, 0.1 mM CaCl2, 1 mM MgCl2)
containing 1% FBS and 5 mg of iodoacetamide (Sigma) per ml. Biotinylated
proteins were affinity purified from cell lysates with streptavidin-agarose (Gibco/
BRL) and loaded onto a sodium dodecyl sulfate (SDS)–12.5% polyacrylamide
gel. Western blot analysis with GFP monoclonal antiserum was then performed
as described previously (6).

Isolation of virions. Viral particles from the medium of PRV Be-infected or
PRV 162-infected cells were isolated, electrophoresed on a SDS–12.5% poly-
acrylamide gel, transferred to nitrocellulose, and subjected to Western blot
analysis with Us9 antiserum as described previously (6).

RESULTS

Steady-state localization of Us9. We recently reported that
the PRV Us9 protein is a tail-anchored type II membrane
protein highly localized to the Golgi complex in both infected
and transfected cells (6). In that same study, we showed that
the addition of the jellyfish EGFP to the carboxy terminus of
Us9 did not interfere with either the targeting of Us9 to the
Golgi region or its ability to be incorporated into viral particles
(6). We have also shown that the Us9-EGFP protein has no
effect on cell cycle progression or cell growth (28). In addition
to a predominant Golgi complex localization pattern, both the
wild-type Us9 protein and the Us9-EGFP fusion protein can be
detected in cytoplasmic vesicles and along the plasma mem-
brane by fluorescence microscopy (6). To extend the observa-
tions made on the intracellular localization of Us9 as deter-
mined by fluorescence microscopy, we performed immunogold
electron microscopy with Us9 polyvalent antiserum on PK15
cells stably expressing the Us9-EGFP fusion protein. The elec-
tron microscopy images revealed a predominant intracellular
distribution of Us9-EGFP to cytoplasmic vesicles and Golgi-
associated structures (Fig. 1). Figures 1A and B are low-mag-
nification views clearly showing the concentration of Us9-
EGFP in vesicular structures; they also demonstrate that the
staining observed in the Golgi region of these cell appears to
be predominantly on one side of the complex, indicating that
perhaps Us9-EGFP localization is restricted and not evenly
distributed throughout the Golgi apparatus. Vesicles contain-
ing immunoreactive Us9-EGFP were also seen singularly
throughout the cytoplasm, in clusters, or in structures reminis-
cent of endosomes (Fig. 1C). In some cases, the Us9-EGFP
containing vesicles appeared closely juxtaposed to the cell sur-
face as if in the process of fusing with the plasma membrane
(Fig. 1D). A small amount of Us9-EGFP staining was observed
on the plasma membrane, while the nuclear membrane ap-
pears to be devoid of immunoreactive Us9-EGFP.

The localization of Us9 predominantly to Golgi-associated
membranes and vesicles is distinct from that of other PRV
envelope proteins, which are easily detected in all aspects of
the secretory system, including the nuclear membrane and the
ER. Consequently, it was of interest to determine if Us9 en-
coded signals involved in maintaining the protein in the Golgi
region or whether the protein accumulated there transiently as
it passed through the secretory system. To address this, we
treated PK15-BB14 cells stably expressing the Us9-EGFP fu-
sion protein with the protein synthesis inhibitor cycloheximide
(50 mg/ml) and at various times after treatment examined the
steady-state localization of Us9-EGFP by fluorescence micros-
copy. If the steady-state localization of Us9 is in the Golgi
region, then the fusion protein should not relocalize to the
plasma membrane even after several hours of cycloheximide
treatment as was observed for the Punta Toro virus Golgi-
resident G1 and G2 proteins (40). As seen in Fig. 2, cyclohex-
imide treatment did not significantly alter the localization of

the Us9-EGFP fusion protein. Even after 6 h of cycloheximide
treatment (Fig. 2D), Us9-EGFP was still detected in a perinu-
clear staining pattern reminiscent of the Golgi apparatus.
However, unlike the uniform Golgi-like staining of Us9-EGFP
observed in untreated cells (Fig. 2A), the Us9-EGFP staining
pattern became very vesicular in appearance beginning at ap-
proximately 4 h of cycloheximide treatment (Fig. 2C). The
appearance of Us9-EGFP-containing vesicles during cyclohex-
imide treatment was most apparent at the 6-h time point (Fig.
2D). As a control for this experiment, the Golgi apparatus
itself was visualized with the dye Bodipy-FL-C5 ceramide (data
not shown). In these experiments, the Golgi apparatus re-
mained unaltered throughout cycloheximide treatment, thereby
indicating that this effect observed with cycloheximide treat-
ment is specific to Us9-EGFP and does not represent a general
vesiculation of the Golgi apparatus. However, the appearance
of perinuclear Us9-EGFP-containing vesicles following cyclo-
heximide treatment suggests that Us9-EGFP maintains its
steady-state localization in the Golgi region by a mechanism
involving the endocytic pathway.

Us9 partially colocalizes with TGN38. The immunogold
electron microscopy images in Fig. 1 clearly show that Us9 is
highly localized to both cytoplasmic vesicles and Golgi-associ-
ated membranes. Although staining appears to be concen-
trated on one side of the Golgi complex, we are unable to
determine from these images if the Us9-EGFP containing
membranes represent cis-, medial-, or trans-Golgi stacks or the
TGN. Consequently, we performed double indirect immuno-
fluorescence microscopy with Golgi and TGN markers in order
to more precisely define the nature of this Golgi compartment
in which Us9 resides. Specifically, we determined if Us9 colo-
calized with the medial-Golgi marker mannosidase II (Fig.
3A), the peripheral Golgi protein p115 (Fig. 3B), or the TGN
marker TGN38 (Fig. 3C). While the staining pattern of Us9 is
similar to those of both mannosidase II (Fig. 3A) and p115
(Fig. 3B), the intracellular distribution of Us9 did not overlap
with either of the Golgi markers. However, double indirect
immunofluorescence microscopy of Us9 with TGN38 (Fig. 3C)
revealed partial colocalization of these two membrane pro-
teins. These results suggest that Us9 resides in a cellular com-
partment in or near the TGN.

Internalization of Us9. The targeting of both the TGN pro-
tein TGN38 and the endoprotease furin to the TGN has been
demonstrated to be due, in part, to the retrieval of molecules
from the plasma membrane via endocytic vesicles (4, 9, 38). To
test the hypothesis that Us9 also maintains its steady-state
localization in the TGN region by a recycling mechanism, in-
direct immunofluorescence internalization assays were per-
formed on PK15 Us9-EGFP cells. An EGFP epitope-tagged
Us9 protein was used in these experiments because the three
carboxy-terminal amino acids of the wild-type Us9 protein
predicted to extend from the plasma membrane are not de-
tectable by Us9 antiserum on nonpermeabilized cells (unpub-
lished observations). Fusion of EGFP to the carboxy terminus
of Us9 exposes the EGFP moiety to the extracellular environ-
ment, where it can be recognized by GFP-specific antiserum on
intact cells. In this experiment, PK15 Us9-EGFP cells were
cooled to 4°C on ice to inhibit internalization of cell surface
molecules. These cells were then incubated with an antiserum
specific for the GFP portion of the fusion protein. Since this
incubation was performed on ice, only Us9-EGFP molecules
on the cell surface were labeled with the GFP antiserum. The
cells were then shifted to 32°C to allow internalization of cell
surface molecules. At various times after the temperature shift,
the cells were fixed and permeabilized, and the localization of
the cell surface Us9-EGFP molecules was examined by indirect
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FIG. 1. Immunoelectron microscopy of Us9-EGFP. Thawed ultrathin sections of PK15 cells stably expressing a Us9-EGFP fusion protein were stained with a
polyvalent rabbit Us9 antiserum followed by protein A conjugated to colloidal gold (10 nm). Low-magnification views illustrate the predominant staining of
Golgi-associated membranes and vesicular structures (A and B). No staining of the nuclear membrane is observed. Low levels of Us9-EGFP can be detected on the
plasma membrane (C and D). Vesicular structures throughout the cytoplasm were seen singularly, in clusters, or in structures reminiscent of endosomes (C). In some
instances, Us9-EGFP-containing vesicles are observed close to the plasma membrane and seem to be in the process of fusing with the plasma membrane (D).
Magnification bars in panels C and D represent 500 nm. pm, plasma membrane; G, Golgi apparatus; N, nucleus.
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immunofluorescence with an Alexa 568-conjugated secondary
antibody. The Alexa 568-conjugated secondary antibody fluo-
resces red and can therefore be easily distinguished from GFP
fluorescence. The images shown in Fig. 4 are confocal micros-

copy sections taken through the center of the cell where the
red fluorescence staining represents the localization of the
GFP antiserum and the green fluorescence staining represents
the total pool of Us9-EGFP molecules. When PK15 Us9-
EGFP cells were incubated with GFP antiserum on ice (Fig.
4A), only those molecules on the plasma membrane were la-
beled red. However, when these cells were shifted to 32°C to
allow internalization to occur, Us9-EGFP molecules began to
internalize into the interior of the cell in a series of fine cyto-
plasmic vesicles. The internalization of Us9-EGFP began as
early as 30 min after temperature shift (Fig. 4C). These Us9-
EGFP-containing vesicles continued to internalize into the in-
terior of the cell with time (Fig. 4D) and eventually accumu-
lated in a perinuclear region staining pattern (Fig. 4E). It was
evident by 90 min after temperature shift that the internalized
Us9-EGFP molecules traveled to an intracellular compartment
in or near the TGN, where they were closely associated with
the total Us9-EGFP pool. These internalized molecules, how-
ever, appeared to remain in vesicles and did not fuse with the
total Us9-EGFP pool. Figure 4F is a confocal image showing
only the red fluorescence of internalized Us9-EGFP molecules
after a 90 min shift to 37°C. It is clear from this image that the
Us9-EGFP molecules on the plasma membrane are effi-
ciently internalized into the interior of the cell to a perinu-
clear compartment reminiscent of the TGN. Moreover, it is
also evident that Us9 internalization is faster at 37°C than at
32°C (compare Fig. 4E and F) as has been previously ob-
served (14). We interpret these findings to mean that Us9

FIG. 2. Steady-state localization of Us9-EGFP. Monolayers of Us9-EGFP-
expressing cells grown on glass coverslips were treated with cycloheximide (50
mg/ml) for 0 h (A), 2 h (B), 4 h (C), and 6 h (D). At the indicated time points,
the cells were fixed with paraformaldehyde and the localization of Us9-EGFP
was visualized by fluorescence microscopy under UV illumination.

FIG. 3. Colocalization of Us9 with Golgi and TGN markers. PK15 cells grown on glass coverslips were transfected with plasmids pBB14 (A and B) and pAB7 (C).
After 36 h of transfection, the cells were fixed and stained for Us9 and mannosidase II (A), for Us9 and p115 (B), and for Us9 and TGN38 (C). Us9 was detected either
by GFP fluorescence (A and B) or with a fluorescein isothiocyanate-conjugated secondary antibody (C) which fluoresces green. Mannosidase II (A), p115 (B), and
TGN38 (C) were visualized with an Alexa 568-conjugated secondary antibody which fluoresces red. High-magnification views are shown in panels A9, B9, and C9.
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maintains its steady-state localization in a TGN-like com-
partment by means of a recycling mechanism similar to that
of TGN38 and furin.

Internalization of Us9 is not antibody dependent. To con-
firm that the ability of Us9-EGFP to internalize into the inte-
rior of the cell is not an artifact of GFP antiserum binding, we
performed an internalization assay which is not dependent on
the binding of antibodies. In this experiment, Us9-EGFP mol-
ecules on the cell surface were labeled with a cleavable form of
biotin. The biotinylated cells were then shifted to 37°C to allow
internalization, and at various times after temperature shift,
the extracellular biotin was cleaved by the addition of gluta-
thione. Only those Us9-EGFP molecules able to internalize
into the interior of the cell were protected from cleavage. Lane
T in Fig. 5 represents the total amount of cell surface Us9-

EGFP molecules biotinylated. When the extracellular biotin
was cleaved from these cells before endocytosis was allowed to
occur, the majority of the biotinylated Us9-EGFP molecules
were sensitive to glutathione cleavage (0 min). However, when
these cells were shifted to 37°C to allow internalization before
cleavage, a portion of the biotinylated Us9-EGFP molecules
became protected from cleavage as early as 15 min after tem-
perature shift. The amount of biotinylated Us9-EGFP mole-
cules protected from proteolysis increased with time, and the
maximum amount protected appeared to be after 30 min of
shift to 37°C. The residual amount of biotinylated Us9-EGFP
observed in the 0-min lane is most likely the result of inefficient
cleavage. These results suggest that the internalization of Us9-
EGFP from the cell surface is not dependent on the binding of
antibodies.

FIG. 4. Us9-EGFP is maintained in the TGN region by retrieval of molecules from the plasma membrane. Glass coverslips plated with PK15 cells stably expressing
Us9-EGFP were cooled and incubated with GFP-specific antiserum on ice for 30 min. The cells were then shifted to 32°C by the addition of prewarmed medium and
placement in a 32°C incubator. At 0 min (A), 15 min (B), 30 min (C), 60 min (D), or 90 min (E), the cells were fixed with paraformaldehyde and the localization of
the GFP antiserum was detected with an Alexa 568-conjugated goat anti-rabbit IgG secondary antibody (red). The red fluorescence represents the localization of
internalized Us9-EGFP molecules, and the green fluorescence represents the total pool of Us9-EGFP molecules. Panel F shows the localization of internalized
Us9-EGFP after 90 min of temperature shift to 37°C. All images are confocal sections taken through the center of the cell.
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Targeting determinants in the Us9 cytoplasmic tail. To map
the domains involved in the maintenance of PRV Us9 to the
TGN region, we introduced defined mutations in the Us9 cy-
toplasmic domain. Figure 6 shows the relative localization of
these mutations in the Us9 protein. The intracellular traffick-
ing of both the endoprotease furin (27, 55, 63) and the VZV gE
membrane protein (1, 2) has been demonstrated to be depen-
dent on an acidic segment containing casein kinase II-phos-
phorylatable residues. As a similar acidic domain containing
putative tyrosine and casein kinase I and II sites is present in
the Us9 cytoplasmic tail, we examined the effect of deleting
this region on Us9 localization to the TGN region. Specifically,
amino acids 46 to 55 were deleted from both the wild-type
Us9 and Us9-EGFP proteins (encoded by plasmids pAB15
and pAB35, respectively). pAB15 and pAB35 were tran-
siently transfected into PK15 cells as described in Materials
and Methods, and the localization of Us9 was detected either
by indirect immunofluorescence microscopy with Us9 polyva-
lent rabbit antiserum (for pAB15) or by GFP fluorescence (for
pAB35) at 72 h posttransfection. As the localization of Us9 in
PK15 cells transfected with either plasmid was identical, only
the localization of Us9(d46-55) fused to EGFP (encoded by
pAB35) is shown (Fig. 7B and E). When amino acids 46 to 55
were deleted from the Us9 protein, Us9-EGFP was no longer
localized to the TGN region and cytoplasmic vesicles but was
now found predominantly on the plasma membrane (compare
Fig. 7A and D with Fig. 7B and E). Although at early times
after transfection Us9(d46-55)-EGFP molecules could be de-
tected in the TGN region as they transited through the secre-
tory system (data not shown), very little Us9(d46-55)-EGFP
protein could be detected in this region after approximately
60 h of transfection.

In addition to the acidic peptide previously shown to be
involved in the recycling and maintenance of furin to the TGN,
trafficking of the endoprotease to endosomes requires a ty-
rosine-containing internalization signal (YKGL) (27, 55, 63).
Although the cytoplasmic tail of PRV Us9 does not contain
any previously described tyrosine-based internalization motifs,
it does have a potential dileucine endocytosis signal (LL) (Fig.
6). Accordingly, we determined the significance of the dileu-
cine motif in the trafficking of Us9 by mutating the leucine
residues at positions 30 and 31 in the Us9-EGFP fusion protein
to alanine residues. Olson and Grose demonstrated that a
similar leucine-to-alanine substitution was able to disrupt the
ability of a dileucine-type endocytosis motif (ML) to direct the
internalization of the VZV gI protein in transfected cells (49).
pAB37, containing a Us9(L30-31A)-EGFP gene fusion, was
transfected into PK15 cells, and localization of the mutant Us9

protein was detected by confocal microscopy 72 h after trans-
fection. As observed for wild-type Us9-EGFP (Fig. 7A), con-
focal images of the intracellular staining of pAB37-transfected
cells revealed that Us9(L30-31A)-EGFP was found in the
TGN region and on the plasma membrane (Fig. 7C). More-
over, the confocal sections showed that the plasma membrane
of cells transfected with the Us9(L30-31A)-EGFP (Fig. 7C)
construct appeared to stain more intensely than that of cells
transfected with wild-type Us9-EGFP (Fig. 7A). The difference
in plasma membrane staining intensity, however, is more evi-
dent when the cell surface fluorescence microscopy images
of Us9-EGFP (Fig. 7D)- and Us9(L30-31A)-EGFP (Fig. 7F)-
transfected cells are compared. The results presented above
indicate that an acidic cluster from residues 46 to 55 and, to a
lesser extent, a dileucine motif at residues 30 and 31 may both
play a role in the localization of Us9-EGFP to the TGN region.

Role of the acidic cluster and dileucine motif in Us9 inter-
nalization. To determine if Us9(d46-55)-EGFP and Us9(L30-
31A)-EGFP display increased plasma membrane staining com-
pared to Us9-EGFP due to an internalization defect rather
than a loss of TGN retention signals, indirect immunofluores-
cence internalization assays were performed on PK15 cells
stably expressing the Us9-EGFP, Us9(d46-55)-EGFP, and Us9
(L30-31A)-EGFP fusion proteins (PK15-BB14, PK15-AB35,
and PK15-AB37 cells, respectively). Figure 8 compares the
internalization of Us9 in the three cell lines, showing only the
red fluorescence of the GFP antiserum. For all cell lines tested,
the plasma membrane stained brightly at the 0-min time point.
As early as 15 min after the shift to 37°C, wild-type Us9-EGFP
molecules on the plasma membrane of PK15-BB14 cells began
to internalize in the form of cytoplasmic vesicles. By 30 min,
the majority of the wild-type molecules moved from the cell
surface to the interior of the cell, where they started to collect
in a TGN-like staining pattern. Although most of the wild-type
plasma membrane Us9-EGFP molecules internalized by 30
min after temperature shift, there did appear to be a slight
increase in the size and number of internalized vesicles at the
45- and 60-min time points. These results are consistent with
the results of the antibody independent internalization assay
described above (Fig. 5). In contrast to wild-type Us9-EGFP
molecules, Us9(d46-55)-EGFP molecules (PK15-AB35 cells)
did not internalize into the interior of the cell even 60 min after
the shift to 37°C. Although a few small vesicles could be seen
in the interior of some cells, this was by no means equivalent to
the degree of endocytosis observed for wild-type Us9-EGFP in
PK15-BB14 cells. Moreover, when the internalization assay
was performed on PK15-AB37 cells, which express the Us9
(L30-31A)-EGFP fusion protein, only a few internalized vesi-

FIG. 5. Us9-EGFP internalization is not an antibody dependent process.
PK15 cells stably expressing a Us9-EGFP fusion protein were incubated for 15
min (159) on ice with Sulfo-NHS-SS-biotin. The cells were then lysed immedi-
ately to show the total amount biotinylated (lane T) or shifted to 37°C to allow
internalization by the addition of prewarmed medium and placement in a 37°C
incubator. At 0 min, 15 min, 30 min, 45 min, or 60 min after the temperature
shift, biotin was cleaved from the cell surface with glutathione, cell lysates were
prepared, and biotinylated proteins were affinity purified with streptavidin-aga-
rose. The affinity-purified molecules were separated on an SDS–12.5% polyacryl-
amide gel, transferred to nitrocellulose, and Western blotted with monoclonal
GFP antiserum. The migration of molecular mass markers is indicated on the left
in kilodaltons.

FIG. 6. Amino acid sequence of the amino-terminal cytoplasmic tail of Us9
mutants. The dileucine motif at amino acids 30 and 31 is underlined twice, and
the acidic domain from amino acids 46 to 55 is underlined once. Deletions are
indicated by dashes, and amino acid substitutions are boxed. The relative loca-
tions of the tyrosine (Y) and casein kinase I and II sites (S) in the Us9 cytoplas-
mic tail are indicated in the diagram.
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cles could be detected in the interior of the cell by 15 min after
the shift to 37°C. An increase in Us9(L30-31A)-EGFP mole-
cules in the interior of the cell was detected at the 30-, 45-, and
60-min time points, but the amount internalized was less than
that observed for wild-type Us9-EGFP molecules in PK15-BB14
cells at the same time points. Examination of the 45-min time
point indicated an accumulation of internalized Us9(L30-31A)-
EGFP molecules in the TGN region, but not as common or as
prevalent as that observed for wild-type Us9-EGFP (PK15-
BB14 cells, 30-min time point). These experiments suggest that
both the Us9(d46-55)-EGFP and Us9(L30-31A)-EGFP fusion
proteins are defective in the ability to internalize from the plasma
membrane. Whereas Us9(d46-55)-EGFP appears to be unable to
internalize into the interior of the cell, the internalization de-
fect observed for Us9(L30-31A)-EGFP seems to be in the over-
all rate of internalization. Us9(L30-31A)-EGFP molecules are
capable of internalizing from the cell surface but more slowly
than wild-type Us9-EGFP molecules. This difference in the in-
ternalization defect between Us9(d46-55)-EGFP and Us9(L30-
31A)-EGFP correlates with the steady-state amounts of these
fusion proteins on the plasma membrane.

Acidic cluster containing putative phosphorylation sites is
not required for incorporation of Us9 into viral particles. We
also investigated if the acidic residues important in localization
of Us9 to the TGN region were important for the incorpora-
tion of Us9 into viral particles. To address this question, Us9
(d46-55) was crossed into the background of the wild-type Be
strain of PRV by homologous recombination to create strain
PRV 162. After the deletion of amino acids 46 to 55 from the
Us9 open reading frame was confirmed by Southern blotting
and PCR analysis, cell lysates were prepared and virions were
isolated from the medium of PK15 cells infected with either
PRV Be or PRV 162 (multiplicity of infection of 10). Both the
cell lysates and the purified virions were separated on an SDS–
12.5% polyacrylamide gel, transferred to nitrocellulose, and
Western blotted with Us9 antiserum. As anticipated, the Us9
protein present in PRV 162-infected cells migrated slightly

faster than wild-type Us9 present in Be-infected cells due to
the deletion of amino acids 46 to 55 (Fig. 9). Similar to wild-
type Us9, Us9(d46-55) was present as multiple polypeptides in
PRV 162-infected cells. 33P labeling experiments indicated that
the multiple Us9(d46-55) polypeptides present in PRV 162-
infected cells are in fact phosphorylated despite the deletion of
both putative tyrosine and casein kinase I and II phosphory-
lation sites (data not shown). This finding indicates that Us9
(d46-55) is modified by the addition of phosphates to residues
other than those previously predicted to be phosphorylated.
Immunoreactive Us9 proteins present in virions isolated from
Be- and 162-infected cells are also shown in Fig. 9. Both the
wild-type Us9 protein and the Us9(d46-55) protein were in-
corporated into viral particles at approximately equivalent
amounts, thereby indicating that the deletion of amino acids 46
to 55 from the Us9 protein did not affect the ability of Us9 to
be incorporated into viral particles. Although it appears that
only one of the two forms of Us9(d46-55) present in PRV
162-infected cells was incorporated into viral particles, we can-
not conclude at this point which, if any, form is excluded.

DISCUSSION

The lipid envelope of PRV virions contains at least 11 virally
encoded membrane glycoproteins (26). Recently, we have char-
acterized a novel PRV membrane protein designated Us9 (6).
In the course of our studies, we discovered several character-
istics of the Us9 protein that distinguish it from the other PRV
membrane proteins. One striking difference is that Us9 is in-
serted into the viral envelope in a novel type II tail-anchored
topology. In this topology, the majority of the Us9 protein (68
amino acids) is not presented on the outside of the viral par-
ticle but is buried within the tegument region of the viral par-
ticle, where it may interact with capsid proteins, tegument
proteins, or the tails of other envelope proteins. As the Us9
protein is only 98 amino acids in length and 26 amino acids are
predicted to span the lipid bilayer, Us9 appears to have only a

FIG. 7. Transfection of Us9 constructs. PK15 cells grown on glass coverslips were transfected by the calcium phosphate method with pBB14 (A and D), pAB35 (B
and E), or pAB37 (C and F). At 72 h posttransfection, the intracellular localization of the various Us9-EGFP fusion proteins was detected by confocal microscopy (A
to C). The cell surface of the transfected cells was visualized by fluorescence microscopy (D to F).
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3-amino-acid ectodomain extending from the surface of the
virion available for potential host cell interactions. This is the
smallest ectodomain of any alphaherpesvirus membrane pro-
tein characterized thus far.

Us9 also differs from other characterized PRV envelope
proteins in its steady-state intracellular localization during viral
infection. In general, PRV envelope glycoproteins are detected
in large quantities in all aspects of the secretory system, in-
cluding the nuclear membrane and the ER. In contrast, the
Us9 protein is localized predominantly to the TGN region and
cytoplasmic vesicles. Localization of the protein to the plasma
membrane is transient, as Us9 is rapidly internalized in small
vesicles to a TGN-like compartment. By standard immunoflu-
orescence microscopy, we are unable to detect any staining of
Us9 in either the nuclear membrane or ER in infected cells, in
transfected cells, or in a cell line constitutively expressing a
Us9-EGFP fusion protein. In all these experiments, we are
able to detect Us9 or Us9-EGFP on the plasma membrane.
The electron microscopy images of immunogold-labeled Us9-
EGFP presented in this report confirm the observations made
by fluorescence microscopy that the fusion protein is concen-

trated mainly in cytoplasmic vesicles and Golgi-associated
membranes. Moreover, we observed no labeling of Us9-EGFP
in the nuclear membrane. Further analysis is necessary before
we can conclude that the ER does not contain any Us9-EGFP
molecules. In contrast to our observations with fluorescence

FIG. 8. Two determinants in the Us9 cytoplasmic tail are required for efficient internalization of Us9 from the plasma membrane. An indirect immunofluorescence
assay was performed on PK15 cells stably expressing Us9-EGFP (PK15-BB14), Us9(d46-55)-EGFP (PK15-AB35), or Us9(L30-31A)-EGFP (PK15-AB37) essentially
as described in the legend to Fig. 4. The temperature shift in this experiment was to 37°C. The composite shows only the red fluorescence of the Alexa 568-conjugated
goat anti-rabbit IgG secondary antibody. Times are indicated in minutes.

FIG. 9. Us9(d46-55) is efficiently incorporated into viral particles. Monolay-
ers of PK15 cells were infected at a multiplicity of infection of 10 with either PRV
Be or PRV 162 for 15 h. Cellular extracts were prepared, and virions were
isolated from the medium by centrifugation through a 30% sucrose cushion.
Both the cellular extracts and virions were fractionated on an SDS–12.5% poly-
acrylamide gel and analyzed by Western blotting with Us9 antiserum.
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microscopy, these electron microscope images show very little
immunogold-labeled Us9-EGFP on the plasma membrane.
We believe that the low level of Us9-EGFP on the plasma
membrane in the micrographs reflects the transient state of the
protein in this membrane and the resulting low concentration
of immunoreactive molecules compared to cytoplasmic vesi-
cles and Golgi-associated membranes. Indeed, in some cases
we can observe Us9-EGFP-containing vesicles closely juxta-
posed to the cell surface and apparently fusing with the plasma
membrane (Fig. 1D). Therefore, these results indicate the dif-
ficulty of proving that there is absolutely no Us9 protein in
nuclear membranes because it may be present in very low
concentrations or for a very short period of time. Suffice it to
say that the steady-state localization of Us9 protein is markedly
different from that of the standard virion type I membrane
glycoprotein.

Over the past years, several classes of internalization motifs
have been identified in the cytoplasmic tails of membrane
proteins (reviewed in references 30 and 39). These include the
tyrosine-based motifs involved in low-density lipoprotein (10)
and transferrin receptor (3, 25, 43) endocytosis and the dileu-
cine motifs directing internalization of the GLUT4 glucose
transporter (11, 62) and the insulin receptor (22, 52). A third
motif identified is based on an acidic domain which often
contains a casein kinase II phosphorylation site. Acidic do-
mains containing a casein kinase II phosphorylation site have
been demonstrated to be important in the intracellular traf-
ficking of both the endoprotease furin (27, 55, 63) and the
mannose-6-phosphate receptor (33, 41). Virus proteins have
been shown to have similar endocytosis signals as cellular re-
ceptors. For example, the internalization of the human immu-
nodeficiency virus type 1 envelope protein (53), the simian
immunodeficiency virus envelope protein (34, 54), and the
VZV gE protein (1, 2, 48) is dependent on a tyrosine-based
internalization motif. In addition, a dileucine-like (ML) endo-
cytosis motif has been shown to be important in the intracel-
lular trafficking of the VZV gI protein (49). Moreover, the
trafficking of the VZV gE protein (1, 2, 70) and a human im-
munodeficiency virus Nef-major histocompatibility complex
class I complex (20) to the TGN has been demonstrated to be
dependent on an acidic cluster.

In this report, we show that the Us9 protein internalizes into
the interior of the cell from the plasma membrane and that
internalization is critical for the intracellular localization of
Us9 to the TGN region. Examination of the 68-amino-acid Us9
cytoplasmic tail revealed that the protein contains two of the
internalization motifs described above: an acidic domain from
amino acids 46 to 55 containing a casein kinase II phosphor-
ylation site and a dileucine motif at amino acids 30 and 31. Our
results indicate that both the acidic domain and the dileucine
motif play a role in the intracellular localization of Us9 and the
recycling of the protein from the plasma membrane. Deletion
of both motifs individually resulted in an increase in plasma
membrane staining compared to the amount of wild-type Us9
molecules on the cell surface. This increase in plasma mem-
brane staining was shown to be due to a defect in internaliza-
tion. Mutants deleted for the acidic domain were completely
defective in Us9 internalization, while dileucine motif mutants
were partially defective. Overall, these results indicate that Us9
localization and intracellular trafficking is dependent on at
least two separate motifs. Additional experiments, however,
must be conducted before we can conclude that these are the
only trafficking motifs in the Us9 protein and that neither of
these mutations had an effect on the overall structure of Us9.
As observed with Us9, the TGN localization and endosome
trafficking of furin have been demonstrated to rely on both a

casein kinase II-containing acidic peptide and a tyrosine-based
internalization signal (27, 55, 63). In this case, the authors have
defined the role of the acidic domain in the retention of furin
to the TGN and the role of the YKGL motif in retrieval of
molecules from the cell surface (55). At this point, the specific
roles of the acidic and dileucine motifs in Us9 localization and
trafficking remain to be determined. As the Us9 intracellular
trafficking results presented in this study were all performed on
cell lines stably expressing EGFP epitope-tagged Us9 fusion
proteins, the trafficking of these fusion proteins in the context
of viral infection needs to be investigated.

A model based on the conclusions reached in this study is
shown in Fig. 10. We predict that the Us9 protein is synthe-
sized in the cytoplasm and posttranslationally inserted into
membranes. This hypothesis is based on the fact that the Us9
protein lacks an active signal sequence promoting cotrans-
lational membrane insertion and that most of Us9’s carboxy-
terminal membrane anchor will remain buried within the
translating ribosome when the termination codon is reached.
Although most tail-anchored membrane proteins are post-
translationally inserted into the ER before transport to their
final destination, it is believed that some tail-anchored proteins
may be incorporated directly into their target organelle (31,
32). In support of this concept, synaptobrevin (32), cytochrome
b5 (13, 56), and Bcl-2 (24) have all been demonstrated to be
inserted into a variety of membranes in vitro. As no staining of
Us9 in the ER can be detected by immunofluorescence mi-
croscopy, it is conceivable that Us9 is posttranslationally in-
serted directly into the vesicles of either the Golgi or TGN.
Experiments are being designed to test this hypothesis. The
data presented in this report indicate that once Us9 is inserted
into the secretory system, it establishes a steady-state residence
in a late Golgi compartment such as the TGN. Although dou-
ble immunofluorescence microscopy experiments show that
there is partial colocalization between Us9 and TGN38, a de-
tailed biochemical examination must be performed before we

FIG. 10. Model of intracellular Us9 trafficking (see Discussion for detailed
description). The Us9 protein is represented by black lollipop-shaped structures.
CGN, cis-Golgi network.
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can conclude that these two proteins reside within the same
compartment. Us9 molecules are then able to leave the TGN
region and travel in cytoplasmic vesicles to the plasma mem-
brane. In support of this concept, immunogold electron micro-
graphs of Us9-EGFP-expressing cells clearly show Us9-EGFP-
containing vesicles in the cytoplasm and in close approximation
to the cell surface. In some cases, these vesicles appear to be in
the process of fusing with the plasma membrane. Furthermore,
Us9 molecules that have reached the cell surface are subse-
quently internalized into the interior of the cell in endocytic-
like vesicles. The internalized Us9 molecules then travel to an
intracellular compartment that is closely associated with the
total pool of Us9 molecules. Our data suggest that the vesicles
containing internalized Us9 molecules do not fuse with the
membranes containing the total Us9 pool but rather remain as
separate entities. The data presented in this report indicate
that both an acidic domain containing putative phosphoryla-
tion sites and a dileucine motif in the Us9 cytoplasmic tail are
needed for the appropriate localization of Us9 to the TGN
region. Both of these determinants play a role in the ability of
Us9 to be efficiently endocytosed into the interior of the cell
and consequently retained in or near the TGN.

Although deletion of the acidic domain completely dis-
rupted the ability of Us9 to localize to the TGN region and to
recycle from the cell surface, the mislocalized protein was still
incorporated into viral envelopes. Accordingly, the mainte-
nance of Us9 to the TGN region and endocytic vesicles, as well
as the capacity of the protein to be phosphorylated at either
tyrosine or casein kinase I and II sites, is not necessary for the
insertion of Us9 into viral envelopes. It is important to note
that although the steady-state localization of Us9(d46-55) has
been changed from the TGN region to the plasma membrane,
this molecule can be found in a perinuclear staining pattern
at early times posttransfection and postinfection (data not
shown). Thus, we conclude that the maintenance of Us9 to the
TGN region itself and the signals involved in this maintenance
are not necessary for Us9 virion incorporation. These results
do indicate, however, that the endocytosis of Us9 is not nec-
essary for its incorporation in viral membranes. This is in
agreement with the inability to detect internalized PRV gE
protein in viral envelopes (58).

All Us9-homologous proteins contain either a tyrosine- or
dileucine-based putative internalization motif. For instance,
the Us9 proteins in HSV-1, HSV-2, and bovine herpesvirus 1
all share a common YXXf motif (X represents any amino acid,
and f represents a bulky hydrophobic amino acid), whereas a
dileucine-endocytosis motif is present in the PRV, equine
herpesvirus 1, simian herpesvirus B, and VZV Us9 proteins.
Based on the conservation of both the acidic domain and di-
leucine (or tyrosine)-based endocytosis motifs in the alphaher-
pesvirus Us9 homologues, a fundamental question remains as
to the role of Us9 internalization in the viral replication cycle.
One possibility is that the recycling of Us9 from the cell surface
is required for maintaining Us9 in the TGN region, and the
localization of Us9 to this cellular compartment is necessary
for the function of the protein. We demonstrated in this report
that at least in tissue culture, the maintenance of Us9 to a
TGN-like compartment is not critical for the envelopment of
Us9. Moreover, the maintenance of Us9 to the TGN region is
not required for the general processes of PRV envelopment
and egress, as a virus lacking the Us9 acidic domain (PRV 162)
has no observable defects in tissue culture. For instance, initial
examination of PRV 162 has shown that the virus grows to
equivalent titers as the wild-type strain Be and has no defect in
cell-to-cell spread as determined by plaque size in cultured
epithelial cells (data not shown). Furthermore, the deletion of

the acidic domain has no effect on the production or localiza-
tion of other PRV envelope glycoproteins (data not shown).
It is likely that Us9 internalization functions during in vivo
infection. We are now examining this Us9 mutant virus as well
as a virus containing a mutation in the dileucine motif for any
spread or virulence defects in the rat nervous system. Another
possibility is that the recycling property of Us9 functions dur-
ing intracellular transport of the virus in vivo in polarized cells
such as neurons or epithelial cells. Perhaps through interac-
tions with its cytoplasmic domain, Us9 transports tegument
proteins, other viral envelope proteins, or even cellular pro-
teins to specific areas in the neuron such as the plasma mem-
brane, endocytic compartment, or even the axon terminal. This
type of transport must not be necessary within the confines of
nonpolarized cells in tissue culture. However, if the specula-
tion has merit, Us9 mutants should have marked phenotypes in
vivo. For example, the inability of Us9 to direct the transport
of proteins complexed to its cytoplasmic tail to the axon ter-
minals may result in the transneuronal anterograde spread
defect observed for gE and/or gI null viruses (65). Experiments
are in progress to test this hypothesis. Last, it is conceivable
that Us9 internalization is an early event during entry of a virus
particle into the host cell. Recent reports have suggested that
the inner part of the simian CMV viral tegument is an ordered
structure and that some tegument proteins interact with the
viral capsid itself (59). We speculate that in addition to those
tegument proteins complexed to the viral capsid, there is a
population of tegument proteins bound to the cytoplasmic tails
of viral membrane proteins. In this hypothesis, only that pop-
ulation of tegument proteins bound to the capsid are trans-
ported along microtubules into the cell during viral entry and
that the other population of tegument proteins enter the cell
attached to the tail of internalized envelope proteins. The facts
that Us9 is able to internalize into cells in endocytic-like ves-
icles and that the majority of the protein resides within the
tegument region make Us9 a likely candidate to transport
tegument proteins during viral entry.
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