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The Us2 gene is conserved among alphaherpesviruses, but its function is not known. We demonstrate here
that the pseudorabies virus (PRV) Us2 protein is synthesized early after infection and localizes to cytoplasmic
vesicles and to the plasma membrane, despite the lack of a recognizable signal sequence or membrane-
spanning domain. Us2 protein is also packaged as part of the tegument of mature virions. The Us2 carboxy-
terminal four amino acids comprise a CAAX motif, a well-characterized signal for protein prenylation.
Treatment of infected cells with lovastatin, a drug that disrupts protein prenylation, changed the relative
electrophoretic mobility of Us2 in sodium dodecyl sulfate-polyacrylamide gels. In addition, lovastatin treat-
ment caused a dramatic relocalization of Us2 to cytoplasmic punctate structures associated with microtubules,
which appeared to concentrate over the microtubule organizing center. When the CAAX motif was changed to
GAAX and the mutant protein was synthesized from an expression plasmid, it concentrated in punctate
cytoplasmic structures reminiscent of Us2 localization in infected cells treated with lovastatin. We suggest that
prenylation of PRV Us2 protein is required for proper membrane association. Curiously, the Us2 protein
isolated from purified virions does not appear to be prenylated. This is the first report to describe the

prenylation of an alphaherpesvirus protein.

The Us2 gene is encoded in the genome of many alphaher-
pesviruses, including those of human, equine, canine, feline,
bovine, avian, and porcine origin (17, 24, 28, 38, 45, 46, 69, 73,
75). Despite this conservation, no function has been assigned
and, when tested, the protein is not required for virus growth
in cultured cells. The herpes simplex virus type 2 (HSV-2) (23,
26, 29), HSV-1 (42, 47, 71), and equine herpesvirus type 1
(EHV-1) (48) homologs are virion structural proteins. Late
after infection of Vero cells with HSV-2, the Us2 protein
localizes to the nucleus and cytoplasm (29). EHV-1 Us2 pro-
tein localizes to the plasma membrane despite lacking a clas-
sical N-terminal signal sequence. Moreover, EHV-1 altered
Us2 proteins lacking a conserved stretch of 16 hydrophobic
amino acids at the N terminus also localized to the plasma
membrane, indicating that this region is not required for mem-
brane localization (48). The authors of that study suggested
that Us2 protein is a peripheral membrane protein, but the
mechanism of localization was not specified. EHV-1 Us2-null
mutants are attenuated in mice after intranasal inoculation
(48). In contrast, HSV-2 Us2-null mutants were as virulent as
wild-type virus in mice after footpad inoculation (29) or intra-
vaginal infection (26). EHV-1 Us2-null mutants formed small
plaques on monolayers of rabbit kidney cells despite having
normal kinetics in single-step growth studies (48).

The PRV Us2 gene encodes a 263-amino-acid protein with
a predicted molecular mass of 28 kDa (69). PRV Us2-null
mutants show wild-type virulence after intranasal inoculation
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of swine (33), whereas a different Us2 deletion mutant had
delayed cell penetration kinetics in nasal mucosa explant cul-
tures (70). EHV-1 Us2-null mutants also displayed delayed
penetration kinetics in rabbit kidney cells (48). The genome of
the attenuated PRV vaccine strain, Bartha, harbors a deletion
in the unique short region encompassing the glycoprotein I
(gl), gE, Us9, and Us2 genes (40, 51, 53). Although the roles of
gE, ¢gI, and Us9 in the virulence of PRV have been well doc-
umented (2, 3, 8, 11-13, 27, 33, 36, 37, 41, 50, 51, 59, 68, 72),
no phenotype has been attributed to the lack of Us2 coding
sequences. We have found that when the Bartha gE/gl/Us9/
Us2 deletion is repaired, virulence is almost completely re-
stored in a chicken embryo eye infection model. Importantly,
when the Us2 gene was then deleted from this repaired Bartha
genome, virulence decreased dramatically (A. C. Clase and
B. W. Banfield, unpublished observations). These observations
prompted us to characterize the PRV Us2 protein. We show
here that the PRV Us2 protein is expressed early in infection
and, like the EHV-1 Us2 protein, is found at the plasma mem-
brane (48). Such localization requires prenylation of a C-ter-
minal CAAX motif. When membrane localization of PRV Us2
protein was inhibited, the protein localized to microtubules
and concentrated over the microtubule-organizing center. The
Us2 protein incorporated into virions is not prenylated. We
speculate that a function of nonprenylated Us2 protein in the
virion is to facilitate binding of capsids to the microtubule
cytoskeleton during entry.

MATERIALS AND METHODS

Cells and viruses. PRV strains were propagated on PK15 cells growing in
Dulbecco modified Eagle medium (DMEM)-10% fetal calf serum (FCS) at 37°C
in a 5% CO, environment. PRV174 is a Us2-null mutant derived from the
wild-type PRV Becker strain. PRV174 was constructed as follows. A PpuMI-Not1
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fragment derived from the BamHI 7 fragment of PRV Becker containing se-
quences encoding the C terminus of Us9 and the entire Us2 open reading frame
(ORF) was cloned into pGEM5ZF+ to construct the plasmid pTD11. The
Styl-Sphl fragment of enhanced green fluorescent protein (EGFP) was cloned
into the Styl and Sphl sites within Us2 to yield pTD13. pTD13 was cotransfected
with Becker genomic DNA into PK15 cells. Virus resulting from the cotransfec-
tion was plated at low density on PK15 cell monolayers. Recombinant virus
plaques expressing EGFP were identified with the aid of an inverted epifluores-
cence microscope. Recombinants were purified to homogeneity by three succes-
sive rounds of plaque purification. Southern blot analysis was performed to verify
that the expected recombination events had occurred.

PK15 cells stably expressing an EGFP-tubulin fusion protein were isolated
after transfection of the plasmid pEGFP-Tub (Clontech, Palo Alto, Calif.). At
48 h after transfection, cells were passaged into DMEM-10% FCS containing 1
mg of G418/ml. A G418-resistant colony of cells stably expressing EGFP-tubulin
was isolated and expanded for further analysis.

PRV-GS443, a wild-type PRV Becker derivative that expresses a VP26-EGFP
fusion protein (64), was kindly provided by Greg Smith, Northwestern Univer-
sity.

Production of antiserum. The Us2 ORF was fused to the C terminus of the
glutathione S-transferase (GST) gene in plasmid pGEX-3X (Amersham Bio-
sciences, Piscataway, N.J.), resulting in plasmid pJR36. An insoluble GST-Us2
fusion protein was isolated from IPTG (isopropyl-B-p-thiogalactopyranoside)-
induced BL21(DE3) Escherichia coli transformed with pJR36 by using the B-Per
Bacterial Protein Extraction Reagent (Pierce, Rockford, Ill.). The partially pu-
rified protein was electrophoresed on a preparative sodium dodecyl sulfate-10%
polyacrylamide gel electrophoresis (SDS-10% PAGE) gel. A slab of polyacryl-
amide containing the GST-Us2 fusion was cut from the preparative gel and sent
to Bethyl Laboratories (Montgomery, Tex.) for production of goat polyclonal
antiserum.

The UL34 ORF was fused to the C terminus of the GST gene in plasmid
pGEX-3X resulting in plasmid pJR33. A soluble GST-UL34 fusion protein was
purified from IPTG-induced BL21(DE3) E. coli transformed with pJR33 by
glutathione-Sepharose chromatography, as described by the manufacturer (Am-
ersham Biosciences). Purified GST-UL34 was sent to Bethyl Laboratories for
production of goat polyclonal antiserum.

Us2 expression kinetics. Confluent monolayers of PKI15 cells growing in
60-mm dishes were infected with PRV Becker at a multiplicity of infection
(MOI) of 10. At the indicated times postinfection, the medium was removed and
the cells washed three times with phosphate-buffered saline (PBS). Cells were
scraped into 165 pl of PBS and transferred to a 1.5-ml microfuge tube. Then, 85
wl of SDS-PAGE sample buffer was added, and the sample was passed through
a 28-gauge syringe needle to reduce the viscosity of the sample. Aliquots were
heated to 100°C for 5 min, electrophoresed through SDS-10% PAGE gels, and
analyzed by Western blotting with polyclonal antiserum to Us2, gB, or gC. The
polyvalent goat PRV gC (antibody 282) and gB (antibody 284) antisera have
been described previously (55, 58).

PAA treatment. Confluent monolayers of PK15 cells growing in 60-mm dishes
were used for these experiments. At 1 h prior to infection, cell culture medium
was replaced with DMEM-10% FCS either with or without 200 wg of phospho-
noacetic acid (PAA; Sigma, St. Louis, Mo.)/ml. Cells were infected with PRV
Becker at an MOI of 10 and incubated in the presence or absence of 200 pg of
PAA/ml for 6 h. Cell extracts were prepared as described above and analyzed by
SDS-10% PAGE. Western blots were performed with goat polyclonal antiserum
raised against Us2, gB, or gC.

Indirect immunofluorescence microscopy. PK15 cells were seeded onto glass
coverslips and grown to 30 to 40% confluence prior to infection with PRV or
transfection with PRV Us2 expression plasmids. At the end of the experiment,
cells were rinsed three times with PBS and then fixed in 4% paraformaldehyde
in PBS for 10 min at room temperature. Cells were rinsed with PBS and per-
meabilized in PBS-1% bovine serum albumin (PBS-BSA) containing 0.1% Tri-
ton X-100 at room temperature for 3 min. Cells were rinsed three times with PBS
and incubated for 45 min with Us2, gB, or UL34 polyclonal antiserum diluted in
PBS-BSA. Cells were rinsed three times with PBS-BSA and incubated for 30 min
with Alexa 568-conjugated secondary antibodies (Molecular Probes, Eugene,
Oreg.) diluted in PBS-BSA. The cells were washed three times with PBS-BSA,
followed by three washes with PBS. Coverslips were mounted on glass slides, and
images were captured by using a Zeiss Axiophot epifluorescence microscope
equipped with a motorized stage and a cooled charge-coupled device camera.
Series of Z-images were deconvolved by using Slidebook 3.0.7.3 software (Intel-
ligent Imaging Innovations, Inc., Denver, Colo.), and images of 0.5-pm optical
sections through the middle of cells were exported into Adobe Photoshop 6.0
(Adobe Systems, Inc., San Jose, Calif.) for the construction of image composites.
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Confocal images were obtained by using a Zeiss 510 laser scanning confocal
microsope.

Staining cells with anti-farnesyl antibodies. At 17 h posttransfection or 5 h
postinfection, cells were rinsed three times with PBS and fixed in acetone-
methanol (1:1) at —20°C for 10 min. The acetone-methanol was removed, and
PBS was added to the cells. Rabbit anti-farnesyl antiserum (Exalpha Biologicals,
Inc., Watertown, Mass.) and goat anti-Us2 antiserum diluted in PBS-BSA were
added to the cells and incubated at room temperature for 45 min. Cells were
rinsed three times with PBS-BSA and then incubated for 30 min with Alexa 568-
or Alexa 488-conjugated secondary antibodies (Molecular Probes) diluted in
PBS-BSA. The cells were washed three times with PBS-BSA, followed by three
washes with PBS. Coverslips were mounted on glass slides, and images were
captured by using a Zeiss 510 laser scanning confocal microsope.

Virion purification. Virions were purified as described previously (43). Briefly,
three confluent 150-mm dishes of PK15 cells were infected at an MOI of 10. At
16 h postinfection, the medium was collected and centrifuged at 3,000 rpm in a
Sorvall ST-H750 rotor to remove cellular debris. The clarified supernatant was
layered on a 30% sucrose-PBS cushion and centrifuged in a Beckman SW28
rotor at 23,000 rpm for 3 h. The pellet containing virions was resuspended in 0.5
ml of PBS and then centrifuged through 1 ml of 30% sucrose-PBS cushion at
28,000 rpm for 90 min in a Beckman SW55 Ti rotor. The pelleted virions were
resuspended in PBS and stored in aliquots at —80°C.

Protease treatment of virions. Isolated virions were treated with 10 pg of
proteinase K (PK; Fisher, Fair Lawn, N.J.) per ml in either the presence or the
absence of 1% SDS. After incubation for 60 min at room temperature, phenyl-
methylsulfonyl fluoride was added to each sample to a final concentration of 2
mM to inhibit further proteolysis (7). Samples were immediately loaded onto a
SDS-12% polyacrylamide gel, electrophoresed, and transferred to Immobilon-P
membranes (Millipore, Bedford, Mass.). Us2 and gB were detected by Western
blotting.

Us2 expression plasmids. The entire coding sequence of Us2 was amplified by
PCR from Becker genomic DNA with the forward primer Us2ER1/Gst-F (5'-C
ACCGGAATTCCATGGGGGTGACGGCCATCACC-3'),  containing  an
EcoRI site, and the reverse primer Us2Sal-R (5'-CATAGTCGACCTAGGAG
ATGGTACATCGCGG-3') containing a Sall site. The product was cloned into
pCR-Blunt IT TOPO vector by using the zero Blunt TOPO PCR cloning kit
(Invitrogen, Carlsbad, Calif.) according to the manufacturer’s instructions. The
cloned PCR product was subcloned into pCINeo at the EcoRI and Sall sites to
produce the plasmid pCC34. pCC35 was constructed in the same manner as
pCC34 except that for PCR the reverse primer used was Us2mut-R (5'-CATA
GTCGACCTAGGAGATGGTACCTCGCGGGGCGCGC-3') containing a
Sall site. This primer introduces a mutation (underlined) that changes the cys-
teine codon at position 259 to a glycine codon. All PCR products were sequenced
to ensure that no unexpected mutations were introduced during amplification.
The plasmids pCC34 and pCC35 were transfected into PK15 cells by using the
FuGene 6 transfection reagent (Roche Molecular Biochemicals, Indianapolis,
Ind.) according to the manufacturer’s instructions. At 18 h after transfection,
cells were fixed and stained for Us2 protein, and images were captured as
described above.

Immunoprecipitation. PK15 cells growing on 100-mm dishes were infected
with PRV Becker at an MOI of 10. At 5 h postinfection cells were lysed on ice
in 1 ml of 10 mM Tris (pH 7.4)-150 mM NaCl-1% NP-40-1% sodium deoxy-
cholate. Nuclei were removed by centrifugation for 5 min at 1,000 X g. The
supernatant was delipidated by addition of 4 volumes of ice-cold acetone and
incubated overnight at —20°C. Samples were centrifuged at 10,000 X g for 10
min. Protein pellets were resuspended in 800 pl of 10 mM Tris (pH 7.4)-150 mM
NaCl-1% NP-40-1% sodium deoxycholate, and 80 pl of 10% NP-40-5% sodium
deoxycholate-1% SDS was added. Then, 400 pl was transferred to a new mi-
crofuge tube containing 5 pl of rabbit preimmune serum and the samples rocked
for 1 h at 4°C. Fifty microliters of immobilized protein-G (Pierce) was added and
the sample rocked at 4°C for 1 h. Immune complexes were removed by centrif-
ugation at 10,000 X g for 5 min. The supernatant was transferred to a fresh
microfuge tube containing 3 pl of rabbit anti-farnesyl antiserum (Exalpha Bio-
logicals) and incubated overnight on ice. A total of 50 pl of immobilized protein
G was added, and the sample was rocked at 4°C for 1 h. Immune complexes were
isolated by centrifugation at 10,000 X g for 5 min. The supernatant was dis-
carded, and the pellet was washed with 500 pl of ice-cold 20 mM Tris (pH
7.5)-150 mM NaCl-1% NP-40. Immune complexes were pelleted by centrifuga-
tion at 10,000 X g for 5 min. The supernatant was discarded, and the pellet was
washed with 500 wl of ice-cold 20 mM Tris (pH 8.8)-150 mM NaCl-1% NP-40-
0.2% SDS. Immune complexes were pelleted by centrifugation at 10,000 X g for
5 min. The supernatant was discarded, and the pellet was washed with 500 pl of
ice-cold 20 mM Tris (pH 6.8)-150 mM NaCl-1% NP-40-0.2% SDS. Immune
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FIG. 1. Us2is a 28-kDa protein dispensable for replication of virus
in cell culture. (A) Western blot of PRV Becker- and PRV174-infected
cell lysates. PRV Becker is a wild-type virus strain and PRV174 is a
Us2-null mutant. Us2 was visualized by using a polyvalent antiserum
raised in a goat. (B) Single-step growth analysis of Becker strain and
PRV174 in PK15 cells. Virus associated with cells and virus released
into the culture supernatant are plotted separately.
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complexes were pelleted by centrifugation at 10,000 X g for 5 min, resuspended
in 50 pl of SDS-PAGE sample buffer, and boiled for 5 min. Samples were
centrifuged at 10,000 X g for 5 min, and the supernatant was transferred to a new
microfuge tube. Samples were analyzed by SDS-PAGE and Western blotting as
described above.

RESULTS

Identification of Us2 protein in PRV-infected cell lysates.
We produced a polyvalent antiserum against a GST-Us2 fusion
protein as described in Materials and Methods. This Us2 an-
tiserum recognized a single protein by Western blotting in
PRV Becker-infected PK15 cell lysates that was not detected in
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FIG. 2. PRV Us2 is an early gene product. (A) Kinetics of Us2
synthesis in Becker strain-infected cell lysates. At the indicated times
postinfection, Us2, gC, and gB in infected cell lysates were analyzed by
Western blotting. (B) Synthesis of Us2, gC, and gB in the presence or
absence of 200 ng of PAA/ml. At 6 h after infection, cell lysates were
prepared and Western blots performed. Extracts from mock-infected
cells were also analyzed.

lysates from cells infected with the Becker Us2-null mutant,
PRV174 (Fig. 1A). The estimated molecular mass of PRV Us2
protein determined by gel electrophoresis was 28 kDa. This
estimate is consistent with the predicted molecular mass based
on the primary amino acid sequence, as well at that reported
previously by van Zijl et al. (69).
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FIG. 3. PRV Us2 localization in infected cells. Indirect immuno-
fluorescence microscopy of PK15 cells 5 h after infection with Becker
and PRVI174. Us2 localization was detected with Us2 antisera.
(A) Becker strain-infected cells stained for Us2. Arrowheads point to

J. VIROL.

Deletion of the Us2 gene does not affect virus replication.
Single-step growth analysis was performed to determine
whether deletion of the Us2 gene affected viral replication.
Figure 1B illustrates the kinetics of virus replication of the
parental Becker strain and PRV174 in PK15 cells, as well as
the time course of extracellular virus production. Both the rate
of virus production and the final titers achieved were similar
for both the PRV174 and PRV Becker strains. These data
indicate, that like HSV-2 (29) and EHV-1 (48), the Us2 pro-
tein is not required for efficient replication in cultured cells.

Virulence properties of PRV174. The Us2 ORF is disrupted
in a large genomic deletion of the attenuated PRV Bartha
strain that also encompasses the Us9, gE, and gl genes (49).
Although it is known that the Us9, gE, and gl genes contribute
to the neurovirulence of the wild-type Becker strain (8, 10, 72),
the contribution of Us2 to neurovirulence is unknown. Accord-
ingly, the wild-type strain Becker and the Becker Us2-null
virus, PRV174, were tested in a rat eye model of infection as
described previously (19). PRV174 exhibited virulence and
neuronal spread properties that were indistinguishable from
the parental wild-type Becker strain (data not shown).

Kinetics of PRV Us2 protein expression. Us2 protein was
first detected in cell lysates by Western blotting by 2 h after
infection (Fig. 2A). In contrast, the viral gB and gC were not
detected until 3 and 4 h after infection, respectively. Herpes-
virus genes are grouped into three kinetic classes: immediate
early, early, and late. Immediate-early genes are the first viral
genes expressed, early genes are expressed prior to viral DNA
replication, and late genes are dependent on viral DNA rep-
lication for their expression (reviewed in reference 56). To
determine whether Us2 protein was expressed with early or
late kinetics, we examined its synthesis in the presence of PAA,
an inhibitor of viral DNA synthesis, compared to gC (a known
late gene product) and gB (an early-late gene product). Ex-
pression of PRV Us2 protein was unaffected by PAA, whereas
¢C was not detected and gB was reduced in the presence of
PAA (Fig. 2B). We conclude that the PRV Us2 protein is
expressed with early kinetics, which stands in contrast to find-
ings that the Us2 protein of HSV-2 (29) and EHV-1 (6) are
expressed with late kinetics.

Subcellular localization of Us2 protein in infected cells.
PRV Us2 protein is found in close proximity to the plasma
membrane and cytoplasmic vesicles at 5 h after PRV Becker
infection of PK15 cells (Fig. 3A). As a negative control, PK15
cells were infected with PRV174 (Us2-null virus) and then
stained for Us2 protein expression at 5 h postinfection (Fig.
3B). PRV174-infected cells showed no Us2 expression despite
efficient infection of these cells, as evidenced by the expression
of EGFP from the Us2 locus in PRV174 (Fig. 3C). We con-
clude that our Us2 antiserum reacts specifically with Us2 pro-
tein in PRV Becker-infected cells.

Previous reports have shown that EHV-1 Us2 protein also
localized to the plasma membrane despite lacking a classical
N-terminal signal sequence or a putative transmembrane do-

staining at the plasma membrane and cytoplasmic vesicular structures.
(B) PRV174-infected cells stained for Us2 expression. (C) The same
field of PRV174-infected cells shown in panel B analyzed for EGFP
expression.
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main (48). Sequence analysis of the PRV Us2 coding sequence
also failed to identify any obvious signal sequence or potential
transmembrane domain. However, a C-terminal CAAX motif
was identified that could provide a site for lipid modification,
thereby facilitating association with the plasma membrane
(Fig. 4). The CAAX motif is a signal for protein prenylation
where a farnesyl group or a geranylgeranyl group are co-
valently linked to an invariant cysteine residue four amino
acids from the C terminus of the protein (reviewed in refer-
ences 14 and 16). Accordingly, we determined whether the
C-terminal CAAX motif in PRV Us2 was modified by preny-
lation and whether this modification was required for plasma
membrane association.

PRV Us2 protein prenylation. To determine whether the
CAAX motif in PRV Us2 was functional and required for
plasma membrane localization, we infected cells with PRV
Becker in the presence or absence of the drug lovastatin. Lo-
vastatin inhibits 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase, preventing the synthesis of farnesylpyrophosphate and
geranylgeranylpyrophosphate in the cell (1, 22), which are the
substrates for the prenylation reaction. If PRV Us2 protein
was indeed prenylated, treatment with lovastatin should pre-
vent modification of the cysteine residue of the CAAX motif,
resulting in an altered mobility of Us2 on SDS-PAGE gels and
potentially altering the localization of Us2 in PRV-infected
cells.

First, it was important to verify that lovastatin treatment did
not affect viral replication. PK15 cells were infected with PRV
Becker at an MOI of 10 in the presence of a variety of lova-
statin concentrations (0, 0.3, 1, 3, 10, and 30 pM). At 24 h after
infection, culture supernatants and cells were harvested to-
gether, and the amount of infectious virus produced was de-
termined by plaque assay. Similar amounts of infectious virus
were obtained regardless of the concentration of lovastatin
present in the culture medium (data not shown). Next, we
determined whether lovastatin treatment affected the relative
mobility of Us2 on SDS-PAGE gels. PK15 cells were infected
with PRV Becker in the presence or absence of 30 uM lova-
statin. Cell lysates were harvested at 6 h after infection, and
Us2 expression was analyzed by Western blotting. Prenylation
of CAAX motifs involves the proteolytic cleavage of the three
C-terminal amino acids concomitant with the addition of lipid
to the invariant cysteine residue (reviewed in references 14, 18,
and 57). Thus, prenylation typically results in an increased
mobility of the modified protein on SDS-PAGE gels. As pre-
dicted, the Us2 protein synthesized in the presence of lova-
statin had a lower relative mobility compared to the protein
synthesized in the absence of drug (Fig. 5A). Figure 5B shows
immunofluorescence micrographs of cells infected with PRV
Becker in the presence or absence of lovastatin. In the pres-
ence of lovastatin, Us2 protein did not associate with the
plasma membrane but instead was detected in numerous punc-
tate spots of uniform size. Areas in the micrograph that appear
as regions of diffuse Us2 protein staining actually represent the
accumulation of large numbers of these tiny punctate struc-
tures concentrated in a perinuclear location. Interestingly, the
majority of these structures appeared to be associated with
filamentous cellular structures, which also reacted with our
Us2 antiserum in lovastatin-treated cells (white arrowhead).
As expected, the localization of gB, a type I membrane protein
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FIG. 4. PRV Us2. The top panel shows a diagram of the PRV Us2
protein, indicating the positions of conserved regions (CR) and the
C-terminal CAAX motif. Lower panel shows amino acid sequence
alignments of the Us2 CRs from PRV, EHV-1, HSV-1, canine her-
pesvirus (CHV) and feline herpesvirus (FHV).
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associated with the secretory pathway (55), and UL34, a type II
membrane protein that associates primarily with the nuclear
membrane (35, 62, 74), were not affected by lovastatin treat-
ment (Fig. 5B). These data indicate that lovastatin treatment
did not alter membrane protein localization nonspecifically.

To ensure that our observations in lovastatin-treated cells
were due to the inhibition of protein prenylation and not to a
reduction in cholesterol biosynthesis, which is also affected by
lovastatin, we treated infected cells with 30 wM lovastatin in
the presence of 250 wM mevalonate. Under these conditions,
synthesis of farnesylpyrophosphate and geranylgeranylpyro-
phosphate is maintained and protein prenylation continues,
whereas cholesterol biosynthesis remains inhibited (9, 32). The
addition of mevalonate, in the presence of lovastatin, restored
Us2 protein localization to the plasma membrane, supporting
the notion that it is the inhibition of protein prenylation and
not the depletion of cholesterol that caused the disruption of
Us2 protein localization in lovastatin-treated cells (data not
shown).

Packaging of Us2 into PRV virions. The Us2 homologs from
both EHV-1 and HSV-2 are incorporated into mature virions
(29, 48). To determine whether PRV Us2 was packaged into
virions, we subjected purified extracellular virions to a protease
protection assay described previously (7, 43). Purified virions
were treated with PBS, SDS, PK, or both SDS and PK. Treated
virions were subjected to SDS-PAGE, and Us2 was detected by
Western blotting (Fig. 6A). As shown in Fig. 6A, lanes 1 to 3,
Us2 protein was unaffected by treatment with PBS, SDS alone,
or PK alone. In lane 4, where virions were treated with both
SDS and PK, Us2 protein was susceptible to digestion. In these
experiments, PRV gB was used as a loading control and as a
control for PK activity in the absence of SDS treatment (43).
These data indicate that Us2 protein is a component of PRV
Becker virus particles and is only digested by PK when the lipid
envelope is compromised by SDS treatment. Thus, Us2 protein
is very likely a tegument component.

Prenylation is not required for Us2 incorporation into viri-
ons. We next determined whether prenylation was necessary
for incorporation of Us2 protein into extracellular virus parti-
cles, and we investigated whether the prenylated or nonpreny-
lated form of Us2 protein was packaged into virions. PK15 cells
were infected with PRV Becker in the presence or absence of
lovastatin. Virus was harvested at 16 h postinfection, purified
as described in Materials and Methods, and analyzed by SDS-
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proteins extracted from cells treated with lovastatin versus control. J, nonprenylated form of Us2; [ , prenylated form of Us2. (B) Indirect
immunofluorescence microscopy of PK15 cells infected with PRV Becker in the presence or absence of lovastatin at 5 h postinfection. Cells were
stained with antiserum directed against Us2, gB, or UL34. The lower panels show higher-magnification images of Us2 staining in lovastatin-treated cells.
Arrowheads indicate filamentous cellular structures that are associated with the punctate Us2 structures that also reacted with Us2 antiserum.
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FIG. 6. Us2 is incorporated into the tegument of PRV virions.
PK15 cells were infected with PRV Becker at an MOI of 10. At 16 h
after infection, virus was harvested, purified, and treated with or with-
out SDS and/or PK. (A) Western blot of purified virus analyzed for
Us2 and gB. In lane 1, purified virions were treated with PBS alone to
serve as a control for virion integrity. In lane 2, virions were treated
with SDS alone to solubilize the lipid envelope. In lane 3, virions were
treated with PK alone to degrade proteins exterior to the lipid enve-
lope, namely, the ectodomains of viral glycoproteins. Us2 was de-
graded only after treatment with both SDS to solubilize the lipid
envelope and PK to degrade proteins (lane 4). (B) Cells were infected
with PRV Becker in the presence or absence of lovastatin. Western
blots of purified virus (V) and cell lysates (L) were probed for Us2. Us2
from purified virus particles had the same relative mobility as the Us2
in cell lysates treated with lovastatin. [J, nonprenylated form of Us2;
[0 , prenylated form of Us2.

PAGE and Western blotting, alongside of PRV Becker-in-
fected cell lysates prepared in the absence or presence of
lovastatin. Virion preparations were treated with PK to digest
any contaminating Us2 protein not found within virus particles.
Interestingly, as shown in Fig. 6B, Us2 protein packaged into
PRV Becker virions in the absence of drug had the same
mobility as protein harvested from Becker cell lysate treated
with lovastatin. These data suggest that a nonprenylated form
of Us2 protein is preferentially incorporated into virions. In
support of this conclusion, we found that in the presence of
lovastatin Us2 protein was packaged into virions efficiently and
the protein had the same electrophoretic mobility as that
found in PRV Becker-infected cell lysates treated with lova-
statin (Fig. 6B).

Nonprenylated Us2 associates with microtubules. Herpes
virions comprise a DNA genome surrounded by an icosahedral
capsid. This capsid is surrounded by the tegument layer, which
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we have shown contains the Us2 protein. Recently, it has been
reported that in neurons, alphaherpesvirus capsids travel in
axons away from the cell body by using microtubule motors.
Using a PRV strain that expresses an EGFP-VP26 fusion pro-
tein, PRV-GS443, Smith et al. were able to visualize and track
the movement of individual viral capsids in neurons (64). In
addition, it has been reported that incoming nucleocapsids of
PRV (30) and HSV-1 (65) are transported to the nucleus via
microtubules and that intact microtubules enhance HSV-1 in-
fection (44) (recently reviewed in reference 63). In the pres-
ence of lovastatin, intracellular Us2 protein localizes to very
uniform punctate spots that appear to associate with the cy-
toskeleton. We speculated that the nonprenylated Us2 protein
in the tegument might function to associate viral capsids with
microtubules. To investigate this hypothesis, we infected a
PK15-derived cell line that stably expresses an EGFP-tubulin
fusion protein in the presence of lovastatin and then deter-
mined the location of Us2 protein. Figure 7 shows that the
uniform punctate Us2 structures observed in the presence of
lovastatin associate with microtubules. However, when we in-
fected PK15 cells with PRV-GS443 in the presence of lova-
statin we found that the Us2 punctate structures did not colo-
calize with virus capsids in the cytoplasm (Fig. 8). These data
caused us to question whether other viral proteins were re-
quired for localization of Us2 protein to these punctate struc-
tures.

Localization of Us2 protein in transfected cells. To examine
Us2 protein localization in the absence of other viral proteins,
we transfected PK15 cells with a Us2 expression plasmid. Fig-
ure 9A and B show the localization of Us2 protein in trans-
fected cells in the absence and in the presence, respectively, of
lovastatin. Without lovastatin treatment, Us2 protein was
found primarily on the plasma membrane, as observed in in-
fected cells. However, the protein did not localize to the cyto-
plasmic vesicles seen in infected cells. In transfected cells
treated with lovastatin, Us2 protein was found in uniform, tiny
punctate structures reminiscent of those observed in PRV-
infected cells. These data indicate that no other viral proteins
are required to localize Us2 to the plasma membrane or to the
uniform punctate structures seen in the presence of prenyla-
tion inhibitors.

The C-terminal cysteine is required for Us2 localization to
the plasma membrane. To confirm that the C-terminal CAAX
motif is required for localization of Us2 protein to the plasma
membrane, we changed the critical cysteine residue to a glycine
and cloned this mutant Us2 gene into an expression plasmid.
This plasmid, pCC35, was transfected into PK15 cells, and Us2
protein localization was examined by indirect immunofluores-
cence microscopy. The altered Us2 protein was found primar-
ily in punctate structures similar to those observed in trans-
fected and infected cells treated with lovastatin (Fig. 9C).
Transfection of the plasmid carrying the Us2 cysteine mutant
gene in the presence of lovastatin (Fig. 9D) did not substan-
tially alter the localization of the Us2 protein. These data
suggest that the CAAX motif is functional and required for
localization of the Us2 protein to the plasma membrane.

Us2 reacts specifically with anti-farnesyl antibodies. To di-
rectly demonstrate that Us2 protein is prenylated, we took
advantage of an antibody raised against farnesyl-cysteine (4,
39). PRV Us2 protein in transfected cells colocalized with
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FIG. 8. Punctate Us2 structures do not colocalize with viral capsids. Cells were infected with PRV-GS443, which expresses a VP26-EGFP fusion
protein. The left panels show Us2 staining. The middle panels show EGFP signal. The right panels show a merged image illustrating that the Us2
punctate structures (red) do not colocalize with viral capsids (green). The bottom series of panels are higher-magnification images of the upper

panels. White arrowheads illustrate individual red and green puncta. The images were digitally deconvolved.

anti-farnesyl antibodies at the plasma membrane (Fig. 10A). A
mutant Us2 protein, where the CAAX motif had been changed
to GAAX, did not react with the anti-farnesyl antiserum. Like-
wise, Us2 colocalized with anti-farnesyl antibodies at the
plasma membrane and cytoplasmic vesicular structures in PRV
Becker-infected cells (Fig. 10B). However, the anti-farnesyl
antibodies failed to react with these structures in cells infected
with PRV174, which is deleted for Us2.

We next determined whether anti-farnesyl antibodies could
specifically immunoprecipitate Us2 from infected cell extracts
(Fig. 11). Immunoprecipitates were subjected to Western blot-
ting with antisera to Us2, gB, and UL34. Whereas Us2 was
readily detected in the immunoprecipitate, we could not detect
UL34 or gB in these samples. Because the anti-farnesyl anti-
serum also cross-reacts with geranylgeranyl groups, we cannot
conclude that Us2 is farnesylated as opposed to geranylgera-
nylated. However, these data conclusively indicate that Us2 is
prenylated in infected and transfected cells.

DISCUSSION

The gene encoding the Us2 protein is conserved among
the alphaherpesvirus family members with the notable ex-
ception of varicella-zoster virus. Pairwise, amino acid se-
quence alignments between Us2 homologs from PRV,
EHV-1, and HSV-2 indicate 23% similarity between PRV
and EHV-1, 21% similarity between PRV and HSV-2, and
26% similarity between EHV-1 and HSV-2. Moreover, three
highly conserved blocks of amino acids between amino acids
1 to 14, 69 to 84, and 150 to 161 are maintained in all three
viruses, as well as in the canine and feline alphaherpesvirus
Us2 homologs (Fig. 4). The conservation of the Us2 ORF in
diverse herpesviral genomes is consistent with the proposal
that the gene appeared early in the herpesvirus lineage. The
conservation of motifs indicates that a common structure or
function will be found. Despite its wide conservation of
sequence, no alphaherpesvirus requires Us2 protein for rep-

FIG. 7. Localization of Us2 in PK15 cells expressing EGFP-tubulin. (A to D) Fluorescence microscopy of EGFP-tubulin-expressing cells
infected with PRV Becker strain in the presence of lovastatin and stained for Us2. Panel B is a higher-magnification image of the boxed area in
panel A. The punctate Us2 structures in lovastatin-treated cells (red) colocalize with EGFP-labeled microtubules (green). Arrowheads point to Us2
puncta associated with microtubules. (E and F) Fluorescence microscopy of EGFP-tubulin-expressing cells infected with Becker in the absence of
lovastatin and then stained for Us2. In the absence of lovastatin, Us2 localizes to the plasma membrane and to cytoplasmic vesicles. Panels A and
B are digitally deconvolved images. Panels C to F are laser scanning confocal images.
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FIG. 9. Localization of Us2 in transfected cells. Wild-type Us2
(pCC34) transfected into PK15 cells in the absence (A) or presence
(B) of lovastatin. Without drug, Us2 localized to the plasma mem-
brane, as shown in panel A. With drug, Us2 localized to discrete
punctate structures, as shown in panel B. An expression plasmid con-
taining Us2 with the cysteine residue at amino acid 259 mutated to a
glycine (pCC35) was transfected into cells in the absence (C) or pres-
ence (D) of lovastatin. Mutation of the cysteine residue disrupted the
localization of Us2 from the plasma membrane to uniform punctate
structures similar to those seen after transfection of wild-type Us2 in
the presence of lovastatin (see panel B). Transfection of the cysteine
mutant in the presence of lovastatin does not substantially alter its
localization, as shown in panel D. The images were digitally decon-
volved.

lication in cultured cells. Even in animals, Us2-null viruses
have only modest attenuation, at best.

In this report we provide a detailed characterization of the
PRV Us2 homolog. Our data support previous studies, indi-
cating that PRV Us2 is a 28-kDa protein dispensable for rep-
lication in cell culture (69). Unlike HSV-2 Us2 (29) and
EHV-1 Us2 (6), we found that PRV Us2 expression is not
sensitive to the DNA synthesis inhibitor PAA. These data
suggest that PRV Us2 is an early gene product.

By indirect immunofluorescence, the PRV Us2 protein was
visible on the plasma membrane and cytoplasmic vesicles in
infected cells. Similarly, the EHV-1 protein also localized to
the plasma membrane despite lacking a signal sequence or
transmembrane domain (48). In contrast, the HSV-2 protein
was not localized to the plasma membrane but instead local-
ized to the cytoplasm and to discrete granules within and at the
periphery of the nucleus (29).

J. VIROL.

The PRV Us2 coding sequence has no obvious N-terminal
signal sequence or a transmembrane domain and yet was as-
sociated with membranes in infected cells. Therefore, we
searched for other sequences that could promote association
of the protein with the membranes. We found a CAAX motif
at the extreme C terminus of the protein, a common site for
protein prenylation. Prenylated proteins are modified with a
lipid moiety, either farnesyl or geranylgeranyl, by covalent link-
age of the lipid to the invariant cysteine after proteolytic di-
gestion of the C-terminal three amino acids. Prenylated cellu-
lar proteins play important roles in membrane attachment,
signal transduction, and intracellular trafficking pathways (5,
21, 31, 34, 52, 67). Despite their relatively recent discovery in
mammalian cells (61), many cellular proteins that undergo this
type of modification have been identified, and several compre-
hensive reviews on their biology have been published (20, 54,
76). Previously, it was believed that prenylation functioned
only as a membrane anchor for these modified proteins (21).
However, prenylation and farnesylation, in particular, play im-
portant roles in protein maturation, cellular signaling and traf-
ficking, and protein-protein interactions. For example, prel-
amin A, the mammalian lamin A precursor, must be
farnesylated prior to the endoproteolysis that produces the
mature form of lamin A (5). The Ras family of proteins is the
best studied of the prenylated proteins. Kato et al. have shown
that the oncogenic transformation activity of Ras is dependent
on its farnesylation (31). Moreover, GFP proteins bearing Ras
CAAX motifs are localized to endomembranes, suggesting
that farnesylation of Ras plays a role in the targeting of Ras to
appropriate cellular compartments (15). In addition, prenyla-
tion is required for protein-protein interactions in both yeast
(60) and mammalian (25, 66, 67) cells.

By treating infected cells with the 3-hydroxy-3-methylglu-
taryl coenzyme A reductase inhibitor lovastatin, we first de-
duced that PRV Us2 protein is prenylated at its C-terminal
CAAX motif. Typically, when X is a serine residue, as it is in
PRV Us2, the protein is modified with a farnesyl group rather
than a geranylgeranyl group. Thus, it is most likely that PRV
Us2 protein is farnesylated. Our data showing strong reactivity
of PRV Us2 protein with anti-farnesyl antibodies further sup-
port this notion. The role of this modification is not clear, but
prenylated Us2 may play a role in signal transduction or pro-
tein-protein interactions at the plasma membrane. Interest-
ingly, tubulin has been shown to bind prenylated peptides with
high affinity, suggesting a possible role of farnesylation in pro-
tein trafficking via the cytoskeleton. Of the sequenced Us2
homologs, only the PRV and BHV-1.2 Us2 proteins contain
C-terminal CAAX motifs. How other alphaherpesvirus Us2
homologs that lack CAAX motifs, such as the EHV-1 Us2
protein, localize to membranes is unclear at present (48).

The Us2 protein is a component of the tegument. Curiously,
we found that the form of Us2 that is packaged into virions has
the same relative mobility as the nonprenylated form of the

FIG. 10. Anti-farnesyl antiserum reacts specifically with Us2 in transfected and infected cells. (A) Cells were transfected with a wild-type Us2
expression plasmid or a plasmid that expresses a mutant Us2 in which the CAAX motif has been changed to GAAX. Cells were stained with rabbit
anti-farnesyl antiserum and goat anti-Us2 antiserum at 17 h posttransfection. (B) Cells were infected with PRV Becker or the Us2-null mutant,
PRV174, and stained for farnesyl and Us2 at 5 h postinfection. Images were obtained by using a Zeiss 510 laser scanning confocal microscope.
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FIG. 11. Anti-farnesyl antibodies specifically immunoprecipitate Us2. Prenylated proteins were immunoprecipitated from PRV Becker-
infected cell extracts prepared at 5 h postinfection. Total extracts (T) and immunoprecipitates (IP) were analyzed by Western blotting with
antiserum raised against Us2, UL34, and gB. IgH, immunoglobulin heavy chain; IgL,, immunoglobulin light chain.

protein. Furthermore, our data indicate that prenylation is not
required for packaging of Us2 into virions. It may be that
prenylation marks the Us2 protein for separate functions. Our
finding that the Us2 protein in virions is not prenylated sug-
gests that nonprenylated Us2 may have a unique function dur-
ing initial stages of infection.

An interesting possibility is that the nonprenylated Us2 pro-
tein in the tegument helps associate the newly uncoated tegu-
ment-capsid complex with microtubules after virion uncoating.
This supposition is based on our observation that, in the pres-
ence of lovastatin, Us2 protein associated with microtubules.
Previous reports have shown that herpesvirus capsids associate
with and traffic via microtubules (64, 65) and that microtubules
enhance HSV-1 infection (44). Sodeik and others have re-
ported that, when capsids were associated with microtubules,
there was typically a distance of ca. 50 nm between the capsid
and the microtubule. These researchers suggested that these
data indicated the presence of some unspecified tethering com-
ponents. They also report that although much of the tegument
layer is removed from the capsid upon entry at the plasma
membrane, some tegument proteins, perhaps Us2, remain as-
sociated with the migrating capsids (65). More work is required
to determine whether this speculation has merit. The delayed
penetration phenotypes of some Us2 mutants provide some
credence to the idea that Us2 protein facilitates movement of
capsids to the nucleus. However, given the fact that Us2 pro-
tein is not required for replication in cultured cells and has
modest to no effects on virulence of wild-type strains, it is likely
that other viral proteins compensate for the loss of Us2 func-
tion. These mechanisms are likely to be employed by varicella-
zoster virus, which has no counterpart to Us2 encoded in its
genome.

All alphaherpesvirus Us2 homologs sequenced to date share
three highly conserved regions termed CR1, CR2, and CR3
(Fig. 4). The precise functions of these motifs are not clear;
however, screening of a yeast two-hybrid HeLa cell library
using the HSV-2 Us2 protein as bait identified cytokeratin 18
as an interacting protein (23). A more detailed analysis indi-
cated that HSV-2 Us2 protein sequences that comprise CR2

were sufficient for the cytokeratin 18-Us2 protein interaction.
Cytokeratin 18 is an intermediate filament protein found pri-
marily in epithelial cells that line internal body cavities—the
gastrointestinal tract, liver, and pancreas in particular. Based
on the tissue distribution of cytokeratin 18, it is not clear what
the relevance of the Us2 protein interaction is in the context of
natural HSV-2 infections. It may be that the HSV-2 Us2 CR2
motif is capable of interacting with other intermediate filament
components. Nonetheless, it is intriguing that we also observed
an interaction of Us2 protein with a cytoskeletal component.

Lastly, we investigated the effects of lovastatin on Us2 pro-
tein localization in uninfected cells. Transient transfections in
the presence of lovastatin with a plasmid that expresses the
PRV Us2 protein produced the identical mislocalization of
Us2 that was observed in infected cells. We conclude that the
punctate regions did not contain any viral proteins other than
Us2. To demonstrate that the CAAX motif of Us2 is the
mechanism by which the protein is associated with the plasma
membrane, we replaced the cysteine residue with a glycine and
therefore blocked prenylation. In transfected cells, this altered
protein is not associated with membranes, a finding consistent
with our proposal that the CAAX motif is required for preny-
lation, and this modification is sufficient to localize the protein
to membranes.

To our knowledge, Us2 is the first alphaherpesvirus protein
shown to be prenylated. Prenylation of cellular proteins is
known to be essential for localization and function. Our ob-
servations indicate that prenylation not only affects Us2 local-
ization but also distinguishes the infected cell protein from the
virion protein. However, we have only begun to characterize
the structure and enigmatic functions of the PRV Us2 protein.
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