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The Bartha strain of pseudorabies virus has several recognized mutations, including a deletion in the unique
short region encompassing the glycoprotein I (gI), gE, Us9, and Us2 genes and point mutations in the gC, gM,
and UL21 genes. We have determined that Bartha has mutations in the serine/threonine kinase encoded by the
Us3 gene relative to the wild-type Becker strain. Our analysis revealed that Becker virions contain the Us3
protein, whereas Bartha virions do not. To test whether the mutations in the Bartha Us3 protein were
responsible for this observation, we constructed a recombinant Bartha strain, PRV632, which expresses the
Becker Us3 protein. PRV632 failed to package Us3 into the tegument, indicating that mutations other than
those in the Us3 primary amino acid sequence were responsible for the failure of Bartha to package its Us3
protein. A recombinant Becker strain, PRV634, which expresses the Bartha Us3 protein, was constructed to test
whether it was capable of being packaged into virions. The Bartha Us3 protein was not incorporated into
PRV634 virions efficiently, suggesting that the primary sequence of the Bartha Us3 protein affects packaging
into the tegument. To determine whether the packaging of other tegument proteins was affected in the Bartha
strain, we examined VP22. Whereas Becker packaged VP22 into virions, Bartha had a severe deficiency in VP22
incorporation. Analysis of VP22 expression in Bartha-infected cells revealed that Bartha VP22 had a slower
mobility on sodium dodecyl sulfate-polyacrylamide gels, indicating either primary sequence differences and/or
different posttranslational modifications relative to Becker VP22. Taken together, these data indicate that,
while the primary sequence of the Us3 protein does affect its incorporation into the tegument, other factors are
involved. Furthermore, our data suggest that one or more of the gI, gE, Us9, or Us2 genes influences the
localization of the Us3 protein in infected cells, and this effect may be important for the proper incorporation
of Us3 into virions.

The Alphaherpesvirinae subfamily of the Herpesviridae family
contains neurotropic viruses, such as herpes simplex virus type
1 (HSV-1), HSV-2, varicella-zoster virus, and the swine patho-
gen pseudorabies virus (PRV) (39). All herpesvirus virions
consist of four distinct structures: an inner core that contains
the linear double-stranded DNA genome, an icosahedral cap-
sid, a proteinaceous layer termed the tegument, and a host-
derived lipid envelope decorated with viral glycoproteins (38,
39). The tegument is a complex network of over 15 proteins
that may act as a “bridge” between the viral capsid and viral
glycoproteins in the lipid envelope (reviewed in reference 30).
In support of this notion, deleting the UL36, UL37, and UL48
genes (coding for the tegument proteins VP1/2, UL37, and
VP16, respectively) resulted in the accumulation of nonenvel-
oped capsids in the cytoplasm of infected cells (6, 20, 22, 30).
From these studies, it has become clear that certain tegument
proteins are required for the subsequent addition of other
tegument proteins as well as secondary envelopment into ves-
icles of the trans-Golgi network. However, several tegument
proteins have been shown to be nonessential for virion forma-
tion. These proteins are VP18.8, virion host shutoff factor,
VP11/12, VP13/14, VP22, and Us3, products of the UL13,
UL41, UL46, UL47, UL49, and Us3 genes, respectively (30, 33,

34, 38). Despite the requirement of some key proteins, the
tegument displays flexibility with regard to what proteins are
packaged and in what stoichiometry.

The Us3 gene encodes a serine/threonine kinase (11, 28)
that has many roles during viral infection. Several studies have
reported that the Us3 gene product is involved in virion mor-
phogenesis, specifically aiding in the deenvelopment of perinu-
clear virions (21, 44). Other reports have shown that the Us3
protein plays a role in the inhibition of both HSV-1- and
HSV-2-induced apoptosis (14, 15, 19, 24). Furthermore, it has
been shown that the Us3 protein is involved in the cell-to-cell
spread of virus infection in a cell-type-dependent manner (5).

In the process of characterizing the Us3 protein and its involve-
ment in cell-to-cell spread, Demmin et al. noted that the attenu-
ated PRV Bartha strain was unable to spread between cells effi-
ciently when the levels of Us3 expression were reduced; in
contrast, the wild-type PRV Becker strain was able to tolerate
reduced levels of Us3 expression and spread between cells effi-
ciently (5). These observations prompted us to examine the Us3
gene of Bartha. Here we report that, unlike the wild-type Becker
strain, the attenuated Bartha strain is unable to incorporate the
Us3 protein into virions. Evidence is provided that while the
primary sequence of the Us3 protein is important for incorpora-
tion into the tegument, other factors present in virus-infected cells
are required for this process. Upon further analysis, it became
evident that the tegument protein VP22 is not packaged into
PRV Bartha virions either. The results of this study demonstrate
that PRV virions can tolerate the loss of multiple tegument pro-
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teins without a substantial effect on virus infectivity and further
support the notion that the incorporation of “nonessential” teg-
ument proteins is likely mediated by complex protein-protein
interactions.

MATERIALS AND METHODS

Viruses and cells. The virus strains used in this study are shown in Fig. 1. The
attenuated live-vaccine strain Bartha (1) has mutations in the glycoprotein C
(gC), gM, and UL21 genes and a deletion in the unique short region spanning the
gI, gE, Us9, and Us2 genes (7, 23, 26, 37). The wild-type Becker strain was kindly
provided by L. W. Enquist, Princeton University. PRV158 was constructed by
homologous recombination between plasmid pALM94 (3) containing the
BamHI 7 fragment from Becker and the Bartha genome. Virus produced after
cotransfection was plated on PK15 cells, and recombinant virus was screened for
gE expression by a “black-plaque assay” with a pool of gE monoclonal antibodies
(17, 41). Briefly, virus from cotransfection experiments was plated on cells grow-
ing on a 100-mm dish (200 to 300 plaques/dish) and incubated for 2 days. The
medium was then removed from the dish, and the cells were washed three times
with phosphate-buffered saline (PBS). Next, 1 ml of a cocktail of monoclonal
antibodies specific to gE was added to the dish and incubated for 1 h at room
temperature. The primary antibodies then were removed from the dish, and the
cells were washed three times with PBS. Next, horseradish peroxidase-conju-
gated goat anti-mouse secondary antibodies (1 ml) were added to the dish and
incubated at room temperature for 1 h. The secondary antibodies then were
removed, and the cells were washed three times with PBS. The substrate was
prepared by adding 10 mg of 4-chloro-1-naphthol to 1 ml of 100% ethanol. This
mixture was added slowly to 99 ml of PBS, and 0.1 ml of 3% H2O2 was added to
the solution. Five milliliters of the substrate was added to the cells and allowed
to incubate until color developed (15 min). After color development, the sub-
strate was removed and the monolayer was washed once with PBS. Black plaques
were then picked and subjected to three rounds of purification by using the
above-mentioned assay. Southern blot analysis was performed to verify that
recombination of the BamHI fragment into the PRV Bartha genome had oc-
curred as expected.

To construct PRV631, a region of approximately 500 bp upstream and down-

stream of the PRV Us3 gene was amplified by PCR with the Bartha genome as
a template. The upstream fragment was amplified by using the upstream forward
primer with the sequence 5�-CGGAATTCCGAGAGCGTTTATTGTTAAAGT
TGTTG-3� (see below for explanation of lettering) and the downstream reverse
primer with the sequence 5�-CAAAGGTGTGTGTGTCCTACCGCTCGATGCA
TTGACCCATCTCCACATCGCCAACAT-3�. These primers introduced an
EcoRI site into the 5� end and an NsiI site into the 3� end of the PCR product.
The downstream fragment was amplified by using the upstream forward primer
with the sequence 5�-ATGTTGGCGATGTGGAGATGGGTCAATGCATCGAG
CGGTAGGACACACACACCTTTG-3� and the downstream reverse primer
with the sequence 5�-GGGGTACCCCAAAGACGAGCACGACGATGTACA
GG-3�. Roman type represents sequences homologous to the virus, and italic
type represents sequences introduced for cloning purposes. Both blunt-ended
PCR products were cloned separately into the pCR-Blunt II-TOPO vector
(TOPO cloning kit; Invitrogen, Carlsbad, Calif.), creating plasmids pMLTO1
(upstream PCR product) and pMLTO2 (downstream PCR product). Next, pM-
LTO1 was digested with EcoRI and NsiI and pMLTO2 was digested with NsiI
and KpnI. Both PCR products were gel purified and cloned into pBluescript
KS(�) via a three-piece ligation to generate plasmid pML6. Next, a 2.3-kbp NsiI
fragment obtained from pEGFP-C1 (Clontech, Palo Alto, Calif.) and containing
the cytomegalovirus immediate-early promoter, enhanced green fluorescent pro-
tein (EGFP) sequences, and a simian virus 40 poly(A) signal was cloned into a
unique NsiI site to create plasmid pML7. The latter plasmid was digested with
SpeI (to linearize the plasmid) and cotransfected with purified Bartha genomic
DNA into PK15 cells. Virus produced after cotransfection was plated on PK15
cells, and plaques expressing EGFP were identified by using a Nikon TE200
inverted epifluorescence microscope. Virus was isolated from EGFP-expressing
plaques and subjected to three rounds of purification. This recombinant virus was
designated PRV631.

To construct PRV632, purified PRV631 DNA was cotransfected with pGD7.
Briefly, pGD7 was constructed by digesting Becker genomic DNA with NotI and
cloning the NotI fragment that contains 200 bp upstream of Us3, the entire Us3
open reading frame (ORF), and approximately 1 kbp of the 5� end of the gG
gene into pBluescript KS(�). Following cotransfection of purified PRV631
genomic DNA and linearized pGD7 into PK15 cells, virus was plated on PK15
cells; plaques not expressing EGFP (non-green) were identified by using a Nikon

FIG. 1. PRV strains used in this study. Sequences of PRV vaccine strain Bartha and PRV wild-type strain Becker are shown. The PRV genome
is divided into two regions: the unique long and the unique short. Bartha contains mutations in the gC, UL21, and gM genes in the unique long
region and a large deletion spanning the gI, gE, Us9, and Us2 genes in the unique short region.
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TE200 inverted epifluorescence microscope and subjected to three rounds of
plaque purification. Southern blot analysis was performed with both PRV631 and
PRV632 genomic DNAs to verify that appropriate recombination had occurred.
Us3 protein expression in PRV631- or PRV632-infected cell lysates was exam-
ined by Western blotting to confirm the absence or presence of Us3 expression,
respectively.

To construct PRV633, pML7 was cotransfected with purified PRV Becker
DNA into PK15 cells. Virus produced after transfection was plated on PK15
cells; EGFP-expressing plaques were isolated and subjected to three rounds of
purification. This recombinant virus was designated PRV633. To construct
PRV634, purified PRV633 DNA was cotransfected with the NotI/AspEI frag-
ment from pGD2 which contains a NotI fragment from the Bartha strain cloned
into pBluescript. This fragment contains 200 bp upstream of Us3, the Bartha Us3
ORF, and 235 bp of the 5� end of the gG gene. Following cotransfection of
PRV633 genomic DNA and linearized pGD2, virus was plated on PK15 cells;
plaques not expressing EGFP (non-green) were identified and subjected to three
rounds of plaque purification. Southern blot analysis was performed with
PRV633 and PRV634 genomic DNAs to verify that the correct recombination
events had occurred. Us3 protein expression in PRV633- or PRV634-infected
cell lysates was examined by Western blotting to confirm the absence or presence
of Us3 expression, respectively.

All virus strains were propagated and titers were determined on PK15 cells.
PK15 cells were maintained at 37°C in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (Gibco/BRL, Grand Island, N.Y.) in a
5% CO2 environment.

Antisera. Antisera against a Us3 peptide were raised in rabbits and affinity
purified by Bethyl Laboratories (Montgomery, Tex.) as described previously (5).
Antisera to gB, gE, and VP22 were kindly provided by L. W. Enquist. The VP22
antisera were recently described by del Rio et al. (4).

Virus purification. Virus was purified as described previously (2). Briefly,
three confluent 150-mm-diameter dishes of PK15 cells were infected with virus
(multiplicity of infection [MOI], 10). At 16 h postinfection, the medium was
collected and centrifuged at 3,000 rpm in a Sorvall ST-H750 rotor (Sorvall Super
T21 centrifuge) to remove cellular debris. The clarified supernatant was layered
on a 30% sucrose cushion and centrifuged in an SW28 rotor at 23,000 rpm for
3 h. The sucrose cushion was removed, and the virion pellet was resuspended in
0.5 ml of PBS by 10 1-s pulses in a bath sonicator. Virions were then centrifuged
through a 1-ml 30% sucrose cushion at 28,000 rpm for 90 min in an SW55ti 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 �g of
proteinase K (PK) (Fisher, Fair Lawn, N.J.) per ml in either the presence or the
absence of 1% IGEPAL (NP-40). After incubation for 60 min at room temper-
ature, phenylmethylsulfonyl fluoride was added to each sample to a final con-
centration of 2 mM to inhibit further proteolysis (2). Samples were immediately
loaded onto sodium dodecyl sulfate (SDS)– 12% polyacrylamide gels and trans-
ferred to Immobilon-P membranes (Millipore, Bedford, Mass.). Us3 or VP22
was detected with specific antiserum.

Western blot analysis. Purified virus and cellular extracts were electropho-
resed on SDS–12% polyacrylamide gels and transferred to Immobilon-P mem-
branes by using a Bio-Rad (Hercules, Calif.) semidry transfer apparatus in
accordance with the manufacturer’s instructions. Membranes were blocked by
using 2% bovine serum albumin (BSA). Proteins were visualized by using rabbit
(for Us3 and VP22) or goat (for gB) polyclonal antibodies, horseradish peroxi-
dase-conjugated secondary antibodies, and enhanced chemiluminescence detec-
tion as recommended by the manufacturer (Amersham Biosciences, Little Chal-
font, United Kingdom).

Cloning and sequencing of Bartha Us3 and Becker Us3. Bartha and Becker
genomic DNAs were digested with NotI, and 2.4-kbp NotI fragments containing
the entire Us3 ORFs were cloned into pBluescript KS(�). Overlapping primers
were then used to sequence Becker and Bartha 1.1-kbp Us3 ORFs in both
directions. Sequencing was performed by the UCHSC Cancer Center DNA
Sequencing and Analysis Core.

Indirect immunofluorescence microscopy. PK15 cells were grown on glass
coverslips to 30 to 40% confluence. Cells were then infected with Becker, Bartha,
PRV158, and PRV632 and incubated for 2, 3, 5, or 6 h. At the appropriate time
after infection, cells were rinsed three times with PBS and fixed in 4% parafor-
maldehyde in PBS for 10 min. Cells were rinsed gently with PBS and permeabil-
ized in PBS containing 1% BSA (PBS/BSA) and 0.1% Triton X-100 at room
temperature for 3 min. Cells were washed and incubated for 45 min with anti-
Us3 antibodies diluted 1:2,000 in PBS/BSA. Anti-Us3 antibodies were removed,
and the cells were rinsed three times with PBS/BSA and incubated for 30 min
with Alexa-488 goat anti-rabbit antibodies (Molecular Probes, Eugene, Oreg.)
diluted 1:500 in PBS/BSA. The secondary antibodies were removed, and the cells

were rinsed three times with PBS/BSA and then three times with PBS. Coverslips
were mounted on glass slides, and images were captured by using a Ziess Axio-
phot epifluorescence microscope equipped with a mechanical stage and a cooled
charge-coupled device camera. Series of z images were deconvolved by using
Slidebook 3.0.7.3 software (Intelligent Imaging Innovations Inc., Denver, Colo.),
and images of 0.5-�m optical sections through the middle of cells were exported
into Adobe Photoshop 6.0 (Adobe Systems Inc., San Jose, Calif.) for the con-
struction of image composites.

RESULTS

Packaging of Us3 into PRV virions. The alphaherpesvirus
Us3 gene encodes a serine/threonine kinase that is packaged
into purified virions (47). Us3 has been reported to be a teg-
ument protein, although, to our knowledge, no data confirming
this report have been published (30). To confirm that the Us3
protein was packaged into the tegument of PRV strains Becker
and Bartha, we subjected purified virions to a protease protec-
tion assay, which is summarized in Fig. 2A, lane 2). Purified
virions were treated with PBS, NP-40 (a mild detergent), PK,
or both NP-40 and PK. Treated virions were then subjected to
SDS-polyacrylamide gel electrophoresis (PAGE), and the Us3
protein was detected by Western blotting. In Fig. 2A, lane 1,
purified virions were treated with PBS alone to serve as a
control for virion integrity. In lane 2, virions were treated with
NP-40 alone to solubilize the lipid envelope. In lane 3, virions
were treated with PK alone to degrade proteins exterior to the
lipid envelope, namely, the ectodomains of viral glycoproteins.
As shown in Fig. 2A, lanes 1 to 3, treatment with PBS, NP-40
alone, or PK alone did not affect the tegument. As shown in
Fig. 2A, lane 4, where virions were treated with both NP-40
and PK, NP-40 treatment made tegument proteins susceptible
to PK digestion. Therefore, Us3 (and all tegument proteins)
should be detected by Western blotting under the first three
conditions but not under the fourth condition.

An analysis of Us3 protein packaging into Becker and Bar-
tha virions revealed that wild-type Becker virions packaged
Us3, whereas the attenuated vaccine strain Bartha did not (Fig.
2B). PRV611 is a Us3-null virus and was used as a negative
control in this experiment (J. Randall and B. Banfield, unpub-
lished data). It is noteworthy that the Us3 protein was synthe-
sized in abundance in Bartha-infected cells, despite not being
packaged into mature virions (Fig. 2C). A Western blot with
gB served as a virus loading control and a control for PK
activity in the absence of NP-40.

PRV gB is a type I membrane protein (36) that is cleaved in
the Golgi apparatus (45) from the preprocessed monomer into
two smaller subunits that are linked by disulfide bonds. These
subunits have molecular masses of 69 and 58 kDa and repre-
sent the amino-terminal and carboxy-terminal “halves” of the
molecule, respectively (27, 31, 46). Both the preprocessed
monomer and the two smaller subunits are packaged into ma-
ture virions, albeit mature virions are enriched for the pro-
cessed gB subunits. When purified virions were treated with
either PBS or NP-40, the preprocessed and processed forms of
gB remained unaffected (Fig. 2B, lower panel). In the presence
of PK alone, the preprocessed gB form was cleaved, as was the
69-kDa amino-terminal subunit, which constitutes most of the
gB ectodomain. The 58-kDa subunit, part of which contains
the transmembrane domain and the cytoplasmic tail, remained
intact but was degraded in the presence of both NP-40 and PK
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(Fig. 2B, lower panel, �NP-40/�PK). It is noteworthy that the
gB antiserum reacted strongly with the 58-kDa gB subunit.
However, the 69-kDa gB subunit did not react as strongly with
our antiserum and also ran as a smear on Western blots (Fig.
2C, lower panel). We believe this result was due to the fact that
the 69-kDa subunit is heavily glycosylated.

Our Us3 antiserum also cross-reacted with a host cell pro-
tein that was slightly larger than the Us3 protein on SDS-

polyacrylamide gels. This band was detected in our mock-
infected cell lysates (Fig. 2C). The “mock” band was not
consistently found in all of our samples, but when it was
present, it was resistant to PK treatment.

These data confirmed that the Us3 protein was found in the
tegument of mature PRV virions. They also indicated that the
Us3 protein was packaged into wild-type Becker virions but
was not packaged into Bartha virions.

FIG. 2. The Us3 protein is found in the tegument of purified virions. (A) Diagram of the protease protection assay used in this study. Purified
virions were treated with PBS (lane 1), NP-40 (lane 2), PK (lane 3), or both NP-40 and PK (lane 4). Effects of treatment on individual virus particles
are shown. Note that tegument proteins remain unaffected by the first three treatments and are degraded by the fourth treatment. (B) Purified
Becker, Bartha, and PRV611 (Us3 null) virions were treated with NP-40 and PK, separated on 12% polyacrylamide gels, and analyzed by Western
blotting with rabbit polyclonal antiserum specific for Us3 or goat polyclonal antiserum specific for gB. The preprocessed form of gB (pgB) is
labeled, as are the 69-kDa (*) and the 58-kDa (**) subunits. (C) PK15 cells were infected with PRV Bartha at an MOI of 10. At 6 h postinfection,
extracts from infected and mock-infected cells were prepared and subjected to Western blot analysis with antiserum against Us3 or gB.
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Us3 localization in Becker- and Bartha-infected cells. To
further characterize the Us3 protein, we examined the local-
ization of Us3 in infected PK15 cells by indirect immunofluo-
rescence microscopy. At 3 h postinfection, Us3 localized pri-
marily to the nuclei of both Becker- and Bartha-infected cells
(Fig. 3). At 6 h postinfection, Becker Us3 localized to small,
punctate structures in the cytoplasm. However, Bartha Us3
was found diffusely dispersed throughout the nuclei and the
cytoplasm. Cells infected with a Becker mutant, PRV633,
which has a deletion of Us3, failed to react with our Us3
antiserum, indicating the specificity of this reagent. We found
these punctate structures intriguing, and we hypothesized that
these structures represent areas of tegument assembly or, more
specifically, areas where the Us3 protein was incorporated into
the tegument of maturing virus. This hypothesis is consistent
with Becker being able to package Us3 into the tegument and
Bartha not being able to package Us3. Becker Us3 may be

targeted to these areas for incorporation, whereas Bartha Us3
remains dispersed throughout the cytoplasm.

Roles of gI, gE, Us9, and Us2 in the packaging of Us3 into
the tegument. The largest genomic difference between the
Becker and Bartha PRV strains is a substantial deletion in the
unique short region of Bartha spanning the gI, gE, Us9, and
Us2 genes. A virus isogenic relative to Bartha, PRV158, was
constructed previously (5) by repairing this large deletion with
a Becker sequence (Fig. 1). In this study, we used PRV158 to
determine the roles of gI, gE, Us9, and Us2 in Us3 localization
and packaging into virions.

Indirect immunofluorescence microscopy was performed on
PRV158-infected cells to determine Us3 localization at 3 and
6 h postinfection. Interestingly, repairing gI, gE, Us9, and Us2
expression restored Us3 localization to punctate cytoplasmic
structures at 6 h postinfection, similar to what was observed in
Becker-infected cells (Fig. 4A). In contrast, repairing the Bar-
tha deletion did not restore Us3 protein packaging into virions
(Fig. 4B). These data indicated that one or more of gI, gE, Us9,
and Us2 may be responsible for targeting the Us3 protein to
the site of tegument assembly and suggested that the Bartha
Us3 protein may be incapable of incorporation into virions.

Bartha has mutations in Us3 relative to Becker. We consid-
ered that there could be amino acid sequence differences be-
tween the Becker and Bartha Us3 proteins. To further explore
this idea, the Us3 ORFs were cloned from both Becker and
Bartha and sequenced. Sequence analysis revealed nine amino
acid changes and a two-amino-acid deletion in Bartha Us3
compared to Becker Us3 (Fig. 5A). The Us3 ORF codes for
two proteins, Us3a and Us3b. Us3a has a molecular mass of
approximately 53 kDa and is less abundant in infected cells
than the smaller Us3b, which has a molecular mass of 41 kDa
(Fig. 5B) (43). The smaller form, Us3b, has been detected in
mature virions (47). Furthermore, Bartha Us3b migrated faster
than Becker Us3b on SDS-polyacrylamide gels (Fig. 5B). Pri-
mary amino acid sequence differences between the Us3 pro-
teins from the two strains may account for the difference in
electrophoretic mobility. Upon discovering the primary amino
acid differences between Becker and Bartha, we wondered
whether the primary amino acid sequence determines whether
Us3 is packaged into the tegument. In order to answer this
question, we constructed a recombinant Bartha virus that ex-
pressed the wild-type Us3 protein.

PRV632 and Us3 packaging into the tegument. We wished
to determine whether the primary amino acid sequence differ-
ences between the Becker and Bartha Us3 proteins were re-
sponsible for the Us3 packaging difference. To test this hypoth-
esis, we constructed PRV632. PRV632 is isogenic relative to
Bartha, with the only difference being a replacement of the
Bartha Us3 gene with the Becker Us3 gene (Fig. 6A). Western
blot analysis of PRV632-infected cell lysates confirmed that
PRV632 expressed the more slowly migrating Becker Us3
(data not shown). However, PRV632 did not package Us3 into
virions (Fig. 6B). In this experiment, Becker was used as a
positive control and Bartha was used as a negative control. We
concluded from this experiment that the primary amino acid
sequence alone does not determine whether the Us3 protein is
packaged into the tegument of mature virus. These data also
suggested that in order to be packaged into mature virions,
Us3 may need to interact with other proteins.

FIG. 3. Localization of the Us3 protein in Becker-, Bartha-, and
PRV633-infected cells by indirect immunofluorescence microscopy.
PK15 cells grown on glass coverslips were infected with PRV Becker or
PRV Bartha at an MOI of 10 for 3 or 6 h. Cells were fixed and stained
with rabbit antiserum to Us3 followed by an Alexa-488-conjugated
secondary antibody. PRV633 is a Becker derivative that has a deletion
of Us3.
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Us3 localization in PRV632-infected cells. We examined
Us3 localization in PRV632-infected cells to determine
whether it was consistent with our hypothesis that the punctate
cytoplasmic structures observed in infected cells are important
for tegument assembly (Fig. 7). The Us3 protein was found in
the nuclei of Bartha-, PRV632-, and Becker-infected cells at
2 h postinfection. At 5 h postinfection, PRV632 Us3 localiza-
tion was spread diffusely throughout the nucleus and the
cytoplasm and was indistinguishable from the localization of
Bartha Us3 at this time postinfection. In contrast, Us3 in
Becker-infected cells localized to punctate cytoplasmic struc-
tures at 5 h postinfection. We concluded from these data that
PRV632, despite expressing a “packageable” Us3 protein, is
unable to localize Us3 to sites of tegument assembly in the
cytoplasm.

Us3 packaging in PRV634. Repairing the deletion in the
unique short region of Bartha (PRV158) restored the localiza-
tion of the Us3 protein to the punctate cytoplasmic structures,
where we believe Us3 is incorporated into virus particles. Be-
cause PRV158 did not package Us3 into mature virions and
because of the differences between Bartha Us3 and Becker
Us3, we tested whether Bartha Us3 was capable of being pack-
aged. To do so, we constructed a new virus, PRV634, which is
isogenic relative to Becker but expresses the Bartha Us3 gene
at the Us3 locus (Fig. 8A). As mentioned above, the Bartha
Us3 protein migrated faster in SDS-PAGE than the Becker
Us3 protein. This difference in electrophoretic mobility pro-
vided a convenient assay to confirm that the correct Us3 pro-
tein was expressed in our recombinant viruses. PRV634 was

shown to express Bartha Us3 in infected cell lysates (Fig. 8B).
As shown in Fig. 8C, the Bartha Us3 protein was not packaged
into mature PRV634 virions. From these data, we concluded
that Bartha is unable to package Us3 into virions for two
reasons: (i) the Bartha Us3 protein has mutations in the pri-
mary amino acid sequence that affect packaging, and (ii) other
proteins that interact with Us3 and assist in tegument incor-
poration are absent or mutated in Bartha.

Packaging of the major tegument protein VP22. To deter-
mine whether the packaging of other tegument proteins was
affected in the Bartha strain, we examined the incorporation of
VP22 into Becker and Bartha virions. VP22 is a major tegu-
ment protein that has received much interest because of the
remarkable ability of the HSV-1 homolog to spread between
cells (8, 32, 40). PRV has a VP22 homolog that was charac-
terized recently by del Rio et al. (4).

VP22 was detected in Becker- and Bartha-infected cell ly-
sates at 6 h postinfection (Fig. 9A). Interestingly, Becker VP22
migrated faster in SDS-PAGE than Bartha VP22. Bartha
VP22 also migrated as two distinct forms, which likely repre-
sent different phosphorylated forms of the protein (4). Becker
VP22 has been shown to exist in three isoforms, two of which
are phosphorylated and one of which, a smaller form, is not
phosphorylated (4). However, in Becker-infected cell lysates,
the two phosphorylated forms of VP22 were not detected at 6 h
postinfection but were present by 16 h postinfection (4).
PRV175 is a Becker VP22-null virus (4) and was used as a
negative control in this experiment. Western blots with gB
served as both loading and infection controls.

FIG. 4. Localization of the Us3 protein in PRV158-infected cells and Us3 incorporation into PRV158 virions. (A) PK15 cells growing on glass
coverslips were infected with PRV158 at an MOI of 10 for 3 or 6 h. Cells were fixed and stained with rabbit antiserum to Us3 followed by an
Alexa-488-conjugated secondary antibody. (B) Purified PRV158 virions were treated with NP-40 and/or PK, separated on a 12% polyacrylamide
gel, and analyzed by Western blotting with rabbit antiserum specific for Us3 or goat antiserum specific for gB. The band that migrates at
approximately 55 kDa in the lane in which NP-40 and PK were used on the Us3 blot is a degradation product of a nonspecific band with which
our antiserum cross-reacts and that migrates at approximately 100 kDa in the other three lanes. This larger protein is cleaved in the presence of
NP-40 and PK, therefore allowing the detection of this smaller degradation product. pgB, preprocessed form of gB.
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We tested whether Becker and Bartha incorporated similar
amounts of VP22 into mature, cell-free virions. Becker and
Bartha were grown in PK15 cells and purified as described in
Materials and Methods. Purified virus was subjected to a pro-
tease protection assay (Fig. 9B). Becker packaged VP22 effi-
ciently; however, Bartha had a major deficiency in packaging

VP22 into virions. It is noteworthy that we were able to detect
minute amounts of VP22 in Bartha virions after a longer ex-
posure of the Western blot (Fig. 9C). From these data, we
concluded that Bartha is unable to package VP22 efficiently.

Roles of gE and VP22 packaging in Bartha. It has been
reported that VP22 interacts with the cytoplasmic tails of gE
and gM in a yeast two-hybrid analysis (13, 30). It has also been
reported that gE or gM must be present for VP22 to be incor-
porated into mature virions (12, 13). Bartha, as mentioned
above, has a deletion of gE and also has mutations within the
N glycosylation motif of gM that result in the expression of
nonglycosylated gM (7). We reasoned that Bartha might not
package VP22 because of the absence or mutation of two key
glycoproteins that have been shown to interact with VP22. We
hypothesized that by repairing gE in Bartha, we might restore
VP22 incorporation into the tegument.

To test this hypothesis, we investigated the incorporation of
VP22 into PRV158. Recall that PRV158 is a Bartha derivative
with a repair of the large deletion in the unique short region
spanning the gI, gE, Us9, and Us2 genes (Fig. 10A). The
results showed that repairing the gE deletion in Bartha did not
restore VP22 packaging (Fig. 10B). Becker was also examined

FIG. 5. Amino acid sequence comparison between Becker and
Bartha Us3 proteins. (A) Amino acid differences between Becker and
Bartha Us3 proteins are shown in bold type and highlighted by an
asterisk under the Bartha Us3 sequence. The start sites of the Us3a
and Us3b sequences are indicated by vertical arrows. (B) Extracts from
Bartha (BA)-, Becker (BE)-, and PRV631 (Us3 null) (631)-infected
cells were prepared at 6 h postinfection. Extracts were subjected to
SDS-PAGE with a 12% gel and subsequently analyzed by Western
blotting with Us3-specific antiserum. Note the difference in mobility
between Bartha and Becker Us3 proteins. Numbers at right are in
kilodaltons.

FIG. 6. Us3 protein incorporation into PRV632 virions. (A) Dia-
gram of the PRV unique short regions of Becker, Bartha, and
PRV632. PRV632 is isogenic relative to Bartha and expresses Becker
Us3. Bartha sequences are shown in black, and Becker sequences are
shown in gray. (B) Purified Becker, Bartha, and PRV632 virions were
treated with NP-40 and PK and subjected to SDS-PAGE, and Us3 and
gB were analyzed by Western blotting. pgB, preprocessed form of gB.
Numbers at right are in kilodaltons.
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in this experiment and served as a positive control for VP22
packaging (Fig. 9B). The gB Western blot confirmed that
enough virus was loaded into all lanes to detect VP22, if
present. We concluded from these data that the inability of
Bartha to package VP22 was not related to the absence of gE
expression.

DISCUSSION

The alphaherpesvirus Us3 protein is believed to be a tegu-
ment protein and has been detected in purified virions (47).
Mettenleiter and colleagues have performed an immunoelec-
tron microscopy study of mutant viruses with defects in envel-
opment and have detected the Us3 protein associated with the
tegument material in large cytoplasmic aggregates (T. Metten-
leiter, personal communication). The results of this study sup-
port previous observations suggesting that Us3 is found in the
tegument of purified PRV virions (Fig. 2). Furthermore, we
determined that vaccine strain Bartha did not package Us3,
whereas wild-type strain Becker did package Us3 (Fig. 2). We
also found that Bartha had a major deficiency in packaging of
a second tegument protein, VP22 (Fig. 9B). The importance of
these findings is discussed below.

The PRV Bartha strain has several known mutations in its
genome. Mutations exist in the gM (7), gC (37), and UL21 (23)
genes, and there is a large deletion spanning the gI, gE, Us9,
and Us2 genes (26). We sequenced the Us3 gene from the
Bartha strain and discovered several mutations that result in

nine amino acid differences and a two-amino acid deletion
relative to the wild-type Becker strain (Fig. 5A). Thus, we add
the Us3 gene to the growing list of Bartha genes that contain
mutations. We further hypothesized that Bartha VP22 (encod-
ed by the UL49 gene) contains mutations as well, on the basis
of the different mobilities of the Bartha and Becker VP22
proteins observed in SDS-PAGE (Fig. 9A). However, we are
unsure whether this difference in mobilities is due to the pri-
mary amino acid sequence or posttranslational modifications.
We are in the process of cloning and sequencing the Becker
and Bartha UL49 genes to address these issues.

Because of the predicted amino acid sequence differences
between the Becker and Bartha Us3 proteins, we hypothesized
that the wild-type Us3 primary amino acid sequence was im-
portant for Us3 incorporation into virions. We tested this idea
by expressing the Becker Us3 gene in a Bartha genetic back-
ground (Fig. 6). To our surprise, the resulting virus, PRV632,
failed to package the Us3 protein. When we expressed the
Bartha Us3 gene in a Becker genetic background, the resulting
virus, PRV634, also failed to package the Us3 protein. Thus,
we conclude that the wild-type Us3 amino acid sequence is
necessary but not sufficient for incorporation into the tegument
of assembling virions.

How and where the tegument is assembled upon alphaher-
pesvirus egress remain complex issues. Several studies have
indicated that tegument proteins are assembled into mature
virions in the cytoplasm via an interaction with the viral capsid,

FIG. 7. Localization of the Us3 protein in Bartha-, PRV632-, and Becker-infected cells by indirect immunofluorescence microscopy. PK15 cells
were grown on glass coverslips and infected with Bartha, PRV632, and Becker at an MOI of 10 for 2 or 5 h. Cells were fixed and stained with rabbit
antiserum to Us3 followed by an Alexa-488-conjugated secondary antibody.
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other tegument proteins, or the cytoplasmic tails of viral gly-
coproteins in the trans-Golgi network (reviewed in reference
30; 12, 20, 29). In Becker-infected cells, the Us3 protein local-
ized to punctate structures in the cytoplasm (Fig. 3 and 8). We
believe these structures to be sites where the Us3 protein is
incorporated into maturing virions. A preliminary character-
ization of these structures showed that viral membrane pro-
teins gB and Us9 are present (Randall and Banfield, unpub-
lished). Furthermore, these punctate structures are sensitive to
treatment with brefeldin A, a fungal metabolite that causes the
Golgi apparatus to redistribute to the endoplasmic reticulum
(data not shown). Thus, these structures likely represent vesi-
cles of the secretory pathway. Interestingly, Reynolds and col-
leagues recently reported that the HSV-1 Us3 homolog local-
izes to membranous organelles in the cytoplasm of infected
cells (35). It is possible that the structures that we observed in
PRV-infected cells are similar in nature to those observed
during HSV-1 infection. The Us3 protein does not localize to
these structures in Bartha-infected cells (Fig. 3). When we
repaired the large deletion in the unique short region of Bartha
(PRV158), we restored Us3 localization to these punctate
structures, but we did not restore Us3 packaging into the
tegument of mature virus (Fig. 4). These results may be ex-
plained by the fact that Bartha Us3 is not packaged efficiently,
even when it is present in a wild-type background (Fig. 8C).

One interpretation of these data is that PRV158 targets the
Us3 protein to the correct site for packaging, but mutations in
the Bartha Us3 protein exclude it from being packaged. We
predict that both the wild-type Us3 protein and targeting of
Us3 to the correct site are important for the incorporation of
Us3 into the tegument. To test these predictions, we are con-
structing a recombinant Bartha virus that expresses the Becker
Us3 gene in conjunction with the Becker gI, gE, Us9, and Us2
genes to determine whether it will package the Us3 protein
into mature virions.

To test whether Bartha had deficiencies in the packaging of
other tegument proteins, we examined VP22 incorporation
into virions. Studies with HSV-1 have shown that VP22 is one
of four major structural proteins that contribute the majority of
the mass to mature virions (16, 18, 42). To our surprise, there
was a striking difference in the amounts of VP22 packaged into
Bartha virions and Becker virions (Fig. 9B). At present, the
reason for this difference is unclear. We believe that it may be
a direct result of mutations in the Bartha VP22 gene rather
than the absence of or mutations in another protein that in-
teracts with VP22. As mentioned above, it has been shown that
VP22 interacts with the cytoplasmic tails of gE and gM and
that the presence of at least one of these glycoproteins is
required for VP22 incorporation into virions (12, 13). How-
ever, when we restored a functional gE to Bartha (PRV158),

FIG. 8. Us3 protein incorporation into PRV634 virions. (A) Diagram of the unique short regions of Bartha, Becker, and PRV634. PRV634 is
isogenic relative to Becker and expresses Bartha Us3. Bartha sequences are shown in black, and Becker sequences are shown in gray. (B) Extracts
from Becker- and PRV634-infected cells were prepared at 6 h postinfection. Extracts were subjected to Western blot analysis with Us3-specific
antiserum. Note the shift in Us3 mobility between Becker and PRV634, a recombinant Becker virus expressing Bartha Us3. Numbers at right are
in kilodaltons. (C) Purified Becker and PRV634 virions were treated with NP-40 and PK, separated on a 12% polyacrylamide gel, and analyzed
by Western blotting with Us3-specific antiserum. The mock band is the top band (resistant to both NP-40 and PK), while Us3 is the lower band.
The Western blot for gB served as a loading control and as a control for protease activity. pgB, preprocessed form of gB.
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there was no increase in the amount of VP22 that was pack-
aged (Fig. 10). We are in the process of cloning and sequencing
the Bartha and Becker UL49 genes (VP22) to identify any
differences between them. Another possible explanation for
the difference in VP22 packaging between Becker and Bartha
is that Bartha VP22 may be hyperphosphorylated in infected
cells and therefore not incorporated into assembling virions.
Studies have shown for both HSV-1 and PRV that VP22 is
phosphorylated in infected cells; however, only the nonphos-
phorylated form is packaged into the tegument (4, 9, 10). The
phosphorylated forms of VP22 in Becker-infected cells are not
detected at 6 h postinfection (4). However, two forms of Bar-
tha VP22 are detected in infected cell lysates at 6 h postinfec-
tion (Fig. 9). This finding is significant because at 6 h postin-
fection, mature virus is already being released from infected

cells. The possibility that the majority of Bartha VP22 is phos-
phorylated and excluded from maturing virions may account
for the inability of Bartha to package VP22. Phosphatase ex-
periments to determine whether the two forms observed in
Bartha-infected cell lysates are due to phosphorylation will be
required to test this hypothesis.

We report that the PRV Bartha strain does not package two
nonessential tegument proteins, Us3 and VP22, despite effi-
cient synthesis in infected cells. Despite the loss of Us3 and
VP22, Bartha replicates as well as wild-type Becker and shows
no obvious defects in virus maturation or infectivity. These
findings raise several interesting questions. Is Bartha unable to
package other tegument proteins? How does Bartha compen-
sate for the loss of these tegument proteins? It has been re-
ported that the loss of VP22 from extracellular virions in

FIG. 9. VP22 incorporation into Becker and Bartha virions. (A) Extracts from Becker-, Bartha-, PRV175 (VP22 null)-, and mock-infected cells
were prepared at 6 h postinfection. Bartha VP22 runs more slowly in SDS-PAGE and migrates as a tight doublet, whereas Becker VP22 runs faster
and migrates as a single band. The Western blot for gB served as a loading control. pgB, preprocessed form of gB. Numbers beside gels are in
kilodaltons. (B) Purified Becker and Bartha virions were treated with NP-40 and PK and subjected to SDS-PAGE and Western blot analysis with
VP22- or gB-specific antiserum. This film was exposed for 30 s. (C) Same blot as in panel B but with film exposed for 3 min.
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HSV-1 is compensated for by the increased incorporation of
several minor virion proteins (33). Conversely, other studies
have shown that the overexpression of VP22 results in a de-
crease in VP13/14 incorporation into mature virions (25).
These studies, in conjunction with our data, highlight the flex-
ibility of alphaherpesviruses in compensating for the loss of
tegument proteins.
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