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Marek’s disease virus (MDV) encodes a protein exhibiting high amino acid similarity to the US3 protein of
herpes simplex virus type 1 and the gene 66 product of varicella-zoster virus. The MDV US3 orthologue was
replaced with a kanamycin resistance gene in the infectious bacterial artificial chromosome clone BAC20. After
transfection of US3-negative BAC20 DNA (20�US3), the resulting recombinant 20�US3 virus exhibited mark-
edly reduced growth kinetics. Virus titers on chicken embryo cells were reduced by approximately 10-fold, and
plaque sizes were significantly smaller (65% reduction) compared to parental BAC20 virus. The defect of the
US3-negative MDV was completely restored in a revertant virus (20US3*) expressing a US3 protein with a
carboxy-terminal FLAG tag. Electron microscopical studies revealed that the defect of the 20�US3 mutant to
efficiently spread from cell to cell was concomitant with an accumulation in the perinuclear space of primarily
enveloped virions in characteristic vesicles containing several virus particles, which resulted in reduced
numbers of particles in the cytoplasm. The formation of these vesicles was not observed in cells infected with
either parental BAC20 virus or the 20US3� revertant virus. The role of the MDV US3 protein in actin stress
fiber breakdown was investigated by visualizing actin with phalloidin-Alexa 488 after infection or transfection
of a US3 expression plasmid. Addition of the actin-depolymerizing drug cytochalasin D to cells transfected or
infected with BAC20 resulted in complete inhibition of plaque formation with as little as 50 nM of the drug,
while concentrations of nocodazole as high as 50 �M only had a relatively minor effect on MDV plaque
formation. The results indicated that the MDV US3 serine-threonine protein kinase is transiently involved in
MDV-mediated stress fiber breakdown and that polymerization of actin, but not microtubules, plays an
important role in MDV cell-to-cell spread.

Marek’s disease (MD) is a highly contagious lymphopro-
liferative disease of chickens caused by the cell-associated
Marek’s disease virus (MDV). MDV (gallid herpesvirus 2
[GaHV-2]) is currently classified within the recently estab-
lished genus Mardivirus (“Marek’s disease-like viruses”) within
the Alphaherpesvirinae subfamily. The Mardivirus genus is formed
by MDV and its close relatives, GaHV-3, which was previously
referred to as MDV-2, and the herpesvirus of turkeys (HVT).
Only MDV, but not GaHV-3 or HVT, can cause MD (6, 7, 28).
The complete genome sequences of MDV, GaHV-3, and HVT
are available, and the MDV genome is approximately 177 kbp
in length, encoding at least 103 proteins (43). MD caused by
oncogenic MDV can successfully be prevented by vaccination
with the genetically and antigenically closely related and non-
pathogenic GaHV-3 and HVT, or by using attenuated MDV
strains (33, 45, 46).

Currently, knowledge on the essential or nonessential nature
of individual MDV genes or the functions of its encoded pro-
teins in the virus’ life cycle is very limited. Only in 2000 was it
possible to isolate the first MDV mutant harboring a deletion
of an essential gene, when open reading frame (ORF) UL27
encoding glycoprotein B (gB) was deleted from the genome.
The gB-negative mutant virus was constructed from an infec-
tious bacterial artificial chromosome (BAC) clone of avirulent

MDV strain 584Ap80C by the insertion of a kanamycin resis-
tance cassette in lieu of the gB gene (39). Since the description
of the MDV gB mutant, five other ORFs (UL10 encoding gM,
UL49 encoding VP22, UL49.5 encoding gM’s complex partner,
US7 encoding gI, and US8 encoding gE) have also been de-
scribed to be essential for replication of MDV in cell culture
(10, 40, 42).

It is generally accepted that the early stages of MDV repli-
cation are identical to those described for the prototype mem-
ber of the Alphaherpesvirinae, herpes simplex virus type 1
(HSV-1) (34). After entry of a virus capsid into an uninfected
cell, nucleocapsids travel to the nuclear pore, where the viral
genome is released and translocated into the nucleus. The
genome is replicated and subsequently packaged into pre-
formed capsids. The assembled nucleocapsid then acquires a
primary envelope by budding at the inner leaflet of the nuclear
membrane and is present in the perinuclear space in the en-
doplasmic reticulum (ER). In a following de-envelopment
step, virions then lose their primary envelope by an as-of-yet-
poorly understood fusion with the outer leaflet of the nuclear
membrane. As a result of this de-envelopment step, naked
nucleocapsids are released into the cytoplasm, where they ob-
tain their final envelope during a secondary and final envelop-
ment step, which takes place at cytoplasmic vesicles that likely
are derived from the trans-Golgi network or endosomes (15).

Several HSV-1 proteins were shown to be involved in the
primary envelopment and the following de-envelopment at the
inner and outer nuclear membrane, among them the products
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of UL11, UL31, UL34, UL53 (gK), and US3. The function of the
UL11 product on the early stages of HSV-1 egress is unclear.
While the pseudorabies virus (PRV) and equine herpesvirus
type 1 homologues appear to act in a later step of virus mor-
phogenesis in the cytoplasm (18, 38), an HSV-1 UL11 mutant
virus was characterized by an accumulation of nucleocapsids in
the nucleus, juxtaposed to the inner lamella of the nuclear
membrane. In addition, the number of particles in the cyto-
plasm was increased (1, 22). Recently, the UL16 product has
been shown to serve as a binding partner for UL11 (23). gK—
besides its function in entry and suppression of extensive mem-
brane fusion in later stages of infection—is necessary for pri-
mary envelopment of newly synthesized nucleocapsids in
nondividing cells (11-13, 16).

Studies on the products of the UL31 and UL34 genes have
shown that these proteins form a complex that is localized at
the nuclear rim and is essential for primary envelopment of
nucleocapsids (31, 47). The UL34 product (pUL34), which also
is a substrate for the HSV-1 US3-encoded kinase, represents a
type II transmembrane protein, and its long N terminus pro-
trudes into the cyto- and nucleoplasm while the short carboxy
terminus resides in the ER. The N-terminal domain of pUL34
interacts with another viral protein, pUL31, which is involved
in disintegration of the nuclear lamins, thereby presumably
facilitating access of newly formed nucleocapsids to the nuclear
membrane. Although it has been shown that pUS3 phosphor-
ylates pUL34, phosphorylation of pUL34 is not required for
even distribution and that of its complex partner pUL31 along

the nuclear rim. However, it has been shown that the nuclear
rim distribution of both pUL34 and pUL31 are dependent—at
least in some cell types—on the kinase activity of pUS3, indi-
cating that phosphorylation of yet another protein is required
(35). Deletion of the US3 gene in both HSV-1 and PRV caused
an accumulation of virus particles between the two leaflets of
the nuclear envelope and eventually resulted in reduced virus
titers (17, 30, 32, 35). Besides the role pUS3 plays in shuttling
of virions out of the ER, it also appears to confer resistance to
apoptosis and mediate actin stress fiber breakdown (21, 26, 44).

In this report, we aimed at elucidating the different roles that
the US3 protein plays in MDV infection. We constructed a
mutant virus carrying a deletion in the US3 gene from the
well-characterized BAC20 clone (39). Our experiments show
that a virus lacking the MDV protein kinase encoded by US3
has a growth defect in cultured cells that is concomitant with
an accumulation of primarily enveloped virus particles in the
perinuclear space. In addition, we were able to demonstrate
that the MDV US3 protein is involved in the rearrangement of
the cytoskeleton in infected cells by virus-induced actin stress
fiber breakdown.

MATERIALS AND METHODS

Virus and cells. Chicken embryo cells (CEC) were prepared from 11-day-old
chicken embryos and maintained at 37°C under a 5% CO2 atmosphere in min-
imal essential medium supplemented with 1 to 10% fetal bovine serum. MDV
BAC20 virus (20) was recovered after transfection of BAC20 DNA (39). Trans-
fections of mutant BAC clones, expression plasmid pcUS3� that harbors the
FLAG epitope at the carboxy terminus of the US3 ORF (Fig. 1) and expression

FIG. 1. (A) Schematic illustration of the procedure to delete the US3 ORF from BAC20. Shown is the organization of the approximately
185-kbp BAC20 genome and the BamHI restriction map. The unique short region (US) with the introduced pHA1 sequence as well as the
introduced kanr gene is highlighted. (B) The construction of the rescuant viruses, harboring a FLAG tag at the carboxy terminus of the US3, is
shown. Small letters indicate original amino acid sequences, while large letters denote the introduced FLAG tag. (C) Digitally scanned image of
a Southern blot. DNA from BAC20, 20�US3, and 20US3� was cleaved with BamHI and transferred to a nylon membrane. The blot was incubated
with a digoxigenin-labeled kanr-specific probe. Specific hybridization was detected by chemiluminescence using CSPD (Roche Biochemicals).
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plasmid pcMgB, harboring MDV-1 gB (39), was performed accordingly using 1
to 5 �g of BAC or plasmid DNA. In some experiments, CEC transfected with
BAC20 DNA or infected with BAC20 virus were incubated in the presence of
various concentrations of cytochalasin D or nocodazole (Sigma) in the cell
culture medium. Media were changed every 12 h. At various times after infection
or transfection, cells were fixed; plaques and single infected cells were stained by
indirect immunofluorescence (IIF) and counted.

Plasmids and PCR. PCR amplification of the fragment containing the kana-
mycin resistance (kanr) gene that was used for Red mutagenesis was obtained by
using plasmid pKD13 (5) as a template. The primers US3-for (5�-AATCTTAT
ACTCTGGTAGAATATGAAACAGGGTTAAAACTAGGTAATAGACGTG
TAGGCTGGAGCTGCTTC-3�) and US3-rev (5�-CGCGTAGTATATATTATA
AAATGAATCATTGAAGTTATTTTTGACGGGTGCATTCCGGGGATCCG
TCGAC-3�) contained 20 nucleotides each of kanr-specific sequences (bold
letters) and 50 nucleotides of MDV-specific sequences to allow homologous
recombination with the viral sequences and the deletion of the US3 gene. The
PCR product was then used for production of US3-negative BAC20 exactly as
previously described (40) (Fig. 1). The MDV US3 ORF was amplified from strain
584Ap80C by standard PCR. A carboxy-terminally FLAG-tagged version of
pUS3 was created by introduction of the FLAG epitope (DYKDDDDK) imme-
diately in front of the stop codon (Fig. 1). The entire US3 ORF, without the stop
codon but including an additional 1,000 bp upstream of US3, was PCR amplified
using a sense primer, US3-FLAG-1 (5�-GACCACGTTTTAGTCTACGT-3�),
and an antisense primer, US3-FLAG-2 (5�-CTTATCGTCGTCATCCTTGTAG
TCCATATGAGCGGCAGTTATCG-3�). In a second PCR with primers US3-
FLAG-3 (5�-GACTACAAGGATGACGACGATAAGTAAACACCCGTCAA
AAATAA-3�) and US3-FLAG-4 (5�-ATAACAGTTATAGGAGACGC-3�), the
US3 stop codon and an additional 700 bp downstream of US3 were amplified.
The products of both PCRs served as templates in a third PCR, in which the
primers US3-FLAG-1 and US3-FLAG-4 were used to amplify the entire FLAG-
tagged US3 ORF and the flanking sequences. Additionally, the complete FLAG-
tagged US3 ORF was amplified using primers US3*amp1 (5�-TAATAGACTG
GATGTCTTCG-3�) and US3�amp2 (5�-TTACTTATCGTCGTCATCCTTG-
3�) and cloned into the pcDNA3.1/V5-His TOPO vector (Invitrogen). The
generated plasmid was named pcUS3*.

Mutagenesis of BAC20 and generation of rescuant virus. Mutagenesis of
BAC20 DNA was performed using Escherichia coli EL250 cells, which inducibly
express the � phage recombination enzymes Exo, Beta, and Gam (20). Electro-
competent EL250 cells carrying BAC20 were prepared after induction of expres-
sion of Exo, Beta, and Gam by a temperature shift to 42°C and further incubation
for 15 min (25). Three hundred nanograms of a purified PCR product designed
to delete the target sequences (Fig. 1) was electroporated into 40 �l of electro-
competent BAC20-containing cells under standard electroporation conditions (1.25
kV/cm, 200 �, 25 �F). After electroporation, cells were grown in 1 ml of Luria-
Bertani broth for 60 min at 32°C and plated onto Luria-Bertani agar plates contain-
ing 30 �g of chloramphenicol/ml and 30 �g of kanamycin/ml. Double-resistant
colonies were isolated and further analyzed (37). Large-scale preparations of
mutant BAC DNAs were done using a commercially available kit (QIAGEN).

Rescuant 20US3� virus expressing the FLAG epitope was recovered by co-
transfecting CEC with 20�US3 DNA and the PCR product, in which the FLAG
tag was introduced at the carboxy terminus of US3 (see above) (Fig. 1). Single
plaques were isolated and grown in parallel plates, one of which was checked for
expression of the FLAG-tagged US3 protein by standard IIF using the mono-
clonal anti-FLAG M2 antibody (Stratagene) at a 1:500 dilution (see below).

DNA analyses. BAC DNA was cleaved with restriction endonucleases (NEB,
Fermentas) and separated on 0.8% agarose gels. DNA fragments were trans-
ferred to positively charged nylon membranes (Pharmacia-Amersham), and
Southern blot hybridization was performed using a digoxigenin-labeled kanr

probe. Chemoluminescent detection of DNA-DNA hybrids using CSPD was
done according to the supplier’s instructions (Roche Biochemicals) (40).

Virus growth kinetics and plaque area determinations. Virus growth kinetics
were determined after infection of 106 CEC with 150 PFU of the different
viruses. At various times after infection, infected cells were trypsinized and titers
were determined by plating the infected cells onto fresh CEC in serial 10-fold
dilutions. Plaque areas were measured after plating of the viruses on CEC and 5
days of incubation at 37°C. Cells were fixed and analyzed by IIF with MDV
gB-specific monoclonal antibody (MAb) 2K11 (9). For each virus, 100 plaques
were measured by taking digital pictures of individual plaques and measuring the
plaque area using the documentation software ImageJ (http://rsb.info.nih.gov/ij
/index.html). Average percentages of plaque areas and standard deviations were
determined from at least three independent experiments. Where indicated, statis-
tical analyses were performed with SAS version 8.2 for Windows (SAS Institute).

Western blotting, IIF, and confocal laser-scanning microscopy (CLSM). For
Western blot analyses, CEC lysates were prepared at 4 days after infection.
Samples were separated by sodium dodecyl sulfate (SDS)–10% polyacrylamide
gel electrophoresis (PAGE) and transferred to nitrocellulose membranes
(Schleicher & Schüll) by the semidry method (19). After blocking, blots were
incubated with anti-FLAG MAb M2 at a 1:10,000 dilution or with anti-VP22
MAb L13 (1:100 dilution) (9). Bound antibodies were detected with an anti-
mouse immunoglobulin G (IgG)–peroxidase conjugate (Sigma) and visualized by
enhanced chemiluminescence (Pharmacia-Amersham) using X-ray films (Amer-
sham Biosciences).

IIF was done exactly as described previously (40). Infected or transfected cells
grown on glass coverslips were fixed with 90% acetone. Free binding sites were
blocked with phosphate-buffered saline–10% fetal bovine serum, and anti-gB
MAb 2K11, anti-VP5 MAb 3F19, or an MDV-specific chicken serum was added
for 30 min. After two washing steps in phosphate-buffered saline-Tween, Alexa
488- or Alexa 568-conjugated anti-mouse or anti-chicken IgG antibodies were
added for 30 min. Polymerized actin was detected by staining with 1 U of
AlexaFluor 488 phalloidin (Molecular Probes), and microtubules were visualized
with a Cy3-conjugated anti-�-tubulin MAb (Sigma). After two final washing
steps, cells were inspected. Coverslips were mounted onto glass slides using
Fluoromount-G (Southern Biotechnology Associates, Inc.) and viewed by con-
ventional fluorescence microscopy (Zeiss Axiovert 25) or CLSM using an Olym-
pus Fluoview 500. Green and red fluorescence signals were recorded separately
using appropriate filters for excitation and detection exactly as described previ-
ously (27). IIF and confocal images were processed using Adobe Photoshop 7.0.

Electron microscopy. Three days after inoculation, uninfected or infected cells
in T75 cell culture flasks (Costar) were fixed for 30 min with 2.5% glutaraldehyde
buffered in 0.1 M Na-cacodylate (300 mosM; pH 7.4). After washing with 0.1 M
Na-cacodylate, cells were scraped off of the plate, pelleted by low-speed centrif-
ugation, postfixed in 1.0% aqueous OsO4 (Electron Microscopy Science), and
finally stained with uranyl acetate. After stepwise dehydration in ethanol, cells
were embedded in epon araldite (Electron Microscopy Science) and polymerized
at 60°C for 1 day. Ultrathin sections of embedded material were counterstained
with uranyl acetate and lead salts and examined in an electron microscope
(Philips EM 400Tecnai).

RESULTS

Characterization of a US3-negative MDV mutant. To inves-
tigate the function of the MDV US3 gene product, a mutant
(20�US3) was constructed that lacked the entire ORF. A lin-
ear PCR fragment encoding the kanr gene and 50 bp of flank-
ing sequences up- and downstream of the US3 gene to allow
homologous recombination into the targeted sequence was
electroporated into EL250 cells harboring BAC20. Individual
kanamycin and chloramphenicol double-resistant colonies har-
boring modified BAC clones were picked. One of the colonies
was chosen for further analysis and termed 20�US3. Extra-
chromosomal BAC DNA was prepared, cleaved with BamHI,
and separated by 0.8% agarose gel electrophoresis. BamHI-
cleaved DNA showed the alterations in the restriction enzyme
pattern that were predicted after insertion of the kanr gene into
the BAC20 sequence. A 9.8-kbp fragment present in BAC20
DNA was absent in 20�US3. Instead, an 8.0-kbp and a 1.9-kbp
fragment appeared. The genotype of 20�US3 was confirmed by
Southern blot analysis using a kanr-specific probe. As expected,
the probe only hybridized to the modified 8.0-kbp fragment
present in mutant 20�US3 DNA (Fig. 1C). Sequencing of the
junctions between the resistance gene and viral DNA se-
quences in the chosen clone proved the correct insertion of the
antibiotic resistance gene and the absence of the US3 gene
(data not shown).

Growth characteristics of 20�US3 and rescuant 20US3* vi-
rus. The replication of 20�US3 virus was tested in cultured
CEC and compared to that of parental BAC20 and revertant
20US3* virus, which expresses a FLAG-tagged version of the
unique-short protein kinase, named pUS3*. BAC DNA was
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transfected into primary CEC, and virus growth was moni-
tored. Compared to the parental virus, growth of reconstituted
20�US3 was markedly reduced. Whereas MDV-specific
plaques were visible from day 3 after transfection of parental
BAC20 DNA, virus plaques after transfection of 20�US3 DNA
could not be observed until day 5 after transfection. When
plaque sizes of both viruses were determined at 5 days postin-
fection (p.i.), a significant difference between parental virus
and 20�US3 was observed (Fig. 2A and B). The sizes of 20�US3-
induced plaques were reduced by more than 65% compared to
parental BAC20 plaques (Fig. 2B). To further analyze the
growth defect of the 20�US3 mutant, virus growth kinetics
were performed. This assay also revealed a marked reduction
in the ability of the 20�US3 mutant virus to replicate in cul-
tured chicken cells (Fig. 2C), and maximum titers of 20�US3 in
CEC were reduced by approximately 10-fold compared to
those of the BAC20 virus.

In order to confirm that the observed reductions in plaque
sizes and titers of the 20�US3 mutant were indeed attributable
to the deletion of the ORF and not to spurious mutations
elsewhere in the viral genome, a rescuant virus was constructed

in which the kanamycin resistance gene was replaced by a US3
ORF that was PCR amplified from BAC20. To detect rescuant
virus after cotransfection and to facilitate protein detection,
the FLAG epitope was added to the extreme carboxy-terminal
end of the US3 protein (Fig. 1B). Rescuant virus was isolated
by cotransfection of the mutant BAC clone and a PCR product
encompassing the previously introduced deletion. After co-
transfection of 20�US3 DNA and the PCR product containing
the FLAG-tagged US3 gene, recombinant virus plaques were
readily detectable because their sizes were significantly larger
than those in which the US3 gene was not expressed (Fig. 2A).
Plaque purification and IIF analysis of the obtained rescuant
virus confirmed the successful insertion of the modified US3
gene into the negative mutant virus (data not shown).

After amplification of the rescuant 20US3* virus, plaque sizes
and virus growth kinetics were determined. Both 20US3* plaque
sizes and growth kinetics were virtually identical to those of pa-
rental BAC20 virus and were significantly increased compared to
those of the US3-negative mutant virus (Fig. 2B and C). From
the results of these assays, we concluded that the rescuant 20US3*
revertant virus was virtually indistinguishable from parental
BAC20 with respect to the growth characteristics in cultured cells
and that the observed growth defects of the 20�US3 mutant were
not caused by fortuitous mutations outside of the US3 ORF.

To analyze and monitor expression of the FLAG-tagged pUS3*
in infected cells, Western blot analyses were performed using the
anti-FLAG M2 antibody (Stratagene). CEC were infected with
BAC20, 20�US3, or 20US3* virus. At day 4 p.i., cells were har-
vested and lysed and infected cell proteins were adjusted to
equal protein concentrations before separation by SDS–10%
PAGE. The FLAG-specific M2 antibody reacted with a protein
of an approximate Mr of 48,000 in lysates of cells infected with
20US3*. This band was not visible in lysates of mock-infected

FIG. 3. Western blot analysis of CEC infected with BAC20, 20�US3,
and 20US3*. Cells were harvested and lysed at 4 days p.i. Cell lysates
were separated by SDS–10% PAGE and transferred to nitrocellulose.
Identical blots were incubated with either anti-FLAG MAb M2 or
anti-VP22 MAb L13. The molecular weights of a molecular weight
marker (Fermentas) are given in thousands. Co, mock-infected CEC.

FIG. 2. (A) CEC were infected with BAC20, 20�US3, or 20US3*
and fixed with 90% acetone at 5 days p.i. Plaques were analyzed by IIF
using anti-gB MAb 2K11. Bound antibodies were detected anti-mouse
IgG Alexa 488 (Molecular Probes). (B) For each virus, digital pictures
of at least 100 plaques were taken and plaque sizes were measured.
The mean plaque area of BAC20 virus was set to 100%, and average
relative plaque areas of the 20�US3 and 20US3* viruses were calcu-
lated. Standard deviations are also given. Plaque areas and standard
deviations were determined from three independent experiments. (C)
Growth properties of BAC20, 20�US3, and 20US3* viruses recovered
after transfection of BAC DNA. A total of 106 CEC were infected with
150 PFU of the respective virus. At the given times p.i., cells were
trypsinized, titrated, and coseeded with fresh CEC. Virus plaques were
counted after IIF staining with MAb 2K11. Mean virus titers and standard
deviations of the results of three independent experiments are shown.
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cells or cells infected with BAC20 or 20�US3 virus (Fig. 3).
The absence of the Mr 48,000 band in lysates of cells infected
with BAC20 or 20�US3 virus was not caused by an absence of
virus infection, since a control reaction with the anti-VP22
MAb L13 confirmed comparable levels of infection and viral
protein synthesis in all lysates of virus-infected cells (Fig. 3).

The absence of MDV pUS3 results in accumulation of en-
veloped virions in the perinuclear space. To investigate the
role of the US3 protein during virus replication in more detail,
CEC were infected with the various viruses and examined by
transmission electron microscopy at 3 days p.i. Cells infected
with 20�US3 showed normal de novo morphogenesis of nu-
cleocapsids in the nucleus, and the numbers of A, B, and C
capsids were comparable to those observed in the case of
BAC20 virus-infected cells. However, in the absence of pUS3,
enveloped virions accumulated in the perinuclear space (Fig.
4A). Clusters of up to 15 newly formed and primarily budded
virions appeared to be stalled in protrusions bordered by the
inner and outer leaflet of the nuclear membrane. No such
accumulations and aggregations of virus particles were ob-
served in cells infected with the parental BAC20 (data not
shown) or the 20US3* virus (Fig. 4B). All stages of virion
maturation were observed, including nucleocapsid formation
in infected cell nuclei, primary budding at the inner leaflet of
the nuclear membrane, primarily enveloped viruses in the pe-
rinuclear space, naked nucleocapsids in the cytoplasm, second-
ary budding at cytoplasmic vesicles, and the presence of ma-
ture virions in transport vesicles (Fig. 4B). Since the same
stages of virus morphogenesis were observed after infection
and analysis of CEC infected with BAC20 or 20US3* virus, the
observed defect was indeed caused by the absence of pUS3 in
the 20�US3 mutant virus. Quantifications of newly synthesized
virus particles in different cellular compartments were also
conducted. While particle numbers in the nuclei of cells in-
fected with BAC20 virus, the US3-negative virus, or the rever-
tant virus were very similar (Table 1), numbers of particles
between the inner and outer leaflet of the nuclear membrane
were largely increased in cells infected with 20�US3 virus com-
pared to cells infected with parental or revertant virus (Table
1). In contrast, the number of virus particles in the cytoplasm
was reduced in the absence of the US3 protein and only
reached approximately 12 to 16% of the particle counts deter-
mined for cells infected with either BAC20 or the 20US3* virus
(Table 1). From the results of the transmission electron mi-
croscopical analyses, we concluded that the accumulation of
virus particles in the perinuclear space is probably caused by a
defect in fusion of primarily enveloped virions with the outer
leaflet of the nuclear membrane and that this defect causes an
accumulation of virions in the perinuclear space that is accom-
panied by decreased particle numbers in the cytoplasm. The
defect in de-envelopment and reduced cytoplasmic particle

counts might at least partially explain the reduced plaque sizes
and virus titers of 20�US3 in vitro.

MDV pUS3 induces a transient actin stress fiber breakdown
in transfected cells. Functional studies on the PRV US3 pro-
tein had shown that actin stress fiber breakdown can be medi-
ated by the unique-short protein kinase. To determine the
possible effects of MDV pUS3 on the cytoskeleton, CEC were
either infected with BAC20, 20�US3, and 20US3* virus or
transfected with expression plasmid pcUS3*.

Owing to the high cell association of MDV that requires the
coseeding of infected with uninfected cells for virus propaga-
tion and amplification, synchronous and/or high-multiplicity
infections of CEC could not be performed. As a consequence,
quantification of the number of infected cells that exhibited a
disassembly of actin stress fibers or of the time point after
infection at which disassembly started was very difficult. In
three independent experiments, MDV infection was moni-
tored by IIF staining with a convalescent chicken serum, while
actin filaments were visualized using phalloidin-Alexa 488. It
could be shown that actin stress fiber disassembly was more
common in cells infected with either the parental BAC20 or
the revertant 20US3* virus than with the 20�US3 virus. After
infection with BAC20 or 20US3* virus, cells with at least par-
tially intact actin stress fibers could clearly be observed (Fig. 5,
upper panel). In the majority of infected cells, however, disas-
sembly of actin was observed and stress fibers were undetect-
able or their numbers were significantly reduced (Fig. 5A,
lower panel). A mean of 67 and 69% of cells infected with
either the parental BAC20 or the 20US3* virus, respectively,
exhibited a disassembly of the actin cytoskeleton (Fig. 5B). In
cells infected with the US3-negative virus, again both pheno-
types of the actin cytoskeleton, i.e., the presence of intact stress
fibers and disassembly of the actin cytoskeleton, were ob-
served. In contrast to the observation with parental BAC20 or
the revertant 20US3* virus, however, infected cells with intact
actin stress fibers were as frequent (49%) as those exhibiting
actin disassembly (Fig. 5B). An analysis of variance revealed
that the differences in the number of infected cells with intact
actin stress fibers between 20�US3 and the parental or rever-
tant virus were statistically significantly different (P � 0.0382).

To analyze the potential role of pUS3 in actin disassembly in
more detail and to more reliably quantify pUS3-mediated actin
stress fiber breakdown, expression plasmid pcUS3* or gB-ex-
pressing control plasmid pcMgB was transfected into CEC.
After transfection, the percentages of actin stress fiber-con-
taining cells were determined at 24 and 48 h after transfection.
Cells were fixed and analyzed by IIF using anti-FLAG MAb
M2 or the gB-specific MAb 2K11. To visualize actin, cells were
stained with AlexaFluor 488-phalloidin. Following transfec-
tion, disassembly of the actin cytoskeleton could clearly be
observed in a mean of 74% of pUS3*-expressing cells at the
24-h time point (Fig. 6), while gB-expressing cells showed
almost no (6%) disassembly of the actin cytoskeleton. At the
48-h time point, however, the actin cytoskeleton had recovered
in pUS3*-expressing cells and stress fiber organization was
intact in the vast majority of transfected cells (96%), as re-
vealed by the AlexaFluor 488-phalloidin staining of actin fi-
bers. At the later time point, no difference in the number of
actin stress fiber-containing cells between US3*- or gB-express-
ing cells was observed (Fig. 6). The reduction in numbers of

TABLE 1. Percentages of virus particles in cellular compartments

Virus % Intra-
nuclear

% Perinuclear
space

% Cyto-
plasm

Total particles/
cells counted

BAC20 75 1 24 248/38
20�US3 61 35 4 180/21
20US3* 65 2 33 343/26
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FIG. 4. Electron microscopy of 20�US3- or 20US3*-infected CEC. Cells were infected with recombinant virus and fixed 3 days p.i. (A) Electron
microscopic examination of the 20�US3 revealed an accumulation of enveloped virions in the perinuclear space in characteristic protrusions. (B) In
cells infected with parental BAC20 (data not shown) or the 20US3* revertant virus, all stages of virion morphogenesis were detectable, without
any accumulation of primarily enveloped virions in the perinuclear space. A newly synthesized A-type capsid in the nucleus is marked with a black
arrow, while naked nucleocapsids and mature viruses in transport vesicles in the cytoplasm are marked with white arrows. Note that no extracellular
virus is released from 20US3*- or 20�US3-infected cells.
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cells exhibiting stress fiber disassembly at 48 h after pUS3*
transfection did not appear to be caused by a destruction of
these cells or their detachment from the solid support, because
absolute counts of FLAG-positive cells slightly increased from
the 24-h time point (total mean of counted cells, 216) to the
48-h time point (total mean of counted cells, 227). In addition,
no gross morphological changes like cell rounding were detect-
able at either the earlier or later time point (Fig. 6A). We
concluded from the experiments on the structure of the actin
cytoskeleton in MDV-infected and pUS3*-transfected cells
that MDV infection causes a reorganization of the actin cy-
toskeleton, but that this reorganization was transient and only
partially mediated by pUS3.

Polymerization of actin is important for cell-to-cell spread
of MDV. To investigate the role of actin and microtubule
dynamics in MDV infection, more specifically in viral cell-to-
cell spread, BAC20-transfected cells were treated with various
concentrations of cytochalasin D, a drug that prevents the
repolymerization of G-actin (14), or nocodazole, which depo-
lymerizes microtubules (8). In pilot experiments, toxic concen-
trations of cytochalasin D (10 �M) and nocodazole (75 �M)
for CEC were determined. BAC20-transfected cells were then

incubated for 5 days in the presence of 5, 0.5, or 0.05 �M
cytochalasin D or 50, 5, or 0.5 �M nocodazole. These concen-
trations of cytochalasin D and nocodazole were shown to result
in a dose-dependent disassembly of either F-actin or microtu-
bules, respectively (Fig. 7A). In contrast, the concentrations of
cytochalasin D or nocodazole used had no destabilizing effect
on microtubule organization or the actin cytoskeleton in CEC,
respectively (Fig. 7A).

At day 5 after transfection of the infectious virus DNA, cells
were fixed and single infected cells and plaques were identified
by IIF using anti-VP5 MAb 3F19 at a 1:100 dilution. Treat-

FIG. 5. (A) Disassembly of actin stress fibers in CEC infected with
BAC20 at 48 h p.i. Cells were fixed with 90% acetone at 48 h after
infection. MDV proteins were detected with polyclonal convalescent-
phase serum that was visualized using an Alexa 568-conjugated anti-
chicken IgG as the secondary antibody (red). Actin was visualized with
phalloidin-Alexa 488 (green). Cells were finally inspected using a Zeiss
Axiovert fluorescence microscope, and pictures were taken with a 40	
objective before processing with Adobe Photoshop. (B) Percentage of
infected cells with intact and depolymerized actin stress fibers. A total
of 300 infected cells in three independent experiments were inspected.

FIG. 6. (A) Subcellular localization of pUS3* in CEC transfected
with expression plasmid pcUS3*. Cells were fixed at the given time
points with 90% acetone, and FLAG-tagged US3 (red) was detected
using the anti-FLAG M2 antibody and Alexa 568-conjugated anti-
mouse IgG as the secondary antibody. Actin (green) was stained with
phalloidin-Alexa 488. Red and green fluorescence signals were re-
corded separately by using appropriate filters with a confocal micro-
scope (Olympus). Overlay of the pUS3 and actin fluorescent signals is
shown in the merge. (B) Percentages of pUS3*- and pcMgB-trans-
fected cells with intact actin stress fibers (100 cells were scored) at 24
and 48 h after transfection. Percentages represent means and standard
deviations of three independent experiments.
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ment of CEC with nocodazole did not have any inhibitory
effect on the cell-to-cell spread capabilities of BAC20 virus,
even when a concentration of 50 �M was used (Fig. 7B). This
concentration of the drug not only resulted in complete disin-
tegration of the microtubular network, but also in the begin-
ning of cell rounding and partial disintegration of the mono-
layer (Fig. 7A).

In contrast to the inert effect of nocodazole on MDV cell-
to-cell spread, a dose-dependent inhibition of MDV plaque
formation was observed in the presence of cytochalasin D.
Even concentrations of as low as 50 nM cytochalasin D had a

significant inhibitory effect on virus spread, and plaque num-
bers were reduced by more than twofold (Fig. 7B). When the
highest (5 �M) concentration of the drug was used, no plaque
formation at all could be observed. This inhibitory effect on
MDV cell-to-cell spread was not caused by an absence of virus
reconstitution or production of late viral proteins in the pres-
ence of cytochalasin D, because single infected cells were
readily detected by IIF and the numbers of single infected cells
corresponded well to the number of plaques observed in the
presence of nocodazole or when no drug was added after
transfection of infectious BAC20 DNA.

FIG. 7. (A) Effect of various concentrations of cytochalasin D (A to H) or nocodazole (I to P) on the actin cytoskeleton or microtubules in CEC,
respectively. Cells were stained simultaneously with phalloidin-Alexa 488 to detect polymerized actin and with anti-
-tubulin–Alexa 546 to detect
microtubules. Fluorescences were recorded individually by CLSM. A dose-dependent disassembly of actin stress fibers in the presence of
cytochalasin D (A to C) and a gradual disassembly of microtubules with increasing concentrations of nocodazole (I to K) were observed. Note the
presence of the microtubules in cytochalasin D-treated cells (E to G) and the intact actin stress fibers in cultures treated with nocodazole (I to K).
Untreated control cells are in panels D, H, L, and P. (B) Number of plaques after transfection of BAC20 DNA in the presence or absence of
cytochalasin D or nocodazole. CEC were transfected with 5 �g of BAC20 DNA, and the indicated concentrations of the drugs were added at 8 h
after transfection. Media were changed twice daily to maintain drug concentrations. Five days after transfection, the number of plaques was
determined after fixing the cells with 90% acetone and subsequent IIF using MAb 3F19, which recognizes the MDV major nucleocapsid protein
VP5. Bars represent the number of plaques of four independent experiments performed in duplicate; standard deviations are given. (C) Plaque
diameters after infection with BAC20 virus in the presence or absence of cytochalasin D or nocodazole. CEC were infected, and indicated
concentrations of the drugs were added at 12 h after infection. Media were changed twice daily to maintain drug concentrations. Four days after
infection, plaque sizes were determined after IIF staining with the MDV-specific chicken antiserum. Means and standard deviations of plaque areas
of 100 plaques from two independent experiments are given.
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The findings of a reduced number of virus plaques after
cytochalasin D but not nocodazole treatment were corrobo-
rated by experiments that assessed the plaque areas after treat-
ment of infected cells with the two drugs. Consistent with the
findings described above, cytochalasin D concentrations of as
low as 50 nM resulted in a significant decrease of plaque sizes,
which was much more pronounced at higher cytochalasin D
concentrations (Fig. 7C). In the case of a cytochalasin D con-
centration of 5 �M, almost no plaque formation was visible
and mostly single infected cells were observed. In contrast,
even in the presence of 50 mM nocodazole, which resulted in
the complete absence of any microtubules and rounding of a
substantive number of cells, mean plaque areas still reached
78% of those in the absence of any drug. At the lowest no-
codazole concentrations of 0.5 �M, no negative influence on
plaque formation was observed and mean plaque areas even
appeared bigger than in BAC20-infected cells with no drug
treatment (Fig. 7C). From these experiments we concluded
that polymerizing actin plays an important role in MDV cell-
to-cell spread, while an intact microtubular network appears to
be dispensable for virus spread in cultured cells.

DISCUSSION

The US3-encoded protein kinases of alphaherpesviruses,
more specifically those of HSV-1 and PRV, have been shown
to be important players in the de-envelopment that primarily
enveloped virions undergo by fusing with the outer leaflet of
the nuclear membrane. This important step in virion morpho-
genesis results in the presence of naked nucleocapsids in the
cytoplasm of infected cells. Although nonessential for virus
growth in vitro, the deletion of US3 in HSV-1, PRV, and
bovine herpesvirus type 1 results in reduced growth rates of
mutant viruses (17, 35, 41), and the results reported here on
the defect in efficient virus replication of an MDV US3 mutant
are in good agreement with previous observations reported for
related virus systems.

Our findings, however, are in contradiction to those re-
ported by Sakaguchi et al. (36), who described an MDV US3
deletion mutant that did not show any growth defects. Those
authors constructed an MDV strain K-544 mutant that ex-
pressed �-galactosidase instead of pUS3. One possible expla-
nation for the differing results is that the action of pUS3 may be
strain specific. An alternative explanation is that the US3-
negative virus described previously was constructed by conven-
tional marker rescue and plaque purified over 10 passages in
eukaryotic cells. During plaque purification, spontaneous and
compensatory mutations in other ORFs might have arisen that
could explain the virtually identical growth properties of the
US3 mutant and the parental virus. This latter interpretation is
supported by the observation that the growth defect of 20�US3
was only noticeable for a few passages in CEC; afterwards,
plaque sizes were restored to near-wild-type levels. This phe-
nomenon of a restoration of the growth deficits in the absence
of pUS3 after only a few rounds of replication in CEC and the
identification of the compensatory mutation(s) are currently
being addressed in our laboratory.

We view it as unlikely that the US2 product, which is absent
in BAC20 and derivatives thereof (39), cooperates with pUS3
in the early stages of MDV morphogenesis, because the US2

homologues in equine herpesvirus type 1 and PRV seem to
function very late in virus assembly and egress (2, 24). In
addition, pUS3 was shown to be involved in two mechanisms
that may contribute to the observed phenotype of inefficient
cell-to-cell spread of a US3-negative MDV mutant. One of the
actions of MDV pUS3, which is similar to those of the HSV-1
and PRV US3 proteins, is its involvement in efficient release of
primarily enveloped viruses from the ER, which leads to a
reduced number of cytoplasmic virions and may consequently
result in a less-efficient infection of neighboring cells because
fewer infectious particles may finally reach the plasma mem-
brane.

A second function of pUS3 that may be important in a later
stage of cell-to-cell spread and one that was first observed in
PRV is its ability to break down actin stress fibers in infected
cells (44). We asked the question whether the MDV unique-
short protein kinase would also be exerting an action on the
actin cytoskeleton, the disassembly of which can be observed in
infected cells at early and late times p.i. In cultures infected
with the parental BAC20 or the revertant 20US3* virus, the
majority of cells lacked an intact actin cytoskeleton. This ob-
servation—although to a lesser extent—was also made with the
20�US3 mutant virus. Quantification of the number of cells
with depolymerized actin after infection, however, proved to
be extremely difficult, because the highly cell-associated nature
of MDV requires a coseeding of infected with uninfected cells
and synchronous high-multiplicity infections are impossible.
However, there was a significant difference of 15% between
the number of infected cells exhibiting intact actin stress fibers
in CEC infected with 20�US3 compared to those infected with
parental or revertant virus. Moreover, in cells transiently ex-
pressing US3* under the control of the human cytomegalovirus
immediate-early promoter, we observed actin depolymeriza-
tion in the first 24 h after transfection. Surprisingly, at later
times after transfection US3-expressing cells had intact actin
stress fibers. These experiments demonstrated that pUS3 is
clearly involved in actin depolymerization but indicated that (i)
pUS3 is not absolutely necessary for actin disassembly in
MDV-infected cells, especially at later times p.i., (ii) the action
of pUS3 on polymerized actin is transient, and (iii) sustained
depolymerization requires other MDV infected cell proteins.
The transient nature of pUS3-mediated actin stress fiber break-
down in transfected cells was unexpected. A possible explana-
tion may be that immunological detection of the kinase is still
possible at later time points after transfection, but that pUS3
exhibits decreased functional stability when transiently ex-
pressed in the absence of other viral proteins. Mechanistically,
MDV-induced actin depolymerization may be harnessed to
facilitate spread from an infected to a neighboring uninfected
cell by exploiting directional repolymerization of the mono-
meric G-actin for intra- and intercellular movement, possibly
similar to the mechanism used by vaccinia virus (3). MDV is
strictly cell associated and does not produce free virus; rather,
it only uses direct cell-cell spread for virus replication and
growth. In this context it is interesting that we were also able to
demonstrate a massive reduction in the ability of MDV to form
plaques in the presence of cytochalasin D, a drug that prevents
the repolymerization of monomeric actin, while nocodazole,
which disintegrates microtubules, did not have a strong effect
on MDV plaque formation. These results obtained after both
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transfection of BAC20 DNA and after infection strongly indi-
cated that MDV cell-to-cell spread is dependent on the ability
of monomeric actin to polymerize but does not require an
intact microtubular network. Further experiments are targeted
towards a more detailed analysis of this putative interaction
between MDV and the cytoskeleton and its functional impli-
cations.

A further known function of pUS3 homologues is phosphor-
ylation of both viral and cellular proteins. In fact, preliminary
data obtained from Western blot studies using cloned MDV
US3 and the available US3 mutant viruses suggest that the
MDV-specific early viral protein pp38 is one target of the
unique-short-encoded serine/threonine kinase. MDV pp38,
encoded by R-LORF14a (MDV073), has been shown to be
phosphorylated at serine residues and was originally proposed
to be directly involved in tumor development (4). Recent evi-
dence strongly suggests, however, an involvement of pp38 in
the early lytic stages of virus infection, which ultimately results
in a lower incidence of latently infected cells and tumors.
Presently, we do not know whether the prototype target of
phosphorylation by pUS3, the UL34 product, is phosphorylated
by the MDV serine/threonine protein kinase. HSV-1 pUL34
was the first viral protein that was shown to stay unphosphor-
ylated in the absence of pUS3 (29, 30). As stated above, the
UL34 gene encodes a type II transmembrane protein that is
essential for primary envelopment of nucleocapsids and pri-
marily localizes to the nuclear envelope of infected cells (30,
31). Interestingly, phosphorylation of the PRV UL34 homolo-
gous protein was not altered in the absence of the unique-short
protein kinase and can probably also be phosphorylated by
cellular kinases (17). Similarly, absence of pUS3 and, conse-
quently, lack of pUS3-mediated phosphorylation of the HSV-1
UL34 product did not result in replication-deficient virus, un-
like viruses in which pUL34 was deleted (31, 35). Currently, we
are conducting experiments that address the kinase activity of
MDV pUS3, and we are concentrating on the putative phos-
phorylation of pp38 and pUL34 by the unique-short protein
kinase. Recent evidence obtained for the interaction between
HSV-1 pUS3 and pUL34 suggests that the kinase activity of
pUS3 is required for efficient de-envelopment, but that the
kinase targets an infected cell protein other than pUL34 (35).
Our studies address the question of whether the accumulation
of enveloped virions at the nuclear rim in the absence of MDV
pUS3 is caused by structural deficits in the absence of a tegu-
ment protein or by the absence of phosphorylation of target
viral or cellular proteins. These studies will involve a compar-
ison of the functionality of wild-type and mutant MDV pUS3 in
which the kinase domain is altered.
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