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The pseudorabies virus (PRV) early protein UL54 is a homologue of herpes simplex virus 1 (HSV-1)
immediate-early protein ICP27, which is a multifunctional protein that is essential for HSV-1 infection. In this
study, the subcellular localization and nuclear import signals of PRV UL54 were characterized. UL54 was
shown to predominantly localize to the nucleolus in transfected cells. By constructing a series of mutants, a
functional nuclear localization signal (NLS) and a genuine nucleolar localization signal (NoLS) of UL54 were
for the first time identified and mapped to amino acids 61RQRRR65 and 45RRRRGGRGGRAAR57, respectively.
Additionally, three recombinant viruses with mutations of the NLS and/or the NoLS in UL54 were constructed
based on PRV bacterial artificial chromosome (BAC) pBecker2 to test the effect of UL54 nuclear targeting on
viral replication. In comparison with the wild-type virus, a recombinant virus harboring an NLS or NoLS
mutation of UL54 reduced viral production to different extents. However, mutations of both the NLS and NoLS
targeted UL54 to the cytoplasm in recombinant virus-infected cells and significantly impaired viral replication,
comparable to the UL54-null virus. In addition, a virus lacking the NLS or the NoLS displayed modest defects
in viral gene expression and DNA synthesis. However, deletion of both the NLS and the NoLS resulted in severe
defects in viral gene expression and DNA synthesis, as well as production of infectious progeny. Thus, we have
identified a classical NLS and a genuine NoLS in UL54 and demonstrate that the nuclear targeting of UL54
is required for efficient production of PRV.

Pseudorabies virus (PRV), a typical alphaherpesvirus, is an
economically important pathogen of swine. The neurotropic
nature of PRV makes it a useful tracer of neuronal connec-
tions, and it is also a useful model for the study of herpesvirus
pathogenesis (44). During the lytic cycle of PRV infection, the
viral proteins are expressed in a cascade of three temporally
distinct and functionally interdependent phases termed imme-
diate-early (IE), early (E), and late (L) phase. It has been
reported that UL54 is expressed with E kinetics (24), whereas
its homologue from herpes simplex virus 1 (HSV-1), ICP27,
belongs to the IE kinetic class. Furthermore, the amino acid
sequence similarity between ICP27 and UL54 is only 41% (2).
ICP27 is an essential protein and a multifunctional regulator of
gene expression of HSV-1, given its different roles during in-
fection (27, 37, 45). In contrast to ICP27-null HSV-1, UL54-
null PRV is viable; however, it exhibits aberrant expression of
several E and L gene products and is highly attenuated in a
mouse model of PRV infection (47). Like its HSV-1 counter-
part, UL54 contains a putative nuclear localization signal
(NLS) and an RGG box RNA binding motif and shows RNA
binding activity (25). All of these properties of UL54 make it of
particular interest. Although ICP27 (27, 37, 45) and other

herpesvirus homologues (4–6, 12, 19, 21, 28, 43, 52) have been
extensively studied, the functions of UL54 are less known.

An important step toward understanding the detailed func-
tions of a protein in vivo is to determine its precise subcellular
localization. UL54 has been previously shown to target pre-
dominantly to the nuclei of infected and transfected cells (24,
25). In this study, we demonstrate that UL54 localizes predom-
inantly to the nucleolus in transient transfected living cells but
is distributed more widely throughout the nucleus in infected
cells. By amino acid sequence analysis and construction of a
series of UL54 variants, a functional NLS and nucleolar local-
ization signal (NoLS) of UL54 were identified. In addition, by
engineering NLS- and/or NoLS-mutated viruses based on a
PRV bacterial artificial chromosome (BAC) (pBecker2), we
found that inactivation of the NoLS is more detrimental to the
replication of PRV at low multiplicities of infection than inac-
tivation of the NLS. However, mutation of both the NLS and
the NoLS significantly impairs viral replication, comparable to
that of a UL54-null virus.

MATERIALS AND METHODS

Cells and viruses. HEK293T, HeLa, PK-15, Vero, and COS-7 cells were grown
in Dulbecco’s modified minimal essential medium (DMEM; Gibco-BRL) sup-
plemented with 10% fetal bovine serum (FBS; Gibco-BRL). PRV BAC
(pBecker2) was a generous gift from Lynn W. Enquist (48).

Plasmid construction. All enzymes used for cloning procedures were pur-
chased from Takara (Dalian, China) except T4 DNA ligase (New England
BioLabs, MA). The UL54 open reading frame (ORF) amplified from pBecker2
(48) was digested with EcoRI and BamHI and then inserted into the correspond-
ingly digested green fluorescent protein variant mammalian expression vector
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pEYFP-N1 (Clontech) to create pUL54-EYFP (where EYFP is enhanced yellow
fluorescent protein). Other plasmids used in this study were constructed simi-
larly. Sequence information for all of the primers used is available upon request.
pUL54(45–53)-EYFP was generated by ligating the annealed oligonucleotides
into pEYFP-N1. pGFP-B23.1 was a generous gift from Julian A. Hiscox (14), and
the ORF of B23.1 was subcloned into pECFP-N1 (Clontech) to yield B23.1-
ECFP (where ECFP is enhanced cyan fluorescent protein). All constructs were
verified by PCR, restriction analysis, and sequencing.

Western blot analysis. Western blot analysis was performed as described in
our previous studies (32, 53). Briefly, protein samples were separated by sodium
dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and
transferred to nitrocellulose membranes (Bio-Rad). The membranes were
blocked with 5% skim milk in phosphate-buffered saline (PBS) overnight at 4°C;
washed with PBST (PBS with 0.05% Tween 20) three times; incubated with
anti-�-actin monoclonal antibody (MAb; Clontech), anti-YFP polyclonal anti-
body (pAb; Santa Cruz), anti-EP0 pAb (20), or anti-UL54 pAb (rabbit antiserum
against the His-tagged N-terminal 66 amino acids [aa] of UL54) (unpublished
data) at room temperature for 3 h; and then washed with PBST three times and
incubated with secondary antibody conjugated with alkaline phosphatase
(Kirkegaard and Perry Laboratories). Reactive bands were revealed with ni-
troblue tetrazolium bromochlorindodyl phosphate tablets (Sigma). Images were
scanned and subsequently processed using Adobe Photoshop.

Transfection and fluorescence microscopy. Transfection and fluorescence mi-
croscopy experiments were performed as described in our previous studies (31,
32). In the same experiment, each transfection was performed at least three
times. Data shown are from one representative experiment. Samples were ana-
lyzed using a Zeiss Axiovert 200 M microscope (Germany). All the photomicro-
graphs were taken under a magnification of �400 unless otherwise specified.
Each photomicrograph represents a vast majority of the cells with similar sub-
cellular localizations. Light-translucent pictures show cellular morphology. Flu-
orescence images of EYFP and ECFP fusion proteins are presented in pseudo-
color, green and red, respectively, and the merged images are shown to confirm
the colocalization, indicated by yellow signals. Images were processed with
Adobe Photoshop.

IFA. Immunofluorescence assay (IFA) was applied to analyze the subcellular
localization of PRV UL54 in transfected or infected cells. To investigate the
subcellular localization of UL54 in transfected cells, two different fixation meth-
ods were performed, either methanol-acetic acid-based (25) or formaldehyde-
based (19, 32). For the former, the transfected cells were fixed with 95% meth-
anol and 5% glacial acetic acid, permeabilized with 0.25% Triton X-100 and 5%
dimethyl sulfoxide (DMSO), and incubated with the anti-UL54 pAb and fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Zymed Labora-
tories). For the latter, the cells were fixed with 4% paraformaldehyde, perme-
abilized with 0.5% Triton X-100, and incubated with the anti-UL54 or anti-EP0
pAb, respectively. To detect the subcellular localization of UL54 in infected cells,
mock-infected PK-15 cells and cells infected with PRV at a multiplicity of
infection (MOI) of 1 or 0.1 for several hours were subjected to formaldehyde-
based (19), fixation-based IFA using the anti-UL54 or anti-EP0 pAb. After each
incubation step, the cells were washed extensively with PBS. DAPI (4�,6-di-
amidino-2-phenylindole) stain was applied for the visualization of the cell nu-
cleus, and cells were analyzed using a Zeiss Axiovert 200 M microscope. Each
photomicrograph represents the majority of the cells. Images were processed
with Adobe Photoshop.

Genetic manipulation of pBecker2 with recombineering technology. Wild-type
(WT) and mutant PRV viruses were derived from the parental pBecker2 (strain
Becker) BAC (48), and the strategy for introducing point mutations into
pBecker2 by homologous recombination has been described previously (34, 54).
Briefly, in the first step, a DNA fragment containing the Kanr expression cassette
flanked by homology arms that target the UL54 coding sequence was amplified
from the plasmid pGEM-oriV/Kan (54). The PCR product was digested with
DpnI (New England Lab) and purified by a gel extraction kit (Qiagen). About
200 ng of the PCR product was transformed into Escherichia coli DY380 com-
petent cells carrying pBecker2 via electroporation at 1.6 kV and 250 �F with a
Bio-Rad Gene Pulser II. Recombinants were selected on agar plates containing
kanamycin and chloramphenicol at 32°C. One positive clone, designated prBAC/
�UL54 and identified by PCR, restriction analysis, and sequencing analysis, was
employed for the second recombination step.

For the second step, to generate a UL54 deletion revertant (see Fig. 4A) and
recombinants harboring desired mutations, the Kan cassette of prBAC/�UL54
was replaced by WT or mutant UL54 via homologous recombination (54). First,
UL54, UL54-NLSm, UL54-NoLSm, and UL54-(NLS�NoLS)m sequences were
amplified and subcloned into pGEM-Lox-Zeo to yield plasmids pUL54-Zeo,
pUL54-NLSm-Zeo, pUL54-NoLSm-Zeo, and pUL54-(NLS�NoLS)m-Zeo. The

resulting clones were verified by PCR, restriction analysis, and sequencing anal-
ysis. Next, the UL54-Zeor, UL54-NLSm-Zeor, UL54-NoLSm-Zeor, and UL54-
(NLS�NoLS)m-Zeor cassettes were amplified from these plasmids. The PCR
products were digested with DpnI to remove the plasmid template, purified, and
electroporated into E. coli DY380/prBAC/�UL54 competent cells that had been
induced at 42°C for 15 min (34, 54) for homologous recombination. The recom-
binants were selected on agar plates containing 50 �g/ml zeocin (Invitrogen) and
12.5 �g/ml chloramphenicol at 32°C. The PRV BAC prBAC/�UL54R, prBAC/
UL54-NLSm, prBAC/UL54-NoLSm, and prBAC/UL54-(NLS�NoLS)m clones
are resistant to chloramphenicol and zeocin and sensitive to kanamycin and
ampicillin. The BAC DNAs from these clones were extracted and subjected to
restriction analysis, PCR analysis, and sequencing analysis.

Recombinant virus production. To reconstitute recombinant viruses, confluent
Vero cells were transfected with 2 �g of the corresponding BAC DNAs using a
calcium phosphate transfection kit (Invitrogen) according to the manufacturer’s
manual. To remove the BAC vector and Zeor gene (flanked by two loxP sites)
from the PRV genome, a Cre expression plasmid (pGS403) was cotransfected
with the corresponding BAC DNAs as described previously (33). Following
transfection, virus was harvested when the cytopathic effect (CPE) reached 90 to
95%. Lysates of transfected cells were then inoculated onto Vero cell monolayers
in 10-cm-diameter dishes for 3 or 4 subsequent serial passages to increase virus
titers.

Plaque assays and growth curve analysis. Viruses were harvested and their
titers were determined by plaque assay using crystal violet staining. PK-15 cells
were infected with the vBecker2 reconstituted virus from parental pBecker2 and
the v�UL54, v�UL54R, vNLSm, vNoLSm, and v(NLS�NoLS)m recombinant
viruses from prBAC/�UL54, prBAC/�UL54R, prBAC/UL54-NLSm, prBAC/
UL54-NoLSm, and prBAC/UL54-(NLS�NoLS)m, respectively. After 1 h of
adsorption at 37°C, virus dilutions were washed off, and the plates were overlaid
with 2� DMEM-2% FBS and white agar (1:1). After incubation at 37°C for 24 h
(vBecker2, v�UL54R, vNLSm, and vNoLSm viruses) or 72 h [v�UL54 and
v(NLS�NoLS)m viruses], the cell monolayers were fixed with methanol and
stained with 0.1% crystal violet, and plaques were counted. IFA analysis was
applied to detect the plaque phenotype with anti-EP0 pAb.

For the growth curve analyses, PK-15 cells were infected with different recom-
binant viruses at an MOI of 0.1 or 1. After 1 h of adsorption at 37°C, the cells
were rinsed for 1 min with citrate buffer (40 mM Na citrate, 10 mM KCl, 135 mM
NaCl, pH 3.0) to inactivate any unabsorbed virus. The cells were then incubated
with fresh medium supplemented with 2% FBS for 4, 8, 12, and 24 h. Superna-
tant and cells were harvested at the indicated time points and were subjected to
three freeze-thaw cycles to release infectious intracellular virus. Viral titers in all
samples were determined in triplicate on a monolayer of PK-15 cells, and the
average of each is shown.

Viral DNA isolation and analysis by PCR. To examine viral DNA replication,
PK-15 cells grown in 6-well plates were infected with either v�UL54, v�UL54R,
vNLSm, vNoLSm, v(NLS�NoLS)m, or vBecker2 virus for 1 h at 37°C at an MOI
of 0.1 or 1, and total cellular DNA was isolated at 16 h postinfection (hpi). To
isolate total cellular DNA, infected cells were harvested, incubated with lysis
buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 25 mM EDTA, 0.5% SDS, 0.1
g/ml proteinase K, 25 �g/ml RNase A) at 50°C overnight, and cell lysates were
treated with equal volumes of phenol/chloroform/isoamyl alcohol (25:24:1) twice
and chloroform/isoamyl alcohol (24:1) once. DNA was then precipitated by
isopropyl alcohol at room temperature and dissolved in Tris-EDTA buffer (pH
8.0). Next, 25-�l PCR mixtures containing the extracted viral DNA and cellular
DNA were analyzed using primers specific for gK and �-actin, respectively.

RNA isolation and semiquantitative RT-PCR. Total RNA was extracted from
mock-infected or virus-infected PK-15 cells with TRIzol (Invitrogen) according
to the manufacturer’s instructions. Samples were digested with DNase I and
subjected to reverse transcription (RT)-PCR. RNA was reverse transcribed using
an oligo(dT) primer. Ten percent of the resulting cDNA was used as the tem-
plate for PCR using specific primers for the EP0 and UL54 PRV E genes, the
VP5 capsid gene, the VP22 tegument gene, and the gK envelope gene. �-actin
was used as a housekeeping gene to establish a baseline against which target
genes were compared between samples. PCR products were analyzed on a 2%
agarose gel.

RESULTS

Subcellular localization of UL54 in the transfected cells. It
is well known that the determination of subcellular localization
is one way that potential roles of some proteins can be as-
sessed. UL54 was shown to localize in the nucleus in transiently
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transfected cells (25). To further investigate the subcellular
distribution of UL54 in transfected living cells, enhanced yel-
low fluorescent protein (EYFP)-tagged UL54 variants and flu-
orescence microscopy were applied. The plasmid encoding
UL54 fused to the N terminus of EYFP was constructed (Fig.
1A) and transfected into COS-7 cells to study the subcellular
localization of UL54 in the absence of other viral proteins.
UL54-EYFP exhibited mainly a speckle-like distribution in the
nucleus that resembles the nucleolus (Fig. 1C). Western blot
analysis with an anti-UL54 pAb showed that UL54-EYFP was
expressed at the expected molecular size of about 68 kDa (Fig.
1B). Contrary to UL54-EYFP, control EYFP-N1 fluorescence
was evenly distributed throughout the cytoplasm and the nu-

cleus but not the nucleolus in cells transfected with pEYFP-N1
(Fig. 1C). In order to investigate whether the location of EYFP
affects the localization of UL54 in cells, a DNA construct was
also made to fuse EYFP to the N terminus of UL54 (EYFP-
UL54) (Fig. 1A); Western blot analysis confirmed its expres-
sion (Fig. 1B). Fluorescence microscopy demonstrated identi-
cal subcellular distribution patterns of UL54-EYFP and
EYFP-UL54 (Fig. 1C). Thus, subsequent experiments were
performed using pUL54-EYFP. To investigate whether UL54
localizes to nucleolus, COS-7 cells were cotransfected with
pUL54-EYFP and ECFP-tagged B23.1 (pB23.1-ECFP), which
has been demonstrated to localize mainly to the nucleoli and is
used as a nucleolar marker (1, 9, 14). Under these conditions,

FIG. 1. Subcellular localization of UL54 in transfected cells. (A) Schematic diagram of UL54 fused with an EYFP monomer at its C terminus
and N terminus. (B) Western blot analysis of the expressions of UL54-EYFP and EYFP-UL54 with an anti-UL54 pAb. The molecular mass is
labeled to show the size of proteins. (C, D, and E) Subcellular localization of UL54 in transfected living cells. (C) Subcellular distribution of
EYFP-UL54, UL54-EYFP, and EYFP. (D) Colocalization of UL54-EYFP and B23.1-ECFP. (E) Subcellular distribution of UL54-EYFP in PK-15,
HEK293T, and HeLa cells. (F, G, H, and I) Subcellular localization of UL54 in transfected fixed cells. (F and H) COS-7 cells were transfected
with pcDNA3.1-UL54, pCMV-HA-UL54, or pUL54-EYFP and fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and
incubated with the anti-UL54 pAb. The cells were labeled with FITC (green)- or rhodamine (red)-conjugated goat anti-rabbit IgG and
counterstained with DAPI to visualize the nuclei. (G and I) COS-7 cells were transfected with pcDNA3.1-UL54, pCMV-HA-UL54, or pUL54-
EYFP and fixed with 95% methanol and 5% glacial acetic acid, permeabilized with 0.25% Triton X-100, and incubated with the anti-UL54 pAb.
Each fluorescence image is representative of the vast majority of the cells observed.
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UL54 colocalized with B23.1 (Fig. 1D). Based on their size and
numbers, these dense, dark-staining, irregular-shaped sub-
nuclear organelles are nucleoli (Fig. 1D). To address whether
the nucleolar accumulation of UL54 was an artifact of overex-
pression, a time course of expression showed that UL54 accu-
mulated in the nucleolus as early as 4 h after transfection, when
expression levels were low (data not shown).

To further investigate whether the subcellular localization of
UL54 is cell type dependent in the absence of other viral
proteins, different cell lines (PK-15, HEK293T, and HeLa)
were transfected with pUL54-EYFP. In the three cell lines
tested, UL54 was also found to localize almost exclusively to
the nucleolus, indicating that there is a conserved mechanism
for nucleolar localization in all four lines of cells (PK-15,
HEK293T, COS-7, and HeLa) (Fig. 1E). As UL54 showed
similar distribution in all cell types tested, the following trans-
fection experiments were performed only in COS-7 cells, as
they demonstrate the highest transfection efficiency.

Since EYFP is a relatively large tag, it might affect the
nucleolar localization of UL54. To avoid this, plasmids encod-
ing untagged UL54 or hemagglutinin (HA)-tagged UL54
(pUL54-HA) were constructed, and IFAs were performed to
observe the subcellular localization of these UL54 proteins. In
addition, it is well known that some fixation protocols may alter
the subcellular localization of proteins, resulting in misleading
conclusions in the analysis of the intracellular distribution of a
specific protein (26). Therefore, two different IFA fixation
methods were applied, namely, methanol-acetic acid based
(25) or formaldehyde based (19, 32). Untagged UL54 or HA-
tagged UL54 localized in the nucleolus (Fig. 1F) following
formaldehyde-based fixation, as opposed to localization mainly
in the nucleus and less in the nucleolus following methanol-
acetic acid-based fixation (Fig. 1G). Therefore, the methanol-
acetic acid-based fixation method may alter the subcellular
localization of the UL54 protein. To corroborate this hypoth-
esis, pUL54-EYFP was transfected into COS-7 cells, and the
subcellular localization of UL54-EYFP was observed prior to
fixation. Subsequently, IFA was performed using the two dif-
ferent fixation methods. The nucleolar localization of UL54-
EYFP in living cells was changed by methanol-acetic acid-
based fixation (Fig. 1I) but not by formaldehyde-based fixation
(Fig. 1H), suggesting that the formaldehyde-based fixation
method may be better to investigate the subcellular localiza-
tion of UL54. Taken together, these results indicated that
UL54 was a nucleolar-targeting protein.

Mapping and identification of a functional NLS and NoLS
in the arginine-rich region of UL54. A previous study demon-
strated that the N-terminal 83 aa of UL54 are responsible for
its nuclear localization and contain an RGG box, which is
critical for its RNA binding activity; the N-terminal 83 aa fused
to green fluorescent protein (GFP) were also found to be
enriched in the nucleolus (25). However, the precise NLS and
NoLS of UL54 were still elusive. Sequence analysis using
PSORT II (http://psort.nibb.ac.jp) (41) predicted that UL54
contained a classical NLS at aa 61 to 65 (RQRRR) and a short
arginine- and glycine-rich sequence at aa 45 to 57, which re-
sembles a functional NoLS as described for UL54’s homologue
ICP27 (35, 36). To verify these functional sequences, two re-
combinants encompassing aa 1 to 44 and 1 to 65 were con-
structed as in-frame fusions with EYFP (Fig. 2A). The expres-

sion of these fusion proteins was confirmed by Western blot
analysis using anti-YFP pAb (Fig. 2B). As predicted, aa1-44-
EYFP showed a subcellular distribution similar to EYFP (Fig.
2C), whereas the subcellular distribution of aa1-65-EYFP was
identical to that of UL54-EYFP (Fig. 1A), with the fluores-
cence enriched in the nucleoli (Fig. 2C), indicating that aa 1 to
65 are sufficient to target EYFP to the nucleolus.

To further confirm the motifs responsible for the nucleolar
and nuclear localization of UL54, a series of fusion proteins,
including aa1-62-EYFP, aa1-57-EYFP, aa45-65-EYFP, aa45-
57-EYFP, and aa45-53-EYFP were constructed (Fig. 2A). The
expression of these proteins was confirmed by Western blot
analysis using anti-YFP Ab (Fig. 2B). As shown in Fig. 2D, aa
1 to 62, 1 to 57, 45 to 65, and 45 to 57 of UL54 can direct EYFP
into the nucleolus; however, aa 45 to 53 exhibited a subcellular
distribution pattern similar to that of EYFP, suggesting that aa
45 to 57 are a putative NoLS.

To confirm the results of the fusion proteins, three mutants
of UL54 harboring mutations within the respective NLS and/or
NoLS were made, namely, pUL54-NoLSm-EYFP, pUL54-
NLSm-EYFP, and pUL54-(NoLS�NLS)m-EYFP (Fig. 3A).
The expression of these proteins was verified by Western blot
analysis (Fig. 3B). Mutation of arginine to alanine in the NoLS
significantly attenuated protein accumulation in the nucleoli
(Fig. 3C). However, mutation of the NLS did not abrogate
nuclear translocation of UL54-EYFP (Fig. 3C); consistent with
the fusion protein data shown in Fig. 2D, the NoLS appears to
possess a nuclear localization function in the absence of a
functional NLS (19). When both the NoLS and NLS were
mutated, UL54-(NoLS�NLS)m-EYFP was excluded from the
nucleolus and nucleus (Fig. 3C). These results suggest that aa
61 to 65 (RQRRR) and 45 to 57 (RRRRGGRGGRAAR) are
the functional NLS and NoLS of UL54, respectively.

Construction of a UL54 deletion BAC, a UL54 revertant
BAC, and BACs with mutations of the NLS and/or NoLS in
UL54. To investigate the effect of subcellular localization of UL54
on PRV growth, the UL54 deletion BAC prBAC/�UL54 was
constructed, and then UL54 revertant BAC prBAC/�UL54R
(Fig. 4A) and BACs [prBAC/UL54-NLSm, prBAC/UL54-
NoLSm, and prBAC/UL54-(NLS�NoLS)m] with mutations of
the NLS and/or NoLS in UL54 were constructed based on
prBAC/�UL54. The expected recombinant clones were selected
with zeocin and chloramphenicol double resistance. PCR analysis
(Fig. 4B) and direct sequencing (data not shown) of each clone
confirmed the expected mutations. Restriction fragment length
polymorphism analysis of prBAC/�UL54, prBAC/�UL54R,
prBAC/UL54-NLSm, prBAC/UL54-NoLSm, and prBAC/
UL54-(NLS�NoLS)m showed similar patterns to that of the
parental pBecker2 with KpnI digestion, whereas specific bands
appeared with BamHI digestion, indicating that the proper
recombination occurred at the expected locus (Fig. 4C). To
rescue the viruses from the recombinant BACs, approximately
1 to 2 �g recombinant PRV BAC DNA and 0.5 �g Cre ex-
pression vector were cotransfected into Vero cells (Fig. 4A).
The UL54 deletion mutant (prBAC/�UL54) produced the vi-
able viral progeny v�UL54 virus (data not shown) as previ-
ously described (47). All other recombinant viruses, v�UL54R
(Fig. 4A), vNLSm, vNoLSm, and v(NLS�NoLS)m, were also
rescued from prBAC/�UL54R, prBAC/UL54-NLSm, prBAC/
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UL54-NoLSm, and prBAC/UL54-(NLS�NoLS)m clones, re-
spectively (data not shown).

The subcellular localization of UL54-EYFP and EGFP-
B23.1 in vBecker2-infected cells. Previous studies have dem-
onstrated that a number of morphological changes take place
in the nucleus during HSV-1 infection, like the margination of
host chromatin and profound modification of the nucleolus.
These nuclear changes are usually accompanied by the forma-
tion of a viral replication compartment (VRC) that is essential
for productive viral replication (3, 9, 14, 16, 22, 39, 46). The
subcellular localization of the well-defined nucleolar protein
EGFP-B23.1 was observed during the course of infection.
DAPI staining (Fig. 5A) revealed that the infected cell popu-
lation contained a significant proportion of cells with well-
developed chromatin-depleted regions, as described previously
(9, 39). These appear to be much larger than nucleoli, the
largest chromatin-depleted domains observed in mock-in-
fected cells. As revealed by bright-field images (Fig. 5A), how-
ever, the nucleolar structure is obviously disrupted upon PRV

infection. Expansion of the VRC is coincident with the pres-
ence of well-developed chromatin-depleted regions in infected
cells (9, 39). Then the subcellular localization of UL54-EYFP
was examined during the virus infection. COS-7 cells were first
transfected with pEGFP-B23.1 and pUL54-EYFP, and 12 h
after transfection, the cells were infected with WT vBecker2
virus at an MOI of 1. As a result of infection, EGFP-B23.1 and
UL54-EYFP were redistributed from the nucleolus to the nu-
cleus (Fig. 5B and C). EGFP-B23.1 and UL54-EYFP remained
in structures that displayed a nucleolar morphology at an ear-
lier time of infection (4 hpi). Then they localized in a structure
that was devoid of the characteristic blue DAPI staining, es-
pecially at 12 hpi, indicating that this might be the VRC (9, 39).
These results showed that UL54 localizes in the nucleolus in
the absence of other viral proteins; however, it distributes to
the nucleus in compartments that resemble the VRC during
infection.

The subcellular localization of UL54 recombinant viruses in
PK-15 cells. To determine whether UL54 mutants are ex-

FIG. 2. The nucleolar localization signal locates in the arginine-rich region of UL54. (A) Schematic representation of the WT UL54 protein
and its deletion mutants fused with EYFP; (B) Western blot analysis of the deletion derivatives of UL54 using anti-YFP pAb; (C) subcellular
localization of deletion mutants aa1-65-EYFP and aa1-44-EYFP; (D) subcellular localization of the other UL54 mutants fused with EYFP
(arrowheads, nucleoli of the cells). Each fluorescence image is representative of the vast majority of the cells observed.
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pressed in virus-infected cells, Western blot analysis was em-
ployed. When the CPE of virus-infected cells reached 90 to
95%, cell lysates were produced and subjected to electropho-
resis, transferred onto a nitrocellulose membrane, and reacted
with the anti-UL54 pAb. As expected, the pAb could clearly
detect an approximately 40-kDa protein (UL54) present in
vBecker2, v�UL54R, vNLSm, vNoLSm, and v(NLS�NoLS)m
virus-infected cells, which did not exist in the mock-infected
cells and v�UL54 virus-infected cells (Fig. 6A). In order to
verify whether the NLS and/or NoLS are functional during
infection, IFA was performed to investigate the exact subcel-
lular localization of UL54 or its mutants in PK-15 cells infected
with vBecker2 or other recombinant viruses. UL54 of
vBecker2, v�UL54R, and vNLSm viruses localized mainly in
the nucleolus in the earlier times of infection, whereas it lo-
calized in the nucleus in the later times of infection (Fig. 6B).
UL54 harboring a single NoLS mutation localized mainly to
the nucleus during the course of vNoLSm infection (Fig. 6B).
However, the mutant UL54-(NLS�NoLS)m protein encoding
by v(NLS�NoLS)m localized mainly in the cytoplasm at 12
hpi, which is similar to the subcellular localization of UL54-
(NLS�NoLS)m-EYFP in transfected living cells (Fig. 3C). In
contrast, no specific staining was observed in mock-infected or
UL54 deletion mutant-infected cells. These results indicate

that the NoLS or both the NLS and NoLS function during virus
infection.

Nuclear targeting of UL54 is required for efficient produc-
tion of PRV. Next, we investigated whether the subcellular
localization of UL54 affects viral replication of PRV. Stocks of
WT virus vBecker2 and v�UL54, v�UL54R, vNLSm,
vNoLSm, and v(NLS�NoLS)m recombinant viruses were pre-
pared and their titers were determined. Plaque formation and
viral proliferation characteristics were observed for each re-
combinant virus at an MOI of 0.1. Although the �UL54 virus
was viable, plaques appeared later than with the WT virus.
Plaque assays showed that the �UL54 virus could grow on
PK-15 cells but resulted in an obvious reduction in plaque size
as described previously (47). This phenotype was reverted to
the WT when the UL54 allele was repaired (v�UL54R virus)
(Fig. 7A), suggesting that the small plaque phenotype resulted
from deletion of UL54. In addition, in comparison with the
WT virus, all mutants exhibited a relative small-plaque pheno-
type; however, inactivation of the NoLS had more deleterious
effects than that of the NLS on the production of infectious
virus. Furthermore, mutation of both motifs was more delete-
rious than any single mutation (Fig. 7A). Thus, all of the
mutations reduce the production of infectious virus, but the
effect of each mutation differed at low MOI.

To examine the molecular basis for the small-plaque pheno-
type of different mutant viruses, the growth kinetics of these
viruses were determined at an MOI of 0.1. PK-15 cells were
infected and harvested at the indicated time points (Fig. 7B).
v�UL54R exhibited comparable growth kinetics with vBecker2;
however, v�UL54, vNLSm, vNoLSm, and v(NLS�NoLS)m
showed slower growth kinetics than the parental virus vBecker2.
Twenty-four hours after infection, the titers of the vNLSm (�3 �
105) and vNoLSm (�2.6 � 104) mutants were approximately
3-fold and 35-fold lower than that of vBecker2 (�9.3 � 105).
Thus, both the NLS and NoLS mutations reduced production of
infectious virus, with the effect of the NoLS mutation being more
severe (Fig. 7B). In addition, viral replication of v(NLS�NoLS)m
was severely impaired, which is comparable to that of the v�UL54
virus (Fig. 7B).

Subsequently, we examined whether the growth defect of the
UL54 mutant viruses is a multiplicity-dependent phenomenon.
At an MOI of 1, the viral yield of vNoLSm was reduced by
approximately 12-fold compared with that of its parental virus
vBecker2, whereas the viral yield of vNLSm was almost equiv-
alent to vBecker2 (Fig. 7C). However, compared to vBecker2,
viral replication of v(NLS�NoLS)m and v�UL54 was severely
impaired (Fig. 7C). These results collectively show that the
replication defect of vNLSm and vNoLSm could be overcome
at a higher multiplicity of infection and that nuclear targeting
of UL54 is important for efficient production of PRV.

Nuclear targeting of UL54 is required for efficient viral DNA
replication and gene expression. It is reported that ICP27
significantly enhances the levels of viral DNA synthesis (29).
DNA replication is also reduced in cells infected with a UL54-
null mutant (47). To investigate the effects of NLS and/or
NoLS mutation of UL54 on DNA replication, total DNA of
infected cells was extracted and the gK viral gene and �-actin
host cell gene were amplified by PCR. Deletion of UL54 or
mutation of either the NLS and/or the NoLS reduced viral
DNA replication when the cells were infected with the corre-

FIG. 3. Mutation of arginine residues in an arginine-rich motif
abrogates the nuclear or nucleolar localization of UL54. (A) Schematic
diagram of mutations of the arginine-rich domain in UL54; (B) West-
ern blot analysis of the different mutants using the anti-UL54 pAb;
(C) subcellular localization of these mutants. Each fluorescence image
is representative of the vast majority of the cells observed.
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FIG. 4. Construction of UL54-null BAC, UL54 revertant BAC, and BACs with mutations of NLS and/or NoLS in UL54. (A) Schematic
diagram of the construction of a UL54 revertant clone, prBAC/�UL54R (�UL54R virus). (a) To generate the �UL54R clone, UL54 was amplified
by PCR from the WT PRV BAC pBecker2 DNA. Then UL54 was cloned into the plasmid pGEM-Lox-Zeo to construct pUL54-Zeo. (b)
Amplification of the UL54-Zeor cassette by PCR using a primer pair added 40 bp homology flanking UL54. (c) PCR product was transformed into
E. coli DY380 competent cells carrying the prBAC/�UL54 via electroporation. (d) The Kanr gene was replaced with the UL54-Zeor cassette by
homologous recombination to create the �UL54R clone prBAC/�UL54R. The introduced BamHI site within the UL54-Zeor cassette is also
shown. (e) The Zeor gene was removed while generating virus from BAC DNA by cotransfecting a Cre recombinase-expressing plasmid. (B) PCR
analysis of the BAC recombinants. The UL54, VP22, and Kanr genes were amplified. (C) Gel electrophoresis (0.8%) of BamHI- or KpnI-digested
BAC recombinants. The restriction fragment length polymorphisms were observed at �1.3 kb and �6.5 kb in the BamHI-digested sample (marked
with a black asterisk) because a BamHI site within the UL54-Zeor cassette was introduced.
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sponding viruses at an MOI of 0.1 (Fig. 8A). However, com-
pared with their parental virus vBecker2, the viral DNA levels
of v(NLS�NoLS)m and v�UL54 were severely impaired (Fig.
8B) at an MOI of 1, suggesting that expression and nuclear
targeting of UL54 are required for efficient viral DNA repli-
cation.

We next examined the effect of different UL54 mutant vi-
ruses on the expression of mRNAs of some E and L genes. For
this end, we chose the true L gK gene, whose expression is
dependent upon UL54 (47). In addition, the mRNAs of the
EP0 gene (E gene), VP5 capsid gene (L gene), and VP22
tegument gene (L gene) were also analyzed. Total RNA from
infected cells was isolated at 16 hpi, and UL54, EP0, VP5,
VP22, and gK mRNA levels were assessed by RT-PCR. The
mRNA expression of all selected genes was significantly de-
creased in v(NLS�NoLS)m- and v�UL54-infected cells com-
pared with that of its parental virus vBecker2 (Fig. 8C).

ICP27 and UL54 are important for accumulation of some
viral proteins (29, 47). To investigate whether the nuclear tar-
geting of UL54 is required for viral protein synthesis, the
available EP0 pAb was used to analyze its expression following
infection with different recombinant viruses. Infection with
v(NLS�NoLS)m and v�UL54 showed severe reduction in EP0
viral protein synthesis at both a low MOI of 0.1 (Fig. 8D) and
a high MOI of 1 (Fig. 8E). Taken together, these pieces of
evidence indicate that the nuclear targeting of UL54 is re-
quired for efficient viral DNA replication and gene expression
of PRV.

DISCUSSION

UL54 homologues are important multifunctional proteins,
which are conserved among alpha-, beta-, and gammaherpes-
viruses. In the present study, the exact subcellular localization
of PRV UL54 was investigated, and we found that UL54 lo-
calized almost exclusively to the nucleolus in the absence of
other viral proteins (Fig. 1D). In addition, different fixation
methods, such as methanol-acetic acid and formaldehyde-
based fixation, were applied, and we found that different fixa-
tion methods could result in different patterns of subcellular
localization of untagged, small-tagged, and EYFP-tagged
UL54. Specifically, the methanol-acetic acid-based fixation
method (25) affects the subcellular localization of these pro-
teins, i.e., the nucleolar localization of UL54-EYFP in living
cells was not observed in fixed cells (Fig. 1I), whereas formal-
dehyde-based fixation methods yielded results consistent with
localization observed within living cells (Fig. 1H). Therefore,
UL54 is a genuine nucleolar-targeting protein, and the EYFP
tag does not affect the subcellular localization of UL54.

Amino acid sequence analysis suggested that two clusters of
arginine-rich sequences in the N terminus of UL54 might repre-
sent the potential NoLS/NLS. Mutation of the putative NoLS
significantly attenuated accumulation of UL54 in the nucleolus.
Mutation of both the NoLS and the NLS abrogated the nucleolar
and nuclear localization of UL54, whereas mutation of the NLS
alone did not alter the subcellular localization of UL54, suggest-
ing that the NoLS also possesses nuclear localization function in
the absence of a functional NLS, as we have demonstrated for its
homologue BICP27 of bovine herpesvirus 1 (19). These results
demonstrate that 45RRRRGGRGGR57 is a functional NoLS and

FIG. 5. Dynamic localization of UL54-EYFP and EGFP-B23.1
during the course of vBecker2 infection. (A) DAPI staining of infected
and uninfected PK-15 cell nuclei. The bright-field images show cellular
morphology, and EP0 is used as a control for viral infection. (B and C)
PK-15 cells were transfected with pEGFP-B23.1 and pUL54-EYFP for
12 h and then infected with vBecker2 at an MOI of 1. The cells were
examined at different times postinfection (4, 8, and 12 h), and mock-
infected PK-15 cells were used as a control.
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61RQRRR65 is a functional NLS. Surprisingly, doublets were
detected, as shown in Fig. 2B, which might result from phosphor-
ylation of Ser-rich residues or ubiquitination or sumoylation of
Arg-rich residues in the N terminus of UL54.

Previous studies have shown that UL54 targeted mainly to
the nucleus in infected cells (24). Our results show that trans-
fected UL54 and the nucleolar protein B23.1 are delocalized
from the nucleolus to the nucleus in a structure that might
resemble the VRC during infection (Fig. 5 and 6) (9, 39). It is
reported that several nucleolar proteins are redistributed out
of the nucleoli as a consequence of HSV-1 infection (9, 39).
Moreover, it is well known that different types of viruses can
induce important alterations of nucleolar and nuclear archi-
tecture and that these alterations may participate directly in
specific processes that are crucial for viral production (9, 22,
23). We speculate that UL54 is a nucleolar protein in infected
cells, but its localization might be changed during infection to
assist with efficient PRV production.

A previous study has shown that the accumulation of gC is
decreased in cells infected with UL54-null PRV compared with
that of cells infected with the WT virus and that UL54 also
possibly regulates the expression of UL53 and UL52 at the

transcriptional level (47), suggesting that UL54 may be a po-
tential viral gene regulator. In the present study, the nuclear
targeting of UL54 was demonstrated to be required for effi-
cient viral DNA replication, viral mRNA accumulation, and
protein expression. Interestingly, increasing numbers of key
proteins from both DNA and RNA viruses have been reported
to localize to the nucleolus. Nucleolar targeting of herpesvirus
saimiri (HVS) (6) and KSHV (5) ORF57 are essential for the
nuclear export of intronless herpesvirus mRNA. In addition,
the HIV regulatory proteins Rev and Tat employ the nucleolus
for trafficking of HIV-1 RNA (38). Furthermore, the nucleolar
localization of HIV Rev and Rex proteins is involved in post-
transcriptional regulation of viral mRNA (13). The nucleolar
targeting of the HIV Tat protein is implicated in proviral DNA
transcription (18). Indeed, localization to the nucleolus has
been proved to be part of the strategy for virus to regulate both
virus and host subgenomic RNA translation (22). Many viruses
divert nucleolar functions by redirecting specific host nucleolar
proteins from the nucleolus to different cell compartments,
where they play essential roles in the virus life cycle (18).
Therefore, the redistribution of UL54 from the nucleolus to
the nucleus could be necessary to implement its function.

FIG. 6. Subcellular localization of UL54 in different recombinant virus-infected PK-15 cells during infection. (A) Western blot analysis of
different recombinant virus-infected PK-15 cells. Monolayer PK-15 cells were infected with distinct recombinant viruses, including vBecker2,
v�UL54, v�UL54R, vNLSm, vNoLSm, and v(NLS�NoLS)m viruses, and the cells were collected when CPE reached 90 to 95%. Then the cell
lysates were subjected to Western blot analysis using an anti-UL54 pAb. (B) IFA was carried out to characterize the subcellular localization of
UL54 in PRV-infected PK-15 cells. PK-15 cells infected with vBecker2, v�UL54R, vNLSm, or vNoLSm virus were fixed at different time points
postinfection (4, 8, and 12 h) with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and probed with anti-UL54 pAb. For
v(NLS�NoLS)m virus, v�UL54 virus, and mock infection, PK-15 cells were examined only at 12 hpi. Cells were treated with FITC-conjugated goat
anti-mouse IgG and counterstained with DAPI to visualize the nuclei.
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FIG. 7. Nuclear targeting of UL54 is required for efficient production of PRV. (A) IFA analysis of the plaque phenotype of WT PRV vBecker2
and its derived recombinant viruses. Confluent PK-15 cells were infected with the indicated viruses at an MOI of 0.1. After 1 h of adsorption at
37°C, virus dilutions were washed off, and the plates were overlaid with 2� DMEM-2% FBS and white agar (1:1). After incubating at 37°C for
24 h, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, incubated with the anti-EP0 pAb, and then incubated
with FITC-conjugated goat anti-rabbit IgG. All the samples were photographed with a Zeiss Axio 200 M microscope (Germany) under a
magnification of �100. (B and C) Growth curve analysis of WT PRV vBecker2 and its derived recombinant viruses. PK-15 cells were infected at
an MOI of 0.1 (B) or 1 (C) with the WT vBecker2 or its recombinant PRV viruses, respectively. Supernatant and lysates of infected PK-15 cells
were harvested at the indicated time points (4, 8, 12, and 24 h). The virus yields were enumerated by plaquing on PK-15 monolayers. The data
plotted are the mean results from three independent experiments. The error bars represent the standard deviations of the means from three
analyses.
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Overexpression of the cellular mRNA export receptor TAP/
NXF1 can promote the nuclear export of UL54 (32), suggest-
ing that UL54 may be involved in trafficking of viral mRNA
and act as a posttranscriptional regulation factor.

It is reported that nucleolar-resident proteins often contain
Arg-, Lys-, and/or Gly-rich motifs, and several proteins’ RGG
domains are responsible for the interaction with distinct ribo-
somal proteins or RNA and/or involved in its nucleolar target-
ing (30, 51). Thus, the UL54 RGG motif is reminiscent of a
nucleolar localization signal. Our results show that the RGG
motif of UL54 directs EYFP to the nucleolus (Fig. 2D), dem-
onstrating that it acts as an NoLS. Internal mutation of the
RGG motif confirmed this verdict, as mutated protein was
excluded from the nucleolus (Fig. 3C). Moreover, viral infec-
tion results also show that the NoLS is important for the
nucleolar localization of UL54 (Fig. 6B). Furthermore, inacti-
vation of the NoLS resulted in slower growth kinetics than
inactivation of the NLS. This difference might result from the
more disruptive intramolecular effect of the NoLS mutation on
the overall protein fold. It also could result from the stronger
effect of the NoLS mutation on virus or host protein translo-
cation or expression, acting in combination to interfere with
virion formation and giving a comparatively more pronounced
phenotype than that of the NLS mutation. In addition, the
NoLS mutation may result in inactivating the RNA binding
and trafficking functions of UL54 (11, 29, 49, 50), and that may
be the root cause of the viral replication defects. Further de-
tailed investigations will be required to clarify these points. For
HSV-1 ICP27, several roles have been attributed to the RGG

motif, such as nucleolar localization, RNA binding, efficient
viral RNA export, and regulation of HSV-1 replication (11, 29,
49, 50). In addition to its RNA binding activity (25), the RGG
motif of UL54 is also critical for its nucleolar localization and
efficient PRV replication.

In our studies, the kinetics of UL54-null virus growth was
slower than that of a previous study, which showed no obvious
difference between UL54-null virus and WT virus and sug-
gested that UL54 was not essential for viral growth in cell
culture (47). Although we also show that UL54 is not essential
for PRV growth, the deletion mutants of UL54 exhibited se-
vere decreased DNA replication, virus yields, and plaque sizes
and reduced accumulation of viral mRNA and proteins (47).
Therefore, we believe that our findings are at least in partial
agreement with previous studies, because this previous study
utilized partial deletion of the UL54 protein, whereas we com-
pletely removed UL54 from the PRV genome. In addition, this
discrepancy can probably be explained by subtle differences in
experimental design, such as the employ of a different recom-
binant system and cell lines.

A multiplicity-dependent growth phenotype has been ob-
served for several viruses, including HSV-1 (8, 10, 15), human
cytomegalovirus (HCMV) (7), African swine fever virus (40),
and adenoviruses (17, 42). The defect of UL82 severely re-
stricted viral replication of the UL82-deficient mutant virus of
HCMV at low input MOI but can be rescued by higher input
MOI (7). Similarly, the severe replication defect of an ICP0-
null HSV-1 mutant in BHK or Vero cells at low MOI also can
be overcome at high MOI (8, 10, 15).

FIG. 8. Viral DNA replication and gene expression of WT PRV vBecker2 and its derived recombinant viruses. (A and B) DNA replication of
WT PRV vBecker2 and its derived recombinant viruses. PK-15 cells were mock infected or infected with WT PRV vBecker2 and its derived
recombinant viruses at an MOI of 0.1 (A) or 1 (B). At 16 hpi, total cellular DNA was purified, and PCR was performed with primers specific for
gK to quantitate the levels of DNA. To ensure that equal amounts of DNA were used from each sample, the DNA from each sample was
normalized with �-actin. (C) Expression of viral mRNAs of the WT PRV vBecker2 and its derived recombinant viruses. PK-15 cells were mock
infected or infected with WT PRV vBecker2 and its derived recombinant viruses at an MOI of 1. At 16 hpi, total RNA was isolated, and equal
amounts were analyzed by standard RT-PCR. The EP0, UL54, VP5, VP22, gK, and �-actin mRNA expression levels were assessed by RT-PCR.
�-actin served as an internal control. (D and E) Protein synthesis of WT PRV vBecker2 and derived recombinant virus-infected PK-15 cells. PK-15
cells were mock infected or infected with WT PRV vBecker2 and its derived recombinant viruses at an MOI of 0.1 (D) or 1 (E). At 8 and 16 hpi,
whole-cell extracts were prepared and subjected to analysis by SDS-PAGE. Protein accumulation was determined by Western blot analysis with
antibodies specific for EP0 or �-actin. �-actin served as a loading control.
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Taken together, this study suggests that UL54’s function as
a viral gene regulator may not be limited to the transcriptional
level, it can also act at the posttranscriptional level. The com-
paratively more disruptive effects of mutating the NoLS sug-
gests that the NoLS has a major function other than, or in
addition to, its role as an NoLS. UL54 association with the
nucleolus may provide new leads to uncovering other novel
activities.
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