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Homologs of the UL51 protein of herpes simplex virus have been identified in all herpesvirus subfamilies,
but until now, no function has been assigned to any of them. To investigate function of the UL51 gene product
of the alphaherpesvirus pseudorabies virus (PrV), we isolated and analyzed a mutant lacking the major part
of the open reading frame, PrV-�UL51F, and a rescuant. One-step growth analysis of PrV-�UL51F revealed
only slightly reduced titers, but plaque size was notably diminished and reached only approximately 30% the
plaque size of wild-type PrV. Ultrastructurally, intracytoplasmic capsids were found in large numbers either
without envelope or in different stages of envelopment, indicating that secondary envelopment in the cytoplasm
was less efficient. However, neuroinvasion in the mouse trigeminal pathway after intranasal infection was only
slightly delayed. A PrV UL11 mutant also showed a defect in secondary envelopment (M. Kopp, H. Granzow,
W. Fuchs, B. G. Klupp, E. Mundt, A. Karger, and T. C. Mettenleiter, J. Virol. 77:5339-5351, 2003). Since both
proteins are part of the viral tegument and are predicted to be membrane associated, they may serve similar,
possibly redundant functions during viral morphogenesis. Therefore, we also isolated a mutant simultaneously
lacking UL51 and UL11. This mutant exhibited further reduced plaque size compared to the single-deletion
mutants, but viral titers were comparable to those for the UL11 mutant. In electron microscopic analyses, the
observed defect in secondary envelopment was similar to that found in the UL11 single-deletion mutant. In
conclusion, both conserved tegument proteins, either singly or in combination, are involved in virion morpho-
genesis in the cytoplasm but are not essential for viral replication in vitro and in vivo.

Herpesviruses are large, enveloped DNA viruses, and the
genomes of the subfamily Alphaherpesvirinae contain between
70 and 80 protein-coding genes (39). Approximately half of the
encoded gene products are part of the mature herpes virion
and have to be assembled during viral morphogenesis. The
mechanism of how this assembly process is accomplished is
only incompletely understood (reviewed in reference 33).

The genome of the alphaherpesvirus pseudorabies virus
(PrV), the causative agent of Aujeszky’s disease (32), is similar
in gene content and arrangement to the genomes of other
alphaherpesviruses (22). It carries a core set of approximately
40 genes which are conserved in the alpha- (31), beta- (9), and
gammaherpesvirus subfamilies (2). The core gene products
comprise 8 capsid or capsid-associated proteins (UL6, UL18,
UL19, UL25, UL26, UL26.5, UL35, UL38), 10 proteins in-
volved in DNA replication (UL2, UL5, UL8, UL12, UL29,
UL30, UL39, UL42, UL50, UL52), 5 proteins participating in
DNA cleavage and/or encapsidation (UL15, UL17, UL28,
UL32, UL33), 1 activator of viral transcription (UL54), 2 pro-
teins necessary for nuclear egress (UL31, UL34), one protein
kinase (UL13), 5 tegument proteins engaged in secondary en-
velopment in the cytoplasm (UL11, UL16, UL21, UL36,
UL37), 5 envelope (glyco)proteins (UL1, UL10, UL22, UL27,
UL49.5), and 4 gene products with unassigned function in the
replication cycle (UL7, UL14, UL24, UL51) (38).

The mature herpesvirus particle consists of at least 30 dif-

ferent proteins which have to be assembled during virion for-
mation (42). While the capsid is assembled in the nucleus, the
majority of viral tegument and envelope proteins are collected
in the cytoplasm. Recent data indicate that tegumentation and
secondary envelopment are the result of an intricate network
of protein-protein interactions with an extensive functional
redundancy (reviewed in references 33 and 34). Tegumenta-
tion might start at two different sites, at the nucleocapsid after
nuclear egress and at vesicles derived from the Golgi apparatus
which contain viral glycoproteins embedded in the future viral
envelope. The capsid-apposed tegument is thought to consist
of the UL36, UL37, and US3 gene products, whereas other
tegument proteins, like UL49 and UL11, physically and/or
functionally interact with viral glycoproteins to connect tegu-
ment and envelope (reviewed in references 33 and 34). How-
ever, no complete picture has so far been obtained of the
molecular composition of the tegument and of the roles indi-
vidual tegument proteins play in virion formation.

Among the conserved herpesvirus proteins that have not yet
been assigned a specific function are the homologs of the
herpes simplex virus type 1 (HSV-1) UL51 protein. A mutant
HSV-1 which lacked the UL51 gene could be isolated on non-
complementing cells, indicating that, despite the high conser-
vation, the protein product is dispensable for viral replication
in cell culture. The mutant replicated with only slightly delayed
kinetics but formed very small plaques (5). The HSV-1 UL51
gene products were found as 27-, 29-, and 30-kDa phosphor-
ylated proteins in infected cells as well as in virions (11). In
transfected cells, HSV-1 UL51 localized at the cytoplasmic
face of Golgi membranes, and for this targeting, the N-termi-
nal 15 amino acids were sufficient. In infected cells, UL51-
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specific fluorescence was found predominantly on the inner
side of cytoplasmic vesicles and/or the viral envelope (11, 36).
It has been suggested that palmitoylation at the N-terminal
cysteine, which is conserved in all UL51 homologs, is required
for Golgi localization (36). Thus, the HSV-1 UL51 protein may
be involved in targeting capsids to the final envelopment site
and/or in virus particle trafficking associated with the Golgi
apparatus (36).

A similar function has been proposed for another conserved
viral tegument protein, the product of the UL11 gene (3, 7).
The HSV-1 UL11 protein is a small, phosphorylated, myris-
toylated, and palmitoylated virion protein which is associated
with membranes of infected cells and the viral envelope (4, 7,
28, 30). Membrane binding was found to be mediated by the
two fatty acid groups, while an acidic cluster and a dileucine
motif were identified as important for the recycling of UL11
from the plasma membrane to the Golgi apparatus (28).
HSV-1 UL11 has been demonstrated to be involved in nucleo-
capsid envelopment and egress (3), and a PrV mutant lacking
UL11 showed a defect in secondary envelopment in the cyto-
plasm (24). Nucleocapsids accumulated in the cytoplasm and
were often found associated with tegument in aggregated
structures, while intracytoplasmic membranes appeared dis-
torted and tightly connected, indicating that the partly tegu-
mented capsids are impaired in access to the budding site in
the absence of UL11 (24). A role for UL11 in secondary
envelopment was further highlighted by the phenotype of a
mutant PrV that simultaneously lacked gM and UL11. In cells
infected with this virus mutant, no infectious enveloped virions
were produced but huge accumulations of capsids embedded
in tegument were observed (25). Absence of the UL11 ho-
molog in human cytomegalovirus blocked intracytoplasmic
virion formation (40).

Thus, both proteins, UL11 and UL51, are predicted to share
several features. (i) Both open reading frames (ORFs) are
conserved in the three herpesvirus subfamilies. (ii) The gene
products constitute small virion components which are most
probably part of the envelope-associated tegument layer (11,
23, 27, 36). (iii) Membrane interaction for the HSV-1 UL11
and UL51 homologs was shown to rely on fatty acid modifica-
tions: while HSV-1 UL11 is myristoylated as well as palmitoy-
lated, HSV-1 UL51 seems to constitute a type III palmitoy-
lated protein (36, 37). (iv) Both proteins seem to contain
specific Golgi-targeting signals, suggesting that both proteins
might serve similar functions.

Previously, we sequenced the PrV UL51 gene (6) and iden-
tified its protein product as a 30-kDa tegument component
(27). Since the antipeptide sera available at that time did not
react in immunofluorescence analyses, we used fractionation
of infected cells followed by immunoblotting and found reac-
tivity primarily in the nuclear fraction (27). This was in marked
contrast to results published for the UL51 homologs of HSV-1
(11, 36) and bovine herpesvirus 1 (BHV-1) (17). In cells in-
fected by these viruses, the corresponding gene products were
detected mainly in the cytoplasm. Moreover, colocalization
with Golgi-specific proteins was observed (36).

To reinvestigate the subcellular location of the PrV UL51
protein, we produced new, potent, monospecific polyclonal
antisera. For analysis of the functional role of PrV UL51, we
constructed a mutant in which the major part of the UL51

ORF was deleted by mutating the PrV genome cloned as a
bacterial artificial chromosome (BAC) (24, 41). This mutant,
as well as a corresponding rescue mutant, was investigated. To
assay for possible functional interaction between the UL51 and
UL11 proteins, a UL11-UL51 double mutant was also con-
structed and analyzed.

MATERIALS AND METHODS

Viruses and cells. All PrV mutants were derived from the wild-type laboratory
strain Kaplan (PrV-Ka [19]). Viruses were grown in rabbit kidney (RK13) or
porcine kidney (PSEK) cells in Eagle’s minimum essential medium supple-
mented with 10 or 5% fetal calf serum, respectively. Cloning of PrV as a BAC,
pPrV-�gB, has been described previously (24). For generation of constitutively
UL51-expressing cells, pcDNA-UL51 was prepared after PCR amplification of
the complete UL51 ORF (see Fig. 1B and C) by using primers UL51For (5�-C
ACAGAATTCACGCGGATCATGCTGGGCGG-3�; nucleotides [nt] 1097
through 1078, accession number X87246 [6]) and UL51Rev (5�-CACACTCGA
GCGCCCGCCCTCTCCGGCTAC-3�; nt 362 through 381, accession number
X87246 [6]) (UL51 start and stop codons were part of the primer sequences and
are shown in bold), with Pfx DNA polymerase (Invitrogen, Karlsruhe, Germany)
and cloned genomic BamHI fragment 5� as template. EcoRI and XhoI restric-
tion sites (shown in italics) were introduced for convenient cloning into appro-
priately cleaved vector pcDNA3 (Invitrogen). pcDNA-UL51 was transfected into
RK13 cells by using Superfect transfection reagent (QIAGEN, Hilden, Ger-
many), followed by selection with 0.5 mg of G418 (Invitrogen)/ml and immuno-
fluorescence screening of single-cell clones with the monospecific anti-UL51 sera
(see below). One cell clone, named RK13-UL51, was chosen for further exper-
iments. UL51 expression in this cell clone was also verified by immunoblot
analysis (data not shown).

Preparation of monospecific anti-UL51 sera. We recently described the gen-
eration of sera raised against four UL51-specific peptides which detected the
protein in immunoblot analysis but not in immunofluorescence assays (27). To
generate more potent antisera, we expressed the UL51 ORF in bacteria and used
the purified expression product as antigen for immunization. Since the complete
UL51 ORF could not be expressed in bacteria, the 5� and 3� parts of the coding
region were cloned and expressed separately (see Fig. 1D). For expression of the
N-terminal part, the coding region was amplified using primers ML-98 (5�-GG
GATCCGATGCTGGGCGGCATCTTCTCCGG-3�; nt 1088 through 1066, with
the start codon shown in bold, accession number X87246 in reference 6, with the
BamHI site shown in italics) and ML-99 (5�-GTCCGCGTCGACGGCGCCGA
CCGAGAG-3�, nt 720 through 746, accession number X87246, with the SalI site
shown in italics). The resulting 375-bp PCR product which encompassed codons
1 to 121 of PrV UL51 was cloned into vector pET-23b (Novagen, Schwalbach,
Germany) as a BamHI-SalI fragment by using the introduced BamHI site and
the internal SalI site (see Fig. 1). For expression of the C-terminal part of the
UL51 protein, PCR was performed using primers ML-100 (5�-GGCGCCGTCG
ACGCGGACACGGACGAC-3�; nt 737 through 711, accession number X87246,
with the SalI site shown in italics) and ML-101 (5�-GGCTCGAGCATCTTGC
AGGCCTCGGC-3�; nt 381 through 398, accession number X87246, with the
XhoI site shown in italics), resulting in a 365-bp PCR product containing codons
119 to 236 which was cloned as SalI-XhoI fragment into pET-23b by using again
the internal SalI site (see Fig. 1) and the introduced XhoI restriction site.
pET-UL51N and pET-UL51C were expressed in Escherichia coli BL21 pLYS S
cells as fusion proteins with a C-terminal histidine tag. Purification of the ex-
pression products was performed according to the manufacturer’s instructions on
nickel-nitrilotriacetic acid-agarose (QIAGEN) under denaturing conditions. Im-
munization of rabbits was done as previously described (24).

Isolation of PrV-�UL51F and PrV-�UL51F/11G. For generation of an UL51-
negative PrV mutant, the 1.2-kbp MluI-BamHI subfragment of the BamHI
fragment 5� containing the complete UL51 gene region (Fig. 1C) (6) was cloned
into BamHI-SmaI-cleaved vector pUC19. To delete the major part of the UL51
ORF without interfering with the transcription of neighboring genes, two StuI
fragments encompassing 493 bp of the UL51 ORF (see Fig. 1C) representing
codons 69 to 233 were deleted and substituted with a kanamycin resistance gene
flanked by Flp recombinase recognition target sites that was derived from plas-
mid pKD13 as a 1.258-bp BstBI fragment (12), giving rise to plasmid pUC-
�UL51KF. The 2-kb insert of this plasmid was amplified by PCR with vector-
specific primers M13 (�47) und M13 (�48) (New England Biolabs, Frankfurt/
Main, Germany) and with Pfx DNA polymerase (Invitrogen). The PCR product
was excised after gel electrophoresis and used for the mutagenesis of pPRV-�gB
(23) in E. coli by using the Red recombinase of bacteriophage � (12). PrV-
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�UL51F could be isolated after excision of the kanamycin resistance gene by
using Flp recombinase (10) and cotransfection into RK13 cells by calcium-
phosphate coprecipitation (13) together with pUC-B1BclI (23), which contains
the authentic gB gene of PrV-Ka and restores the gB defect. The introduction of
the correct deletion was confirmed by PCR and sequence analysis (data not
shown). For isolation of a UL51 rescue mutant, genomic DNA of PrV-�UL51F
was cotransfected with a plasmid containing a 2.1-kb NotI-BamHI subfragment
of BamHI 5� (see Fig. 1B). Transfection progeny was tested for UL51 expression
by immunofluorescence using the monospecific anti-UL51 sera. One single
plaque isolate, PrV-�UL51FR, was further analyzed.

For isolation of a mutant unable to express the UL51 and UL11 proteins,
genomic DNA of PrV-�UL51F was cotransfected with plasmid p�UL11GFP
into RK13-UL11 cells (23). In this plasmid, codons 16 to 32 of the UL11 ORF
had been deleted and substituted with a green fluorescent protein expression
cassette. Recombinants were titrated on RK13-UL11 cells (23) and analyzed for
autofluorescence. One single-plaque isolate, PrV-�UL51F/11G, was further
tested.

The deletion and rescue mutants were characterized by restriction typing and
Southern blot analysis (data not shown).

Virus purification and immunoblotting. For virus purification, PSEK cells
were infected with PrV-Ka, PrV-�UL51F, PrV-�UL51FR, and PrV-�UL51F/
11G, and virions were purified as described previously (23). Purified virions were
separated by electrophoresis in sodium dodecyl sulfate–10 or 15% polyacryl-
amide gels (26), electrotransferred onto nitrocellulose membranes, and reacted
with monospecific antisera against the UL51 (UL51N and/or UL51C; 1:10,000
[this study]), UL11 (1:10,000 [23]), UL37 (1:100,000 [23]), UL49 (1:100,000 [8]),
or gH (1:50,000 [21]) proteins. After incubation with peroxidase-conjugated
secondary antibody (Dianova, Hamburg, Germany), bound antibody was de-
tected by chemiluminescence (Super Signal; Pierce, Bonn, Germany) recorded
on X-ray film.

Indirect immunofluorescence and confocal laser scan microscopy. RK13 cells
grown on coverslips were infected for 16 h with PrV-Ka or PrV-�UL51F or
transfected with pcDNA-UL51. Thereafter, cells were fixed for 20 min with 3%
paraformaldehyde, followed by 10-min incubation with 3% paraformaldehyde
containing 0.3% Triton X-100. Cells were then incubated in phosphate-buffered
saline (PBS) supplemented with 10% fetal calf serum for 30 min at room

temperature. After repeated washing with PBS, cells were incubated with mono-
specific sera raised against the N- and/or C-terminal part of UL51 (UL51N,
UL51C; 1:400 [this study]) or monoclonal antibodies against gB (A20-c26 [35]),
gC (B16-c8 [21]), �-Adaptin (clone 100/3; Sigma-Aldrich, Taufkirchen, Ger-
many), or Golgi-specific P3-b4 (16), followed by incubation with Alexa 488- or
Alexa 594-conjugated secondary antibodies (Molecular Probes, Leiden, The
Netherlands). Slides were washed repeatedly after each step. Fluorescence was
preserved in a 9:1 mixture of glycerol and PBS containing 25 mg of 1,4-diazabi-
cyclooctane per ml and 1 �g of propidium iodide per ml for chromatin counter-
staining, if indicated. Slides were analyzed in a confocal laser scan microscope
(LSM510; Zeiss, Göttingen, Germany)

In vitro replication properties. RK13, RK13-UL51 (this study), or RK13-
UL11 (23) cells were infected at a multiplicity of infection (MOI) of 10 with
PrV-Ka, PrV-�UL51F, PrV-�UL11 (23), or PrV-�UL51F/11G and incubated
on ice for 1 h. Cells were then overlaid with prewarmed medium and incubated
at 37°C for 1 h. Remaining extracellular virus was inactivated by low-pH treat-
ment, and cells were scraped into the medium immediately as well as after 4, 8,
12, 24, and 36 h of incubation at 37°C. Cells were lysed by freezing (�70°C) and
thawing (37°C), and titers of progeny virus were determined on RK13-UL51
cells. Mean values from three independent experiments and standard deviations
were calculated. Plaque diameters on RK13 or complementing cells were ana-
lyzed as described previously (23). For each virus mutant, 30 plaques were
measured microscopically, and the relative average plaque diameters compared
to those of PrV-Ka, which were set at 100%, were determined. Average values
from two independent experiments and standard deviations were calculated.

Electron microscopy. For ultrathin sectioning, RK13, RK13-UL51, and RK13-
UL11 cells were infected at an MOI of 1 with PrV-�UL51F or PrV-�UL51F/
11G and fixed 14 h postinfection (p.i.). Fixation, dehydration, and epoxy embed-
ding were performed as described previously (14, 15). The counterstained
ultrathin sections were analyzed with a transmission electron microscope (Tech-
nai 12; Philips, Eindhoven, The Netherlands).

Animal experiments. For determination of mean survival times, 10 6- to
8-week-old CD1 mice for PrV-Ka and PrV-�UL51F and three animals for
PrV-�UL51FR were anesthetized and infected by bilateral intranasal instillation
of a 5-�l suspension containing 106 PFU. Animals were observed three times a
day and euthanized when severe pruritus with excitations and self-mutilation

FIG. 1. Construction of virus mutants. (A) A schematic map of the PrV genome showing the unique long (UL) and unique short (US) regions,
the inverted repeat sequences (IR, TR), and the positions of the BamHI restriction fragments which are numbered according to their size.
(B) Enlargement of the UL51 gene region. The UL51 gene is transcribed into a unique mRNA antiparallel to the neighboring genes UL50, coding
for dUTPase, and UL52, encoding the putative primase subunit of the primase/helicase complex (6). A region of reiterated sequences located
between ORF-1 and UL54 is shown by a hatched box. Relevant restriction sites are indicated. (C) Construction of PrV-�UL51F. Deletion of
UL51-specific sequences between the StuI sites is indicated. Locations of the polyadenylation signals are shown by hollow arrows (pointing
downward for the UL50 gene and pointing upward for the UL51 gene). (D) Amino-terminal (UL51N) and carboxy-terminal (UL51C) regions used
for the generation of specific antisera.
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(“mad-itch” syndrome) occurred (20). To analyze the kinetics of viral spread in
the trigeminal circuit, mice were euthanized sequentially every 24 h after inoc-
ulation, and tissues were prepared and analyzed as described previously (20).
Virus-infected cells were identified by incubation with monospecific antiserum
against the major capsid protein of PrV (1:500 in Tris-buffered saline [20]),
followed by biotinylated goat anti-rabbit immunoglobulin G1 (1:200; Vector,
Burlingame, Calif.). Antibody binding was visualized with the avidin-biotin com-
plex method (1:10 in Tris-buffered saline; Vector) (18) using AEC substrate
(Dako, Hamburg, Germany) as chromogen.

RESULTS

Subcellular localization of PrV UL51. The inadequacy of
our PrV UL51 antipeptide sera prompted us to generate more
potent sera by using bacterially expressed PrV UL51 for rabbit
immunization. Since the complete UL51 ORF could not be
expressed successfully, it was cloned in two parts, and rabbits
were immunized with expression products corresponding to
the N- or C-terminal regions of the protein (Fig. 1D). Both
antisera reacted in indirect immunofluorescence assays with
PrV-Ka-infected RK13 cells but not with noninfected cells or
cells infected with PrV-�UL51F, verifying the specificity of the
generated sera (Fig. 2). In contrast to previous results from cell
fractionation (27), UL51-specific fluorescence was detected in
PrV-Ka-infected cells with both antisera predominantly in
large speckles in the cytoplasm in close proximity to the nu-
cleus (Fig. 2A through C) but not within the nucleus, thus
paralleling results found for the homologous proteins in
BHV-1 and HSV-1 (17, 36). Fluorescence partially colocalized
with �-Adaptin, which is specific for the Golgi adaptor complex
AP-1 and used as marker for the trans-Golgi network (Fig.
2B), or with a monoclonal antibody against an unspecified
Golgi antigen (Fig. 2C) (16). It is also evident that the Golgi
apparatus is partially redistributed in infected as well as trans-
fected cells compared to the noninfected or nontransfected
cells in the vicinity (Fig. 2C), as has been described to occur in
HSV-1 infection (1). Antibodies against PrV gB and gC were
used as controls (Fig. 2A).

Deletion of the UL51 gene from the PrV genome. PrV-
�UL51F, which lacks the major part of the UL51 ORF, was
isolated after BAC mutagenesis. Since the UL51 ORF partly
overlaps in antiparallel orientation with the UL52 ORF (6)
which codes for the essential primase subunit of the primase/
helicase complex, the UL51 coding sequence could not be
completely deleted. The introduced partial deletion ensures
that most of the UL51 gene is gone but that neither the UL52
ORF nor any regulatory elements immediately upstream are
affected. PrV-�UL51F could be isolated on noncomplement-
ing cells, indicating that UL51 is dispensable for viral replica-
tion in cell culture. As expected, in immunoblot analysis of
purified virions (Fig. 3, left panels) or infected cell lysates (Fig.
3, right panels), UL51-specific reactivity was absent from PrV-
�UL51F- and PrV-�UL51F/11G-infected cells and purified

virions but restored in the rescue mutant, PrV-�UL51FR. In
the generated mutants, a polypeptide composed of the 69
N-terminal amino acids of UL51, 11 amino acids derived from
the remaining Flp recombinase recognition target site, and the
C-terminal 4 amino acids of UL51 could theoretically be ex-
pressed. However, a corresponding signal was not observed
either in indirect immunofluorescence (Fig. 2) or in immuno-
blot analysis (Fig. 3). In contrast, both UL51-specific antisera
reacted with the full-length UL51 protein in PrV-Ka- and
PrV-�UL51FR-infected cells (Fig. 3). Envelope glycoprotein
gH and tegument proteins UL37 and UL49 were present in all
virus preparations and infected cell lysates in similar amounts,
whereas the UL11 gene product, as expected, was absent from
PrV-�UL51F/11G-infected cells and virions.

PrV UL51 is not essential for viral replication in cell cul-
ture. To analyze growth properties in more detail, RK13 and
RK13-UL51 cells were infected with PrV-Ka, PrV-�UL51F,
and PrV-�UL51FR under plaque assay conditions, and
plaques were measured microscopically 2 days p.i. While
plaques formed by PrV-�UL51FR were comparable in size
and morphology to those formed by PrV-Ka on RK13 cells, the
UL51 deletion mutant induced only small plaques with diam-
eters approximately 30% the size of those formed by PrV-Ka.
A large plaque phenotype was restored on UL51-expressing
cells but not on UL11-expressing cells (Fig. 4). In one-step
growth analyses, PrV-�UL51F exhibited decreased viral titers
at all time points tested, with titers at 36 h p.i. reduced ap-
proximately fivefold compared to those of PrV-Ka (Fig. 5) and
the rescue mutant PrV-�UL51FR (data not shown). The rep-
lication defect was complemented on RK13-UL51 cells (Fig.
5), indicating that no further unwanted mutations contribute to
the observed phenotype.

Absence of UL51 impairs secondary envelopment in the
cytoplasm. To investigate the role of PrV UL51 in viral repli-
cation, RK13 cells were infected with PrV-Ka (Fig. 6A) or
PrV-�UL51F (Fig. 6B), fixed 14 h p.i., and processed for
transmission electron microscopy. In PrV-Ka-infected cells,
numerous extracellular virions were found lining the plasma
membrane (Fig. 6A). In contrast, only a few intracytoplasmic
nonenveloped nucleocapsids or nucleocapsids undergoing sec-
ondary envelopment were observed (Fig. 6A). In PrV-
�UL51F-infected cells, mature extracellular virus particles
were also observed at the plasma membrane, although less
numerous, indicating that virus morphogenesis proceeds in the
absence of PrV UL51. This parallels the results of the one-step
growth kinetics (Fig. 5). In addition, an unusually large number
of unenveloped nucleocapsids or nucleocapsids in the process
of secondary envelopment were obvious (Fig. 6B) which were
observed in PrV-Ka-infected cells significantly less frequently
(Fig. 6A) (14). Formation of capsidless L-particles was also
observed (Fig. 6B). These findings indicate that in the absence

FIG. 2. Subcellular localization of PrV UL51. (A) RK13 cells were infected with PrV-Ka or PrV-�UL51F, fixed 16 h p.i., and incubated with
UL51-specific antisera (�-UL51N, �-UL51C) or monoclonal antibodies against gB (A20-c26) or gC (B16-c8). Fluorescence of Alexa 488-
conjugated anti-rabbit or anti-mouse antibodies (green) and of propidium iodide-stained chromatin (red) was analyzed in a confocal laser scan
microscope. (B and C) RK13 cells were infected with PrV-Ka or transfected with plasmid pcDNA-UL51 and then incubated with the anti-UL51
serum (green fluorescence) and a monoclonal antibody against �-Adaptin (panel B, red fluorescence) or an unspecified Golgi marker (panel C,
red fluorescence) (16). Columns labeled “merge” depict the merger of the green and red fluorescence.
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of UL51, secondary envelopment in the cytoplasm is less effi-
cient or proceeds slower, resulting in the observed accumula-
tion of intracytoplasmic capsid maturation stages.

Kinetics of viral spread in the trigeminal circuit. The first
symptoms after infection with PrV-�UL51F (depression, an-

orexia, cowering in a hunched position) were observed 2 days
p.i., which is approximately 24 h later than that observed in
PrV-Ka-infected animals (Table 1). Subsequently, the animals
showed increasing excitations and convulsions, heavy dyspnea,
and extensive scratching of the facial and nasal skin, thereby
causing severe hemorrhagic dermal erosions (mad-itch syn-
drome). PrV-�UL51F-infected mice died at an average time of
64 h p.i. compared to 50 h p.i. with PrV-Ka. In mice infected
with either virus strain, detection of the PrV major capsid
protein by immunohistochemistry revealed infection of cells in
the nasal mucosa from 24 h p.i. on (Table 1). Whereas in
PrV-Ka-infected mice, few infected neurons in the trigeminal
ganglion were already detectable at 24 h p.i., first infection of
trigeminal ganglion neurons by PrV-�UL51F was observed at
48 h p.i. Subsequently, the number of ganglionic neurons in-
fected by either virus strain strongly increased until the time of
death. Infected cells were also detected in the second-order
spinal trigeminal nuclei in PrV-Ka-infected animals at 48 h p.i.
and in PrV-�UL51F-infected mice at 62 h p.i. but not in
third-order neurons of the ectorhinal cortex (Table 1).

Isolation and characterization of PrV-�UL51F/11G. Since
the UL11 and UL51 proteins of PrV share several features (see
the introduction) and may exert similar, possibly redundant
functions, we simultaneously deleted the UL51 and UL11
genes from the PrV genome. Replication properties of the
double mutant in cultured cells were investigated by plaque
assays, one-step growth kinetics, and transmission electron mi-

FIG. 3. Immunoblots of mutant viruses. Purified virions (left panels) or lysates of RK13 cells (right panels) infected with PrV-Ka, PrV-�UL51F,
PrV-�UL51FR, or PrV-�UL51F/11G were separated by electrophoresis in sodium dodecyl sulfate gels containing 10% (for detection of gH, UL37,
and UL49 proteins) or 15% (for detection of the UL51 and UL11 proteins) polyacrylamide. After transfer to nitrocellulose filters, blots were
probed with monospecific sera against UL51N, UL51C, UL11, UL37, UL49, and gH. Locations of molecular mass markers are indicated to the
left of each panel.

FIG. 4. Plaque size of mutant viruses on noncomplementing and
complementing cells. RK13, RK15-UL51, or RK13-UL11 cells were
infected with the indicated viruses under plaque assay conditions.
Plaques were microscopically measured 2 days p.i. Relative plaque
sizes were calculated and compared to those of PrV-Ka which were set
as 100%. Average values and standard deviations from at least two
independent experiments are shown.
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croscopy. PrV-�UL51F/11G formed only very small plaques
on noncomplementing RK13 cells with diameters reaching
only approximately 20% of those of wild-type plaques (Fig. 4),
while plaque formation was restored to levels of those of the
UL11 single-deletion mutant, PrV-�UL11 (23), on RK-UL51
cells. On RK13-UL11 cells, diameters were comparable to
those of the UL51 deletion mutant on RK13 cells. In one-step
growth kinetics, PrV-�UL51F/11G replicated on noncomple-
menting cells in a manner similar to that of the UL11 deletion
mutant, with reduced titers at all time points, and with approx-
imately 10-fold-lower final titers (Fig. 5). In electron micro-
scopic analyses of PrV-�UL51F/11G-infected RK13 cells, the
phenotype of the UL11 deletion mutant was predominant with
distorted intracytoplasmic membranes and nucleocapsids ac-
cumulating in the cytoplasm associated with tegument in ag-
gregated structures (Fig. 6C). However, intracytoplasmic and
extracellular enveloped virions as well as extracellular L-par-
ticles were also observed (Fig. 6C). The phenotype of the
double mutant was similar on UL51-expressing cells (Fig. 6E)
while on RK13-UL11 cells infected with PrV-�UL51F/11G
(Fig. 6D), the phenotype of the single UL51 deletion mutant
was observed.

DISCUSSION

Homologs of the nonessential HSV-1 UL51 tegument pro-
tein are conserved throughout the herpesvirus family, but no
function has been assigned to them yet. Previously, the PrV
UL51 protein has been identified as a virion component, most
likely residing in the tegument (27). In Western blot analyses
on fractionated infected cells, PrV UL51 was detected mainly
in the nuclear fraction. This was in marked contrast to the
homologous proteins of HSV-1 and BHV-1, which were de-
tected exclusively or dominantly in the cytoplasm (11, 17, 36).
Since the PrV UL51 antipeptide sera used in the previous
study (27) did not detect the protein in indirect immunofluo-
rescence assays, we generated antisera by using bacterially
expressed UL51 polypeptides. Using these novel sera in im-
munofluorescence analyses, UL51 was found predominantly in
the cytoplasm colocalizing with Golgi markers. Thus, these
results are in line with those for the HSV-1 and BHV-1 ho-

mologs. The differences from our earlier results are probably
due to the inadequacy of the cell fractionation method. In
summary, the HSV-1, BHV-1, and PrV UL51 proteins share a
cytoplasmic location in infected cells. This finding correlates
with the notion that tegument assembly occurs primarily in the
cytoplasm (33, 34).

Even in the absence of other viral proteins, the HSV-1 and
PrV UL51 proteins partly colocalized with various Golgi pro-
teins (36; this study), although the appearance of the Golgi
apparatus in transfected cells was altered compared to that in
adjacent nontransfected cells (Fig. 2C). For this intrinsic Golgi
targeting, palmitoylation of the N-terminal cysteine at position
9 of the HSV-1 protein was required (36). In contrast to N-
myristoylation, palmitoylation is transient and may serve to
regulate membrane association (37). Therefore, it was sug-
gested that UL51 might function in targeting viral nucleocap-
sids to the site of secondary envelopment (36). Amino acid
sequence alignment of alphaherpesvirus UL51 homologs, in-
cluding PrV, demonstrates that this cysteine residue is con-
served (data not shown), indicating that palmitoylation might
be a general feature for UL51 proteins. Studies on fatty acid
modifications of PrV UL51 are under way.

Despite its conservation, the UL51 protein is not essential
for the replication of HSV-1 (5, 29) or PrV (this study). Un-
fortunately, to our knowledge, no corresponding mutants have
been investigated for members of other herpesvirus subfami-
lies. In HSV-1 and PrV, UL51 deletion mutants formed only
small plaques, which in PrV were 70% reduced compared to
those in PrV-Ka on noncomplementing cells, and viral titers
were reduced approximately fivefold. In electron microscopic
examinations, the presence of numerous particles in the pro-
cess of secondary envelopment, which were not observed in
this abundancy in wild-type PrV-infected cells (14), indicated
that virion formation is delayed. Thus, UL51 might be neces-
sary for an efficient envelopment process.

A similar phenotype has recently been described for a PrV
mutant lacking UL11 (23). Since both proteins are small, mem-
brane-associated conserved tegument proteins, it was conceiv-
able that deletion of either one does not produce a robust
phenotype due to functional redundancy between the two.

FIG. 5. One-step growth analysis. RK13, RK13-UL51, or RK13-UL11 cells were infected with PrV-Ka or the respective mutants, harvested at
the indicated times after infection, and titrated. Average values and standard deviations from three independent experiments are shown.
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Thus, we generated a mutant simultaneously lacking UL11 and
UL51. However, PrV-�UL51F/11G showed only a moderate
additive effect on the plaque size of the double deletion but
replicated with kinetics similar to those of PrV-�UL11. In
electron microscopic examinations, the UL11 phenotype was
dominant, indicating that there is no functional redundancy
between the UL11 and UL51 proteins of PrV.

The UL51 protein of PrV is not required for productive
replication in RK13 cells and is also not needed for neuroin-
vasion after intranasal infection of mice. The mean time to
death of PrV-�UL51F-infected animals of 64 h is similar to
that of PrV-�UL11-infected mice (67 h) (20). Moreover, a
similar kinetics of neuroinvasion was observed, with minor
symptoms becoming apparent at day 2 after infection and with
the full-blown disease appearing only on day 3. In contrast,
after PrV-Ka infection, animals exhibit strong symptoms al-
ready after 2 days and are dead by day 3. Nevertheless, trans-
neuronal infection occurred and PrV-�UL51F infection could
easily be observed in second-order neurons in Sp5, indicating
that the UL51 protein is not required for neuroinvasion and
transneuronal spread of PrV in the mouse trigeminal system.

In conclusion, although deletion of the conserved UL51
gene from the PrV genome impaired replication in cell culture
and in the mouse model to a limited extent, no robust pheno-
type could be observed. As part of the tegument, a viral struc-

ture with an abundance of protein-protein interactions, it is
conceivable that functional redundancy, which has previously
been observed with nonessential tegument components and
viral glycoproteins (reviewed in reference 33), also applies to
the function of UL51. Thus, multiple deletions will have to be
introduced into the viral genome to uncover the specific func-
tion of single viral proteins.
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