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Homologs of the UL25 gene product of herpes simplex virus (HSV) have been identified in all three
subfamilies of the Herpesviridae. However, their exact function during viral replication is not yet known.
Whereas earlier studies indicated that the UL25 protein of HSV-1 is not required for cleavage of newly
replicated viral DNA but is necessary for stable encapsidation (A. R. McNab, P. Desai, S. Person, L. Roof, D. R.
Thompson, W. W. Newcomb, J. C. Brown, and F. L. Homa, J. Virol. 72:1060–1070, 1998), viral DNA packaging
has recently been demonstrated to occur in the absence of UL25, although at significantly decreased levels
compared to wild-type HSV-1 (N. Stow, J. Virol. 75:10755–10765 2001). To clarify the functional role of UL25
we analyzed the homologous protein of the alphaherpesvirus pseudorabies virus (PrV). PrV UL25 was found
to be essential for viral replication, as a mutant virus lacking the UL25 protein required UL25-expressing cells
for productive propagation. In the absence of the UL25 protein, newly replicated PrV DNA was cleaved and
DNA-containing C-type capsids were detected in infected cell nuclei. However, although capsids were fre-
quently found in close association with the inner nuclear membrane, nuclear egress was not observed.
Consequently, no capsids were found in the cytoplasm, resulting in an inhibition of virion morphogenesis. In
contrast, the formation of capsidless enveloped tegument structures (L particles) in the cytoplasm was readily
observed. Thus, our data demonstrate that the PrV UL25 protein is not essential for cleavage and encapsi-
dation of viral genomes, although both processes occur more efficiently in the presence of the protein. However,
the presence of the PrV UL25 protein is a prerequisite for nuclear egress. By immunoelectron microscopy, we
detected UL25-specific label on DNA-containing C capsids but not on other intranuclear immature or defective
capsid forms. Thus, the PrV UL25 protein may represent the hitherto missing trigger that allows primary
envelopment preferably of DNA-filled C capsids.

Herpesvirus assembly is a multistep process involving many
protein-protein, as well as protein-DNA, interactions which
occur in at least two distinct subcellular compartments. While
capsid assembly and DNA packaging take place in the nucleus
of infected cells, the addition of most of the tegument, as well
as final envelopment, proceed in the cytoplasm (reviewed in
references 42 and 43). In recent years, an increasing amount of
data has indicated that the intranuclear stages of herpesvirus
assembly, namely, DNA replication, capsid formation, and
DNA cleavage/packaging follow pathways similar to those de-
scribed for the better-studied large double-stranded DNA bac-
teriophages such as P22, T4, T7, and � (26). The similarities
even extend to capsid structure, which, together, point to a
common ancestry of the eukaryotic Herpesviridae and the pro-
karyotic Caudovirales (8).

In a generalized model of cleavage and packaging of
genomic DNA of double-stranded DNA viruses (reviewed in
reference 9), the terminase enzyme binds to specialized sites in
the concatemeric DNA and subsequently cleaves the duplex
DNA to generate one mature genome end. The terminase with
the attached concatemeric DNA then binds to the portal com-

plex, a dodecameric ring structure located at one vertex in the
capsid which forms a channel. The interaction of the portal
with the terminase-genome complex generates the packaging
motor, which pumps the DNA against growing mechanical
forces into the capsid, fueled by ATP hydrolysis, resulting in
removal of the internal scaffold structure. When the full-length
genome is packaged, the terminase executes the second cleav-
age to complete the packaging process. Since the terminase
remains bound to the DNA concatemer, it can subsequently
bind to another procapsid to initiate a second round of pack-
aging. To keep the tightly condensed DNA in the head, the
portal channel has to be properly sealed, preventing DNA
leakage. This can either be achieved by a conformational
change of the portal protein, as shown for bacteriophage �29
(16), or by addition of head completion proteins, as described,
e.g., for phage � (53). Tail fibers are added to the DNA-filled
and sealed bacteriophage head, while in herpesviruses mature
capsids bud at the inner nuclear membrane, and are subse-
quently released into the cytoplasm.

For herpesviruses, four different capsid forms have been
described. The procapsid, a spherical and porous particle with
an internal scaffold structure, most likely constitutes the pre-
cursor for the icosahedral A, B, and C capsids (19, 46, 47, 55).
C capsids contain the viral DNA genome and are characterized
electron-microscopically by their electron-dense core. A cap-
sids appear translucent, containing neither DNA nor scaffold
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proteins. They may be the product of an abortive packaging
event. It is not completely clear whether B capsids, which are
characterized by their ring-like internal scaffold structure, are
dead-end products in which the scaffold is trapped or whether
they eventually mature into C capsids (52, 55, 56).

In herpes simplex virus type 1 (HSV-1), six conserved gene
products have been shown to be essential for cleavage-encap-
sidation: UL6 encodes the portal protein (48, 51), whereas the
products of the UL15 and UL28 genes probably form the
subunits of the terminase (7, 54, 65). The products of the UL17
(57), UL32 (38), and UL33 (4) genes are also essential, but
their precise roles during capsid maturation have not yet been
determined. Mutants of all these genes show a common phe-
notype: newly replicated concatemeric DNA is not cleaved into
unit-length genomes, and, accordingly, in infected cell nuclei
no C capsids are detectable while scaffold-containing immature
B capsids accumulate. In contrast, a mutant in a seventh gene,
UL25, exhibits a different phenotype. Although concatemeric
DNA was processed into unit-length genomes, no C capsids
were found, indicating that the genome was not stably pack-
aged (41). In agreement with this finding, in cells infected by a
UL25-negative HSV-1 mutant, increased amounts of A capsids
were present, suggesting that UL25 may function as a head
completion protein or plug which seals the portal channel after
DNA packaging (41). In line with this proposal, the HSV-1
UL25 protein has recently been reported to interact with the
capsid shell and viral DNA, further suggesting a role in an-
choring of the genome to the capsid (50).

However, this hypothesis for UL25 function has been chal-
lenged. Stow (60) reported that in cells infected with the
HSV-1 UL25 null mutant KUL25NS, cleavage was less effi-
cient but that the fraction of viral DNA that was processed
properly was also stably packaged (60). Southern blot analyses
of terminal fragments revealed that the L-terminal fragments
were overrepresented while S termini were underrepresented,
indicating that in the absence of UL25 the left genome end was
produced normally while generation of the second (right) ge-
nome end was impaired (60). Although directionality of DNA
packing has not been proven, these data indicate that the
packaging reaction, which most likely generates first the L
terminus, is initiated normally in KUL25NS-infected cells but
is not completed in the majority of events. In line with this, the
UL25 mutant was less impaired in packaging of HSV-1 ampli-
con DNA up to approximately 100 kb in size, indicating that
UL25 is necessary for efficiently completing the final stages of
packaging of the full-length genome but not for either cleavage
or encapsidation of the smaller amplicon DNA (60). Thus, it
was hypothesized that HSV-1 UL25 might fulfill a function
similar to that of gene product D (gpD) in bacteriophage �,
where, upon packaging of 10 to 50% of the viral genome, the
capsid undergoes significant changes in size and shape. At this
stage, gpD is added as a trimer onto the surface and its pre-
sumed role is to stabilize the partially filled capsid to prevent
the release of packaged genomic DNA (53; reviewed in refer-
ence 17). In the absence of gpD, only a fraction of capsids were
filled (25), but the requirement for gpD could be overcome by
partial deletion of the phage genome (53, 59). The two other
head completion proteins, gpW and gpFII, are added only in
the presence of gpD, which then triggers the addition of the
preformed tail. Interestingly, although DNA-containing C cap-

sids were found in cells infected with HSV-1 KUL25NS, these
were not translocated to the cytoplasm, indicating that UL25
may be essential for a step beyond packaging (60).

To clarify the role of UL25 in the herpesvirus replication
process, we analyzed the function of the homologous protein in
PrV. The PrV UL25 protein has recently been identified as a
57-kDa minor capsid component (27). Based on reports that
HSV-1 mutants with a temperature-sensitive phenotype in the
UL25 gene region were found to be defective not only in capsid
assembly but also in penetration (1, 3), Kaelin and coworkers
(27) wanted to investigate whether UL25 might be involved in
transport of capsids along microtubules toward the nuclear
pore during virus entry. They showed that UL25, besides ex-
hibiting a distinct nuclear localization, also colocalizes with
microtubules. However, no mutant viruses were built to sub-
stantiate these findings on a functional basis.

Here, we show that UL25 is essential for PrV replication in
cell culture. Although in mutant virus-infected cells cleavage of
concatemeric DNA occurs and DNA is packaged into the
nascent capsid, these nucleocapsids were not translocated to
the cytoplasm. However, they were often found adjacent to the
inner nuclear membrane, indicating that PrV UL25 is neces-
sary for primary envelopment, which initiates nuclear egress.

MATERIALS AND METHODS

Cells and viruses. All virus mutants used in this study were derived from PrV
strain Kaplan (PrV-Ka) (28), whose genome has been cloned recently as bacte-
rial artificial chromosome (BAC) clone pPrV-�gB (36) in Escherichia coli. Vi-
ruses were propagated in rabbit kidney (RK13) or pig kidney (PSEK) cells in
minimum essential medium supplemented with 10% or 5% fetal calf serum,
respectively. Generation of PrV-�UL17F and the corresponding RK13-UL17
cells has been described recently (30).

Preparation of UL25-specific antiserum. For generation of a UL25-specific
antiserum, the 861-bp SalI subfragment of BamHI fragment 9, which comprises
the C-terminal part of the UL25 open reading frame (see Fig. 1C), was cloned
into the SalI-cleaved prokaryotic expression vector pGEX-4T-3 (Amersham Bio-
sciences, Freiburg, Germany). Correct orientation and in-frame cloning with the
glutathione S-transferase (GST) open reading frame was verified by sequencing.
The approximately 50-kDa GST-UL25 fusion protein was eluted from a sodium
dodecyl sulfate (SDS)-10% polyacrylamide gel and used for immunization of a
rabbit, as described recently (32). Serum obtained after the fifth immunization
was used throughout this study.

Generation of a UL25-complementing cell line, UL25 deletion mutant PrV-
�UL25F, and UL25 rescue mutant PrV-�UL25FR. For generation of a UL25-
complementing cell line, the complete UL25 open reading frame was amplified
by PCR using Pfx polymerase (Invitrogen, Karlsruhe, Germany), primers
UL25For (5�-CACAGAATTCGCGCGGCCCATGTCCCC-3�) (nucleotides [nt]
58936 to 58919; GenBank accession number BK001744 [31]; UL25 start codon
shown in bold) and UL25Rev (5�-CACATCTAGAGCTCAGGCGGCGGCGA
AC-3�) (nt 57305 to 57322; GenBank accession number BK001744; UL25 stop
codon shown in bold), and cloned BamHI fragment 9 as template. The primer
sequences contained restriction enzyme recognition sites for EcoRI (UL25For,
shown in italics) and XbaI (UL25Rev, shown in italics), which were used for
cloning of the 1.6-kb PCR product into appropriately cleaved eukaryotic expres-
sion vector pcDNA3 (Invitrogen). The resulting plasmid was used for transfec-
tion of RK13 cells using Superfect transfection reagent (QIAGEN, Hilden,
Germany). Transfected cell clones were selected in medium containing 500 �g
G418 (Invitrogen) per ml and tested for UL25 expression by indirect immuno-
fluorescence with the anti-UL25 serum. One cell clone, designated RK13-UL25,
was used for isolation of mutant PrV-�UL25F.

For construction of a PrV UL25 deletion mutant, the 1.6-kb EcoRI/XbaI
insert of pcDNA-UL25 was cloned into appropriately cleaved pUC19 (New
England Biolabs, Frankfurt, Germany) after inactivation of the resident PstI site,
resulting in pUC19�P-UL25. This plasmid was then digested with PstI and ApaI,
thereby removing 1,398 bp of UL25 coding sequences, which were replaced by a
kanamycin resistance gene flanked by flp recombinase recognition target (FRT)
sites derived from plasmid pKD13 (12). The complete insert of this plasmid was
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amplified by PCR using pUC-specific primers (New England Biolabs), and the
resulting PCR product was used for mutagenesis of the BAC clone PrV-�gB, as
described previously (36). After isolation of kanamycin-resistant clones, the
kanamycin cassette was removed by flp recombinase provided by plasmid pCP20
(11). The gB gene was finally restored by cotransfection (20) of BAC pPRV-
�UL25F DNA and plasmid pUC-B1BclI (36) into RK13-UL25 cells. The UL25
rescue mutant, PrV-�UL25FR, was isolated after cotransfection of RK13 cells
with genomic DNA of PrV-�UL25F and cloned BamHI fragment 9 of PrV-Ka.

For the deletion and rescue mutants, several plaque isolates of the transfection
progeny were screened by Southern blot analysis (data not shown), and one of
each was randomly chosen for further characterization. Correct deletion of
UL25-specific sequences was verified by sequencing of the PCR product gener-
ated with primers UL25For and UL25Rev on PrV-�UL25F DNA (data not
shown).

In vitro growth studies. For analysis of one-step growth kinetics, RK13 or
RK13-UL25 cells were infected with PrV-Ka, PrV-�UL25F, or PrV-�UL25FR
at a multiplicity of infection (MOI) of 10 and incubated on ice for 1 h. Pre-
warmed medium was then added, and cells were further incubated for 1 h at
37°C. Thereafter, nonpenetrated virus was inactivated by low pH treatment, and
cells were scraped into the medium immediately (0 h), as well as after 4, 8, 12,
24, and 36 h, and frozen at �70°C. After all samples were harvested, they were
thawed at 37°C and centrifuged for 2 min at 13,000 rpm, and virus titers in the
supernatant were determined on RK13-UL25 cells.

For plaque assays, RK13 or RK13-UL25 cells were infected with 100 PFU per
well of PrV-Ka or PrV-�UL25FR, RK13-UL25 cells were infected with 100 PFU
of PrV-�UL25F per well, and RK13 cells were infected with 1,000 PFU of
PrV-�UL25F per well of a six-well culture dish. Two days after infection (p.i.),
cells were fixed with ethanol and stained with a monoclonal antibody against gC
(B16-c8 [49]). Fluorescent plaques were documented with a digital camera
(C3040 Zoom; Olympus, Hamburg, Germany).

Preparation of virus DNA and Southern blotting. RK13 and RK13-UL25 cells
were infected with PrV-Ka, PrV-�UL25F, or PrV-�UL17F at an MOI of 5, and
infected cell DNA was prepared approximately 16 h p.i. DNA was digested with
BamHI, separated on 0.8% agarose gels, blotted onto nylon membranes, and
probed with radioactively labeled genome-end-specific BamHI fragment 13 or
14� (see Fig. 1 for location). Bound radioactivity was recorded with a phosphor-
imager (FLA-3000; Raytest, Straubenhardt, Germany).

Virus purification, virus fractionation, and immunoblotting. Virus purifica-
tion and preparation of infected cell lysates were done as previously described
(34). Parallel blots were incubated with sera against UL25 (1:50,000 [this study]),
UL19 (1:500,000 [32]), UL35 (1:100,000 [W. Fuchs, unpublished data]), UL6
(1:50,000 [B. G. Klupp, unpublished data]), UL17 (1:50,000 [30]), UL3 (1:50,000
[35]), US3 (1:100,000 [33]), UL31 (18), UL34 (32), and gH (29) and a mono-
clonal antibody against gB (b43-b6 [49]). Virus fractionation into capsid and

envelope fractions was performed essentially as described previously (63).
Briefly, purified PrV virions were incubated for 30 min on ice in 1% NP-40. The
samples were subsequently layered onto a 30% sucrose cushion and centrifuged
in a TLS55 rotor (Beckmann Instruments, Munich, Germany) at 45,000 rpm for
1 h at 4°C. The envelope/tegument fraction was collected from the top of the
sucrose cushion, and the pellet containing capsids and part of the tegument was
resuspended in phosphate-buffered saline. Proteins were separated on discon-
tinuous SDS-polyacrylamide gels (37) and transferred onto nitrocellulose mem-
branes. Parallel blots were incubated with sera against UL25 (1:50,000 [this
study]), UL19 (1:500,000 [32]), UL6 (1:50,000 [unpublished data]), UL17 (1:
50,000 [30]), UL37 (34), and gH (29).

Electron microscopy. RK13 or RK13-UL25 cells were infected with PrV-
�UL25F at an MOI of 1 and processed for electron microscopy as described
previously (32). Counterstained ultrathin sections were analyzed with an electron
microscope (Technai 12; Philips, The Netherlands). Immunolabeling was per-
formed with the anti-UL25 serum and secondary gold-tagged anti-rabbit anti-
bodies (GAR10, GAR 5; British Biocell International, Cambridge, United
Kingdom) as previously described (21).

RESULTS

Isolation and characterization of PrV-�UL25F. For func-
tional characterization of the PrV UL25 protein, a deletion
mutant was generated by mutagenesis of a BAC clone of the
PrV genome in E. coli (Fig. 1). The recombinant PrV-�UL25F
carried a deletion of codons 29 to 495 of the 534-amino-acid
UL25 open reading frame and contained instead a 36-bp FRT
site, a remnant of the mutagenesis reaction. This mutagenesis
protocol was chosen to minimize negative effects on the up-
and downstream genes UL24, UL26, and UL26.5, which are
transcribed with UL25 into 3�-coterminal mRNAs (15). The
FRT insert comprised stop codons that inhibit any possible
expression of the remaining 39 C-terminal amino acids of
UL25. Isolation of PrV-�UL25F was successful only with
RK13-UL25 cells, indicating that PrV UL25 is essential for
virus replication in cell culture.

To analyze the growth defect of PrV-�UL25F in more de-
tail, one-step growth kinetics and plaque assays were per-
formed. Infection of noncomplementing RK13 cells with PrV-

FIG. 1. Construction of PrV-�UL25F. (A) Map of the PrV genome with the unique long (UL), unique short (US), and inverted repeat (IR, TR)
sequences. BamHI restriction sites are indicated, and fragments are numbered according to size. (B) Enlargement of BamHI fragment 9. The
UL24, UL25, UL26, and UL26.5 genes (shown as pointed rectangles) are transcribed into 3�-coterminal mRNAs with a common poly(A) addition
signal (shown as an arrow pointing up). Relevant restriction sites for construction of the UL25 deletion mutant, PrV-�UL25F, are indicated, as
is the extent of the introduced deletion. (C) A 0.9-kb SalI subfragment of BamHI fragment 9 was used for prokaryotic expression of GST-UL25.

VOL. 80, 2006 PrV UL25 PROTEIN 6237

 at B
U

N
D

E
S

F
O

R
S

C
H

U
N

G
S

A
N

S
T

A
LT

 F
U

E
R

 on A
pril 19, 2010 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


�UL25F resulted in only very few infectious particles, with
maximum titers not exceeding 103 PFU per ml, while propa-
gation of the mutant virus on RK13-UL25 cells resulted in
infectious progeny comparable to wild-type PrV-Ka on both

cell lines (Fig. 2). In plaque assays, only single infected cells or
small syncytia of infected cells were observed on RK13 cells
after infection by PrV-�UL25F, while plaque formation was as
efficient as with PrV-Ka on the complementing cell line (Fig. 3).
Since RK13-UL25 cells carry and express only the UL25 open
reading frame and no other viral proteins, but are competent
to rescue the defects of the mutant virus, the observed defects
are due to the introduced UL25 deletion and not to other
fortuitous alterations elsewhere in the genome. In the rescue
mutant, the replication defects were also restored (data not
shown).

Protein expression profiles in PrV-�UL25F-infected cells.
The PrV UL25 protein has been described recently as a 57-
kDa minor capsid protein (27). To verify that PrV-�UL25F
lacks the corresponding protein, we raised a UL25-specific
antiserum against the C-terminal 220 amino acids by immuni-
zation of a rabbit with a GST-UL25 fusion protein (Fig. 1C).
Serum obtained after the fifth immunization was used in this
study. In Western blot analyses of PrV-Ka-infected RK13 cells,
the serum reacted as expected with a single protein of 57 kDa,
which was first detected at approximately 5 h p.i. (Fig. 4). No
signal was found in cell lysates of PrV-�UL25F-infected RK13
cells, verifying specificity of the generated antiserum and cor-
rect deletion in the mutant virus. To investigate whether de-
letion of UL25 affected expression of other viral proteins,
parallel blots were incubated with sera against other capsid or
capsid-associated proteins (UL6, UL17, UL19, UL35), viral

FIG. 2. One-step growth kinetics of PrV-�UL25F. RK13 or RK13-
UL25 cells were infected with PrV-Ka or PrV-�UL25F at an MOI of
10. Cells and supernatant were harvested at the indicated time points,
and infectious titers were determined on RK13-UL25 cells and plot-
ted. Mean titers of three independent experiments and the corre-
sponding standard deviations are shown.

FIG. 3. Plaque formation of PrV-�UL25F. RK13 and RK13-UL25 cells were infected with PrV-Ka and PrV-�UL25F under plaque assay
conditions and fixed 2 days p.i. Infected cells were visualized by indirect immunofluorescence with a glycoprotein C-specific monoclonal antibody.
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proteins targeted to the nucleus or nuclear membrane (UL3,
UL31, UL34, US3), or membrane glycoproteins (gB, gH).
All tested antisera reacted similarly with PrV-Ka- or PrV-
�UL25F-infected cell lysates, indicating that synthesis of
other proteins is not impaired in the absence of UL25.

C capsids are formed in the absence of PrV UL25. One-step
growth kinetics already indicated that virtually no infectious
particles were produced in the absence of UL25. In electron
microscopic analyses of PrV-�UL25F-infected RK13 cells, no
extracellular virions or nucleocapsids in the cytoplasm were
detectable (Fig. 5A, C, and D). However, in infected cell nu-
clei, DNA-containing C-type capsids were clearly visible (Fig.
5A, A inset, and B), indicating that DNA encapsidation takes
place in the absence of UL25. In addition, A and B capsids
(Fig. 5A, inset) were present. Interestingly, although all capsid
forms, including DNA-containing C capsids, which are char-
acterized by their electron-dense core, were detected fre-
quently in close proximity to the inner nuclear membrane (Fig.
5B), neither primary envelopment nor primary enveloped viri-
ons in the perinuclear space or virions or nucleocapsids in the
cytoplasm were observed. This indicates that the UL25 protein
is necessary for nuclear egress of capsids but not for encapsi-
dation of viral DNA. In the cytoplasm and on the surface of
PrV-�UL25F-infected RK13 cells, numerous capsidless tegu-
ment-containing particles (L, or light, particles [2, 40]) were
detectable (Fig. 5C and D), illustrating that secondary envel-
opment of tegument proteins in the cytoplasm apparently pro-
ceeds undisturbed in the absence of UL25. In contrast, on
complementing cells or in RK13 cells infected with the UL25
rescue mutant PrV-�UL25FR, all stages of capsid morphogen-
esis and virus assembly were easily observed and numerous
mature virions lined the cell surface (Fig. 5E and data not
shown).

To estimate relative frequencies, the abundance of the different
capsid forms was determined in PrV-�UL25F-infected RK13 and
RK13-UL25 nuclei (Table 1). Capsids were differentiated by ab-
sence of either DNA or internal scaffold (A capsids), capsids
apparently undergoing DNA packaging (A/C intermediate), cap-
sids with clearly discernible internal scaffold (B capsids), and
capsids with an electron-dense core (C capsids). The results in-
dicated that fewer C capsids (36% versus 55%), similar numbers
of B capsids (34% and 38%), and more A capsids (13% versus
7%) were present in noncomplementing cells, indicating that al-
though DNA is packaged in absence of UL25, packaging appears
to be less efficient and results in more abortive events. This is in
line with the observation that intermediate capsid forms (desig-
nated A/C intermediates in Table 1), which are supposed to be in
the process of DNA packaging, were more abundant in PrV-
�UL25F-infected RK13 nuclei (12%) than in UL25-expressing
cells (5%) (Table 1).

PrV UL25 is not required for cleavage of concatemeric DNA.
The electron microscopic images already indicated that DNA
packaging is not inhibited in the absence of PrV UL25 but
appears to be less efficient. To investigate whether cleavage is
impaired in PrV-�UL25F-infected cells, Southern blot analy-
ses with genome-end-specific fragments were performed. To
this end, RK13 or RK13-UL25 cells were infected with PrV-
Ka, PrV-�UL25F, or PrV-�UL17F, a mutant which had been
identified previously as deficient in cleavage and encapsidation
of viral DNA (30). Whole-cell DNA was isolated, digested with
BamHI, transferred onto nylon membranes, and probed with
genome-end-specific BamHI-fragment 13 (Fig. 6A) or 14� (Fig.
6B), located at the US and UL ends, respectively (Fig. 1A). As
evident in Fig. 6A, in DNA from PrV-Ka-infected cells, the
1.8-kb terminal fragment 13 is clearly detectable (85% of count

FIG. 4. Expression kinetics of mutant PrV-�UL25F. Western blot
analysis of rabbit kidney cells infected with PrV-Ka or PrV-�UL25F at
an MOI of 10 is shown. Cells were harvested at the indicated time
points after infection, and proteins were separated on SDS–10% poly-
acrylamide gels. After electrotransfer onto nylon membranes, parallel
blots were incubated with the indicated antisera. Molecular masses of
marker proteins are indicated on the left.
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compared to BamHI fragment 8�) while the 3.2-kb junction
fragment, originating from head-to-tail fused genomes, yields a
weaker hybridization signal (12%). Since BamHI fragment 13
is located in the inverted repeat regions, the probe also reacted

with BamHI fragment 8�, which was used as an internal stan-
dard for quantification, and corresponding counts were set as
100%. In contrast, no terminal fragment 13 was detectable in
DNA of RK13 cells infected with the cleavage-deficient mu-

FIG. 5. Electron microscopy of PrV-�UL25F-infected RK13 and RK13-UL25 cells. RK13 cells (A to D) or RK13-UL25 cells (E) were infected
with PrV-�UL25F at an MOI of 1 and processed for electron microscopy at 14 h p.i. Bars represent 3 �m in panel A (300 nm in inset); 0.5 �m
in panels B, D, and E; and 2 �m in panel C.
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tant PrV-�UL17F, but the signal representing the junction
fragment was significantly increased (47%). In DNA from
PrV-�UL25F-infected RK13 cells, terminal BamHI fragment
13 was detectable but its signal was much less intense than after
wild-type PrV-Ka infection (8% compared to 85% in PrV-Ka).

However, the signal strength for the junction fragment did not
increase in parallel, as in PrV-�UL17F DNA, indicating that
cleavage of concatemeric DNA must have occurred efficiently.

Hybridization of a parallel blot with BamHI fragment 14�
gave a different result (Fig. 6B). Here, in DNA isolated from
PrV-�UL25F- or PrV-Ka-infected cells, terminal fragment 14�
was present in similar amounts (51% to 59%), whereas in
PrV-�UL17F-infected cells it was not produced. In the latter
case, the junction fragment was overrepresented compared to
DNA of cells infected by the other two viruses (42% compared
to 9 and 5%, respectively). The cleavage defect of PrV-
�UL25F concerning the production of terminal fragment 13�
could be at least partially rescued after propagation on RK13-
UL25 cells. Cleavage of concatemeric DNA in PrV-�UL17F
could be rescued after propagation on RK13-UL17 cells (30).
Thus, these data show that the cleavage reactions that produce
the left (UL) end of the genome occur with equal efficiency in
PrV-Ka- and PrV-�UL25F-infected cells, whereas there is a
defect in creating the right (US) end of the genome, repre-
sented by BamHI fragment 13 in PrV-�UL25F infection. The
hybridization probe containing BamHI fragment 14� also hy-
bridized with a third fragment, of 2.4 kb, in all DNAs analyzed.
Cloning and sequencing of the respective DNA fragment re-
vealed that it contains two terminal BamHI fragments 14�

FIG. 6. Impairment of cleavage of concatemeric DNA in the absence of PrV UL25. RK13 or RK13-UL25 cells were infected with PrV-Ka,
PrV-�UL17, or PrV-�UL25F at an MOI of 5 and harvested at 16 h p.i. Whole-cell DNA was isolated, digested with BamHI, separated on a 0.8%
agarose gel, and blotted onto a nylon membrane. Parallel blots were probed with labeled genome-end-specific BamHI fragments 13 (A) and 14�
(B). Bound radioactivity was recorded by a phosphorimager and quantified. Values were calculated with respect to bound radioactivity present on
BamHI fragment 8�, set as 100% for each lane. Identification of fragments and their sizes are indicated. “Junction” refers to the junction fragment
derived from head-to-tail-fused termini.

TABLE 1. Quantitation of intranuclear capsids
in PrV-�UL25F-infected cellsa

Cell line
No. (%) of capsids of indicated typeb

Total
A A/C B C

RK13 163 (13) 145 (12) 464 (38) 437 (36) 1,209
RK13-UL25 41 (7) 27 (5) 187 (34) 292 (55) 547

a Representative electron micrographs for the different capsid forms are given.
A-type capsids are identified by the lack of an internal structure. B capsids
contain ring- or crescent-shaped scaffolding. C capsids are identified by an
electron-dense core. A/C intermediates are capsids that are not assigned to any
of the “classical” types; they are probably in the process of genome packaging.

b Capsids were counted after infection by PrV-�UL25F of noncomplementing
RK13 cells or complementing RK13-UL25 cells.
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fused in a tail-to-tail orientation. Its provenance is unclear.
However, it was reproducibly found in greater amounts in
PrV-�UL25F-infected cells than in PrV-�UL17- or PrV-Ka-
infected RK13 or RK13-UL25 cells.

Subviral localization of PrV UL25. Kaelin et al. identified
PrV UL25 as a minor capsid component (27), although recent
studies indicate that it may represent a rather abundant pro-
tein in purified virion preparations (45). To study the localiza-
tion of UL25 in the virus particle, we chose two experimental
procedures. First, purified virions were separated into a capsid/
tegument and a tegument/envelope fraction (63). As shown in
Fig. 7, antiserum against glycoprotein gH reacted only with
complete virion and envelope fractions, whereas antiserum
against the major capsid protein UL19 recognized its target in
whole virion and capsid fractions. A similar reactivity was ob-
served using antisera against capsid-associated protein UL6
(the portal protein) or UL17 (30). The UL37 protein, which is
part of the capsid-proximal inner tegument (34, 42, 43), was
present primarily in the capsid fraction, and only a faint signal
was detected in the “envelope” fraction. The majority of the
UL25 protein was detectable in the whole-virus and capsid
fractions, with only a very faint signal in the envelope/teg-
ument preparation, indicating that UL25 is tightly bound to
the capsid.

In a second approach, purified virions were investigated by
immunoelectron microscopy. As shown in Fig. 8, in purified
virion preparations only capsids exhibited specific label (Fig.
8A to C), whereas intact virions were not decorated (Fig. 8A).
Analysis of intranuclear capsids in thin sections demonstrated
that A (Fig. 8D) and B (Fig. 8E) capsids were devoid of label
(30 of 30 A capsids, 15 of 15 B capsids), whereas C capsids
were clearly labeled at multiple sites on the capsid (17 of 20 C
capsids) (Fig. 8F). For controls, neither A, B, nor C capsids in
PrV-�UL25F-infected cells exhibited any specific label (Fig.
8G to I).

DISCUSSION

Proteins homologous to the UL25 protein of HSV-1 are
conserved in all three subfamilies of the Herpesviridae (5, 10,
39). However, their exact role during viral replication is still
unclear. The HSV-1 UL25 protein apparently is involved in a
late step of the DNA cleavage/encapsidation process (41, 60).
Although it is disputed whether it is involved in stably main-

taining packaged genomes in the capsid (41) or in the encap-
sidation process itself (60), it is evident that the protein is not
necessary for initiation of the cleavage of concatemeric repli-
cation intermediates and their packaging. We studied UL25
function in the alphaherpesvirus PrV. The salient findings of
this study are that (i) UL25 is essential for PrV replication in
cell culture, (ii) it is not required for cleavage and packaging of
viral genomic DNA, and (iii) it is essential for nuclear egress of
capsids.

Cleavage of concatemeric DNA and packaging of unit-
length herpesvirus genomes into capsids are tightly intercon-
nected processes involving several herpesvirus proteins (re-
viewed in reference 6). Only the complete set of proteins leads
to properly packaged full-length genomes and the release of
mature nucleocapsids from the nucleus. Genes encoding pro-
teins that are necessary for these processes are highly con-
served throughout the Herpesviridae, indicating the existence of
a conserved mechanism. Basic principles of genome replication
and packaging are even shared with the large double-stranded
DNA-containing bacteriophages which rely on similar mecha-
nisms to replicate and encapsidate their genomes (reviewed in
references 6 and 9). Whereas in the bacteriophages the mature
capsid serves as the substrate for addition of the tail and tail
fibers, the mature herpesvirus capsid proceeds to envelopment
at the inner nuclear membrane. So far, however, the molecular
requirements for this primary envelopment process and, in
particular, for the preferential envelopment of mature C cap-
sids remain unclear.

We show here that the PrV UL25 protein is required for
primary envelopment but is not essential for cleavage and
encapsidation of genomic DNA. Thus, in the absence of UL25,
all three described intranuclear capsid forms of PrV (44)—
empty A capsids, scaffold-containing B capsids, and genome-
containing C capsids—were observed, often in intimate contact
with the inner nuclear membrane. However, primary envelop-
ment was never seen, indicating that even apparently “mature”
C capsids are not competent for budding at the inner nuclear
membrane in the absence of UL25.

This defect in primary envelopment parallels the require-
ment for UL25 for productive herpesvirus replication. PrV
UL25, like its homologs in HSV-1 (3) and bovine herpesvirus
type 1 (BHV-1) (14), is essential for productive replication in
cell culture. Only very little infectious progeny was detectable
after replication on noncomplementing cells at levels reduced

FIG. 7. Virus fractionation. Purified virion preparations (V) were separated into capsid (C) and envelope (E) fractions and analyzed by
immunoblotting with sera against the major capsid protein UL19, the portal protein UL6, the capsid component UL17, envelope glycoprotein H
(gH), or the UL37 tegument protein, as well as with the UL25-specific serum. Molecular mass markers are indicated on the left.
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FIG. 8. Immunolabeling of purified virions. Purified virion preparations and capsids in ultrathin sections were analyzed by immunoelectron
microscopy after incubation with UL25 antiserum and gold-conjugated secondary antibodies. (A to C) Results from analysis of negatively stained
purified virion preparations. (D to F) Intranuclear A, B, and C capsids in PrV-Ka-infected RK13 cells. (G to I) Different intranuclear capsid forms
in PrV-�UL25F-infected cells serving as negative controls to demonstrate the specificity of the antiserum. Secondary antibodies tagged with 5-nm
gold particles were used for panel C, whereas 10-nm gold-tagged antibodies were used for all other panels. Bars, 100 �m.
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ca. 10,000-fold from those obtained from complementing cells.
Since the virus stocks used for infection had to be propagated
on complementing cells, this residual infectivity may have been
due to input UL25 molecules and/or rescue of UL25.

The HSV-1 UL25 protein has been proposed to be essential
for cleavage and/or packaging of replicated viral genomic
DNA. In its absence, there was a marked increase in the
number of immature A and B capsids in the nucleus and a
concomitant lack of C capsids (41). The same phenomenon has
been observed in a UL25-deficient BHV-1 mutant (14). How-
ever, it was also shown that neither HSV-1 nor BHV-1 UL25
is essential for cleavage and packaging per se. A low level of
stably packaged unit-length viral genomes were detected even
in the absence of UL25, and engineered amplicons with a size
smaller than the viral genome were packaged and encapsidated
with wild-type-like efficiency (60), whereas cleavage appeared
unimpaired by the absence of UL25 in BHV-1 (14). In PrV-
�UL25F-infected cells, C capsids were visible in electron mi-
croscopic images, indicating that DNA can be packaged in the
absence of UL25. Surprisingly, the numbers of B capsids did
not differ in the absence or presence of UL25 protein. More-
over, particles exhibiting an intermediate appearance, i.e., a
partial degradation of scaffold but no completed DNA pack-
aging, were detected more frequently in the absence of UL25.
All of these data support the notion that UL25 is not required
for cleavage and encapsidation but enhances its efficiency.

Cleavage of concatemeric viral DNA and encapsidation of
unit-length genomes into preformed capsids are tightly linked
processes. Each unit-length genome is the result of two cleav-
age steps, generating the free UL and US ends, respectively.
Published data indicate that the second cleavage, which is
necessary for release of unit-length genomes from the concate-
mer, occurs only if the genome is properly packaged (reviewed
in reference 6). Although directionality of genome packaging
has not been formally proven, it is assumed that the genome is
inserted with the UL terminus first, while the second cut gen-
erates the mature US terminus (reviewed in reference 6). In
PrV, cis-acting signals that play a role in cleavage/encapsida-
tion are present at both ends of the linear genome (64); these
are unique, with no terminal redundancy (13), and are sepa-
rated by the cleavage site in the newly replicated concatemeric
DNA. In our Southern blot analyses, the UL-terminal BamHI
fragment 14� was present in similar amounts in the presence or
absence of UL25, indicating that the UL terminus, which is
thought to be generated by the first cleavage event, is efficiently
formed in the absence of UL25. However, the US terminus was
strikingly underrepresented in DNA of PrV-�UL25F-infected
RK13 cells, while the signal for the junction fragment was not
enhanced. This implies that efficient initiation of packaging
occurs in the absence of UL25, leading to free UL ends, while
completion of packaging proceeds only inefficiently. It has
been suggested that the US end of the preceding genome,
which is formed simultaneously with the cleavage that gener-
ates the mature left end of the following molecule, may be
degraded (6). These results and others (60) argue for a role of
herpesvirus UL25 homologs in efficient packaging of full-
length genomes but concur with the findings that UL25 is not
required for cleavage.

Although C capsids were formed readily in PrV-infected
cells even in the absence of UL25, and were often found close

to and in contact with the nuclear membrane (Fig. 5), neither
budding at the inner nuclear membrane nor translocation of
capsids into the cytoplasm was detectable, indicating that ei-
ther the UL25 protein itself or a protein dependent on the
presence of UL25 is necessary for primary envelopment.
Egress from the nucleus appears to be highly selective, and
predominantly C capsids are translocated while budding B
capsids or nuclear “L particles” have been observed only very
infrequently in electron microscopic examinations (2, 22, 23).
The molecular basis for this selective envelopment remains
enigmatic. Stow (60) hypothesized that the HSV-1 UL25 pro-
tein may act in a manner similar to that of the head decoration
protein gpD in bacteriophage �, which stabilizes the head shell
following the rearrangement of the gpE subunits of the head
shell lattice that accompanies expansion of the head. Indeed,
parallels between the phenotypes of gpD and UL25 deletion
mutants are startling. In phage �, gpD is added to the head
after DNA packaging has been initiated (17). In HSV-1 and
PrV, UL25 (27, 61) was found in larger amounts on mature C
capsids than on immature capsid forms (27, 50, 61), indicating
that UL25 may be added to the capsid concomitantly with
DNA packaging. Recently, an interaction between UL17 and
UL25 has been proposed to mediate UL25 binding to capsids
(62). Our immunoelectron microscopic analyses failed to de-
tect UL25 on defective A and immature B capsids of wild-type
PrV, whereas C capsids were heavily decorated by the anti-
serum. Whether this indicates that immature PrV capsids are
devoid of UL25, or whether the amount associated with them
is below the detection level of our method, is unclear. How-
ever, it is important to emphasize that a clear association
between immunoreactivity and a specific capsid form can be
made only by concomitant visualization of both the capsid and
the immune reaction. Routinely, the different intranuclear cap-
sid forms are prepared by differential centrifugation followed
by analysis in immunoblot experiments, with no visual control
of the purity of the preparations (27, 50, 58).

Encapsidation is thought to be accompanied by structural
changes of the capsid (24), which may be required for or be the
result of addition of UL25. In our immunolabeling studies, we
found UL25-specific label on multiple sites on intranuclear C
capsids, as well as capsids released from mature extracellular
virions (Fig. 8), which further supports the idea that UL25 may
decorate the mature capsid. A tight interaction between capsid
and the UL25 protein can also be deduced from the fraction-
ation experiments (Fig. 7). The relative abundance of the
UL25 protein, which had previously been designated a “minor”
capsid protein (27), is also reflected by its identification as a
rather prominent protein in purified virus particles (45).

In bacteriophage �, two other proteins are added after gpD
has been deposited on the head (17). These are, in turn, nec-
essary for attachment of the tail. It is also conceivable that onto
the UL25-decorated herpesvirus capsids, one or more proteins
have to be added, which then form the trigger for primary
envelopment.

In summary, we show here that PrV UL25 is essential for
virus replication. It is not required for DNA cleavage or pack-
aging but is involved in a later step in virion morphogenesis,
forming the trigger either for primary envelopment itself or for
addition of other proteins which may then prompt nuclear
egress of capsids.
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