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Proteins encoded by the UL46 and UL47 genes of herpes simplex virus type 1 (HSV-1) constitute major
components of the viral tegument. However, their functions have so far not been elucidated in detail. By use
of monospecific antisera directed against bacterially expressed glutathione-S-transferase fusion proteins, the
homologous UL46 and UL47 proteins of the alphaherpesvirus pseudorabies virus (PrV) were identified in
virus-infected cells and in virions. The PrV UL46 gene product of 693 amino acids (aa) exhibits an apparent
molecular mass of 95 kDa, whereas the UL47 product of 750 aa was identified as a 97-kDa protein. Both are
present in purified virions, correlating with their role as tegument proteins. Immunofluorescence analysis by
confocal laser scan microscopy showed that late in infection the UL46 product is detectable in the cytoplasm,
whereas the UL47 product was observed to be diffuse in the cytoplasm and speckled in the nucleus. Virus
mutants lacking either the UL46 or the UL47 gene or both were isolated on noncomplementing cells, demon-
strating that these genes either singly or in combination are not required for productive viral replication.
However, plaque sizes were decreased. Interestingly, in one-step growth analysis, UL47 deletion mutants
exhibited an approximately 10-fold decrease in final titers, whereas the UL46 deletion mutant was not affected.
This finding correlated with ultrastructural observations which showed unimpaired virion morphogenesis in
the absence of the UL46 protein, whereas in the absence of the UL47 protein intracytoplasmic aggregates of
partially tegumented capsids were observed. In summary, we identified the PrV UL46 and UL47 proteins and

show that the UL47 protein plays an important role in virion assembly in the cytoplasm.

Herpesviruses assemble more than 30 proteins into mature
virions which make up the nucleoprotein core, the capsid shell,
the tegument, and constituents of the envelope (44). In par-
ticular, the tegument, which is situated in mature virions be-
tween the viral envelope and the capsid, is a complex structure
containing numerous viral gene products (43). In the alpha-
herpesviruses, the tegument has been suggested to consist of
more than 15 different proteins (37, 46). It has now been widely
accepted that herpesviruses acquire their final tegument and
envelope in the cytoplasm after having traversed the nuclear
membrane in a process which includes acquisition of a primary
envelope by budding of intranuclear genome-containing nu-
cleocapsids at the inner leaflet of the nuclear membrane and
subsequent fusion at the outer leaflet (reviewed in reference
37). However, the molecular interactions required for the for-
mation of this complex structure are only incompletely under-
stood.

Although the tegument has long been considered amor-
phous and unstructured, this may not be entirely true. In fact,
the innermost layer of the tegument, which contacts the capsid,
has been shown to exhibit icosahedral symmetry since its con-
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stituents specifically interact with the pentons of the capsid (11,
51). Experimental data suggest that this innermost layer of the
tegument consists of the largest protein found in herpesviruses,
homologs of the UL36 gene product of herpes simplex virus
type 1 (HSV-1). This gene is conserved throughout the her-
pesviruses (1, 10, 32). The UL36 homologs of pseudorabies
virus (PrV) (28) and human cytomegalovirus (4; M. E. Harmon
and W. Gibson, Proc. Am. Soc. Virol., abstr. W35-4, 1996)
have been demonstrated to physically interact with the product
of the UL37 homologous genes, another conserved tegument
protein. Thus, the second layer of tegument may consist of the
UL37 protein. In fact, in the absence of the HSV-1 UL36
protein, apparently naked capsids accumulate dispersed in the
cytoplasm (13), whereas in the absence of the PrV UL37 pro-
tein these intracytoplasmic capsids form ordered aggregates
(27) which contain the UL36 protein. Moreover, the HSV-1
UL37 protein is also required for formation of fully tegu-
mented and enveloped virions (14).

Unfortunately, the subsequent steps in virion formation are
still largely unclear. As concerns the interaction between teg-
ument proteins and viral envelope glycoproteins, thought to
drive budding into trans-Golgi vesicles during secondary envel-
opment, it has recently been shown that the nonessential virion
glycoproteins gE and gl, which form a complex, as well as gM
are required for the formation of mature PrV virions (7). In
the absence of these glycoproteins, capsids accumulate in the
cytoplasm surrounded by electron-dense material, which, by
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immunolabeling, has been shown to consist of tegument pro-
tein (6). Thus, it appears that lack of gE/I and gM blocks
secondary envelopment. The same phenotype was reproduced
when only gM and the carboxy-terminal tail of gE were de-
leted, indicating a role for the cytoplasmic domain of gE in
secondary envelopment (6). One tegument protein, the prod-
uct of the UL49 gene of PrV, has been demonstrated to spe-
cifically interact with the carboxy termini of glycoproteins E
and M, which may indicate a role for this interaction in virion
morphogenesis (19). However, not only is UL49 nonessential
for replication in cell culture of HSV-1 (41; G. Elliott and A.
Whiteley, 26th Int. Herpesvirus Workshop, abstr. 8.09, 2001),
BHV-1 (31), and PrV (12, 19), but also intensive studies so far
have failed to assign any phenotype to the lack of PrV UL49
either in vitro or in vivo (12, 19). Therefore, the observed
deletion of gE/I and gM has to affect more than the interaction
with UL49.

It has recently been shown that the ULA48 protein of HSV-1,
which has primarily been characterized as a factor capable of
trans-inducing the viral immediate-early («-) genes (3) (hence
its name a-trans-inducing factor or a-TIF; synonyms are VP16
and vmw65), is important for virion morphogenesis. An HSV-1
ULAS deletion mutant showed defects in nuclear egress as well
as in secondary envelopment in the cytoplasm (38). In contrast,
a ULA48 deletion mutant of PrV (20) was not impaired in
nuclear egress but accumulated nucleocapsids dispersed in the
cytoplasm, indicating that the ULA48 protein is required for
efficient PrV virion formation in the cytoplasm (20). Interest-
ingly, in cells infected with UL48-deleted PrV the intracyto-
plasmic capsids did contain UL36 and UL37 proteins but
lacked the UL49 protein, whereas the capsidless particles pro-
duced in great numbers contained UL49. Therefore, we spec-
ulated that the UL48 protein may form an important bridge
between the part of the tegument assembled on capsids, i.e.,
UL36 and UL37, and the part of the tegument, e.g., UL49,
which may assemble at the future budding site by interaction
with vesicle-bound viral glycoproteins (20, 37). A physical in-
teraction between UL48 and UL49 proteins has been shown
for the respective HSV-1 homologs (18).

However, there are clearly more molecular interactions re-
quired for formation of the herpesviral tegument. HSV-1 VP16
interacts with the viral host cell shut-off factor vhs, the product
of the UL41 gene (45), which may secure its incorporation into
nascent virus particles. This is supported by the fact that a
mutated form of UL41 that does not bind UL48 is not present
in virions (42). Moreover, the UL13 protein kinase of HSV-1
physically interacts with and phosphorylates the carboxy ter-
minus of gE (39) which, like for UL49, may be important for its
inclusion in the virion. However, the molecular details of how
all the other tegument proteins (37, 46) find their way into the
virus particle are unknown.

The products of the UL46 and UL47 genes (32) have ini-
tially been described as modulators of the UL48 transactivat-
ing function (33). The HSV-1 UL47 gene specifies two tegu-
ment proteins, VP13 and VP14 (34, 48), which represent
differently processed forms of the primary translation product
(48) with different phosphorylation and glycosylation (35).
Similarly, two proteins, VP11 and VP12, arise from the UL46
gene (49). Surprisingly, neither of the UL46 and UL47 genes
either singly or in combination is required for HSV-1 replica-
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tion in cell culture (2, 49). However, analysis of specific dele-
tion mutants confirmed their effect on the activity of o-TIF. In
the absence of the UL47 gene, o-TIF activity is considerably
reduced (50), and absence of UL46 or ULA7 resulted in a delay
in the appearance of thymidine kinase activity (49). Thymidine
kinase is encoded by an early gene which requires immediate-
early gene products for transactivation (49). Surprisingly, the
absence of either UL46, or UL47, or both only slightly im-
paired viral replication, resulting in ca. 10-fold-reduced titers
compared to an isogenic parental strain (49). In Marek’s dis-
ease virus (MDV), an avian alphaherpesvirus, the UL46 and
ULA7 genes have also recently been shown to be dispensable
for viral replication in cell culture, although their absence
impairs viral growth (17).

The ULA47 protein represents a major tegument protein in
HSV-1 (34), bovine herpesvirus type 1 (BHV-1) (9, 29, 30, 47),
and equine herpesvirus type 1 (48). The intracellular distribu-
tion of the HSV-1 ULA47 gene products has been analyzed by
fluorescent tagging. Data showed that they were found pre-
dominantly in the nucleus, which parallels their effect on UL48
activity (15). However, the UL47 proteins were also detected
in the cytoplasm, in particular at late times after infection (16).
Similarly, the BHV-1 UL47 protein was found in the cytoplasm
as well as in the nucleus (47). The cytoplasmic localization late
after infection by HSV-1 or BHV-1 may be indicative of a role
for the UL47 protein in virion formation. However, so far, this
assumption has not been analyzed.

During our studies to unravel the molecular basis for virion
morphogenesis of the alphaherpesvirus PrV, the causative
agent of Aujeszky’s disease in pigs (36), we set out to identify
the UL46 and ULA47 proteins of PrV and functionally charac-
terize their putative role in virion morphogenesis.

MATERIALS AND METHODS

Viruses and cells. All PrV mutants were derived from the wild-type laboratory
strain Kaplan (PrV-Ka) (24). Viruses were grown on rabbit kidney (RK13) or
porcine kidney (PSEK) cells in Eagle’s minimum essential medium supple-
mented with 10 or 5% fetal calf serum. A triple mutant lacking glycoproteins gE,
gl, and gM (PrV-gE/I/M ™) was propagated on gM-expressing cells (7) prior to
infection of noncomplementing RK13 cells for analysis. RK13-UL46/47 cells
constitutively express UL46 and UL47 genes under control of the human cyto-
megalovirus immediate-early promoter enhancer from vector pcDNA-3 (Invitro-
gen, Karlsruhe, Germany). They were established after cotransfection of
pcDNA-ULA46 and pcDNA-ULA47 plasmids into RK13 cells followed by Geneti-
cin (Life Technologies) selection and immunofluorescence screening with the
monospecific antisera.

Preparation of monospecific anti-UL46 and anti-UL47 serum. For generation
of a UL46-specific antiserum, the complete UL46 open reading frame (8) was
amplified by PCR using Platinum Pftx DNA polymerase (Invitrogen), primers
UL46FOR and UL46REV (Table 1), and cloned genomic BamHI fragment 1 of
PrV-Ka as a template. The 2.1-kbp amplification product contains EcoRI and
NotlI sites allowing insertion into the EcoRI/NotI-digested prokaryotic expression
vector pGEX-4T-1 (Amersham-Biosciences, Freiburg, Germany). The obtained
plasmid pGEX-UL46 was used for protein expression in Escherichia coli. A ca.
110- to 120-kDa glutathione-S-transferase (GST)-ULA46 fusion protein was used
for four immunizations of a rabbit after separation in a sodium dodecyl sulfate
(SDS)-polyacrylamide gel and electroelution. Serum obtained after the fourth
immunization was used in this study.

To generate an antiserum specific for the UL47 protein, a 95-bp Sall/Notl
fragment encoding codons 719 to 750 of the ULA47 gene (8) was isolated from
pcDNA-ULA47 (see below), cloned into expression vector pGEX-4T-3 (Amer-
sham-Biosciences), and expressed in E. coli. A ca. 30-kDa GST-UL47 fusion
protein was electroeluted after SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), and used for immunization of a rabbit as described above.
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TABLE 1. Primers used for PCR amplification
Primer Sequence Restriction Nucleotides GenBank
enzyme accession no.
UL48FOR 5'-CACAGAATTCTCACCGTGTGCGAGGGGCTG-3’ EcoRI 755-774 AJ437285
UL48REV 5'-CACAGGTACCCTCATGGTGGTCGCTGCGGC-3' Kpnl 185-166 AJ010303
UL47FOR 5'-CACAGAATTCACCATGAGCGACGCGGGC-3’ EcoRI 178-195 AJ010303
UL47REV 5'-CACAGCGGCCGCCGCGGCGCGAGGCATC-3" Notl 2510-2494 AJ010303
UL46FOR 5'-CACAGAATTCGCCTCCGCCATGCTCCGC-3’ EcoRI 2443-2460 AJ010303
UL46REV 5'-CACAGCGGCCGCACGGGGGGTCCGCGG-3! Notl 4553-4539 AJ010303
UL46REV2 5'-CACAAAGCTTCCGCCGTCCACCTCCAGCTC-3' HindIIl 3887-3871 AJ010303
UL27FOR 5'-CACATCTAGACGAGACGTGTTGCCAAACAAGCG-3’ Xbal 3049-3032 M17321
UL27REV 5'-CACAAAGCTTGGCGGCGCTACAACAGCACG-3' HindIIl 1571-1590 M17321

Isolation of UL46-, UL47-, and UL46/47-negative mutants. To generate a
ULA46-negative, a UL47-negative, and a UL46 and ULA47 double-negative mu-
tant, recombinant plasmids comprising 5’ and 3’ flanking sequences of the
gene(s) to be deleted and a green fluorescence protein (GFP) marker gene
cassette were assembled (23). To this end, parts of the genes UL27, UL46, ULA47,
and ULA48 were amplified by PCR from cloned BamHI fragment 1 of viral DNA
(Fig. 1 and Table 1). EcoRI, Kpnl, Notl, HindIII, and Xbal restriction sites were
introduced for convenient cloning. Fragments were amplified by using Platinum
Pfx Polymerase (Invitrogen), and PCR products UL27, UL46, and UL48 were
directly cloned into appropriately cleaved pUC19, whereas UL47 was first cloned
into EcoRI/NotlI-cleaved vector pcDNA3, giving rise to pcDNA-ULA7. Then, the
ULAS8 fragment was inserted into the EcoRI/Kpnl site of pUC19-UL27, and
UL46 was cloned into the Xbal/HindIII-cleaved pUC19-ULA48. After cleavage of
ULA47 from pcDNA-ULA47, it was inserted into the EcoRI site of pUC19-UL27.
The resulting plasmids pUC19-ULA46/48 and pUC19-UL27/48 were digested with
BamHI and Kpnl, plasmid pUC19-UL27/47 was cleaved with BamHI, and a GFP
marker gene cassette was inserted into each plasmid (23). The resulting plasmids,
designated pUC19-UL27/47GFP, pUC19-UL46/48GFP, and pUCI19-UL27/
48GFP, respectively, were sequenced to verify correct deletion and cotransfected
with PrV-Ka DNA into RK13 cells. Marker gene-expressing mutants PrV-
AUL46GFP, PrV-AUL47GFP, and PrV-AUL46/47GFP were isolated on RK13
cells. Correct deletion of the UL46 and/or UL47 genes and insertion of marker
genes was verified by Southern blot analysis of mutant virus DNA.

To eliminate possible unwanted effects caused by insertion of the GFP cas-
sette, mutants without marker genes were subsequently constructed. To obtain a
ULA6 deletion mutant, a 2-kbp Sphl-subfragment of BamHI-fragment 1, com-
prising the polyadenylation consensus sequence of the UL46 gene and part of the
following UL27 gene, and the 2.3-kbp UL47 fragment were cloned into pUC19,
resulting in plasmid pUC19-Sphl/ULA7. After cotransfection of PrV-AUL46GFP
DNA and pUC19-Sphl/UL47 into RK13 cells by calcium phosphate precipitation
(21), a nonfluorescing mutant virus (PrV-AUL46) (Fig. 1) was isolated. A UL47
deletion mutant without GFP insertion (PrV-AUL47) (Fig. 1) was isolated after
cotransfection of PrV-AUL47GFP DNA and pUC19-UL46/48 plasmid DNA
(see above) into RK13 cells. The UL46/47 double mutant without GFP (PrV-
AULA46/47) (Fig. 1) was obtained after cotransfection of PrV-AUL46/47GFP
DNA with plasmid pUC19-ULA48/Sphl. This plasmid contains part of the UL48
gene and the 2-kbp Sphl-subfragment of BamHI-fragment 1 (see above). Correct
recombination was verified by Southern blot analysis of mutant virus DNA (data
not shown).

Virus purification. For virus purification, cells were infected with PrV-Ka,
PrV-AULA46, PrV-AULA47, or PrV-AUL46/47 and incubated until complete cy-
topathic effect developed. Remaining intact cells were lysed by freezing (—70°C)
and thawing (37°C), and cellular debris was removed by low-speed centrifuga-
tion. For reduction of volume, the virus-containing supernatant was centrifuged
for 1 h at 22,000 rpm in a TST-28 rotor (Beckman). The pellet was resuspended
in TBSal (200 mM NaCl, 2.6 mM KCI, 10 mM Tris-HCI [pH 7.5], 20 mM MgCl,,
1.8 mM CaCl,), layered onto a discontinuous sucrose gradient (30, 40, and 50%
sucrose), and centrifuged for 2 h at 20,000 rpm in a TST-28 rotor. Virions
accumulated at the boundary between 40 and 50% sucrose and were harvested
by aspiration, pelleted, and resuspended in TBSal.

Western blotting. Virions were purified as described above. Infected cell
lysates were harvested at different times after infection by scraping into the
medium. Cells were collected by centrifugation at 13,000 rpm for 2 min in an
Eppendorf centrifuge, washed twice with phosphate-buffered saline (PBS), and
resuspended in 100 pl of PBS and the same volume of sample buffer. Three
micrograms of purified virion preparation or 10 pl of cell lysate was separated by

SDS-10% PAGE, electrotransferred onto nitrocellulose membranes, and re-
acted for 1 h at room temperature with monospecific antisera against the UL46
(dilution, 1:100,000), UL47 (dilution, 1:200,000), UL48 (dilution, 1:100,000 [20]),
and UL49 (dilution, 1:100,000 [6]) tegument proteins, the UL19 major capsid
protein (dilution, 1:200,000 [26]), or anti-glycoprotein B (gB) monoclonal anti-
body (MAb) b43-b5 (dilution, 1:500 [40]). After incubation with peroxidase-
conjugated secondary antibody (Dianova, Hamburg, Germany), bound antibody
was detected by enhanced chemiluminescence (SuperSignal; Pierce, Bonn, Ger-
many) and recorded on X-ray film.

Indirect immunofluorescence and confocal microscopy. RK13 cells grown on
coverslips were infected for 20 h at a multiplicity of infection (MOI) of ca. 0.001
with PrV-Ka. Thereafter, they were fixed for 30 min with ethanol, washed twice
with PBS, and subsequently incubated for 1 h each with anti-UL46 serum (di-
lution 1:300), anti-UL47 serum (dilution 1:500), or a monoclonal antibody
against gE (40), and Alexa 488-conjugated secondary antibodies (Molecular
Probes, Leiden, The Netherlands). Slides were washed repeatedly with PBS after
each step. Fluorescence was preserved with a 9:1 mixture of glycerol and PBS,
containing 25 mg of 1,4-diazabicyclooctane per ml and 1 pg of propidium iodide
per ml for chromatin counterstaining. The slides were analyzed in a confocal
laser scan microscope (LSM 510; Zeiss).

Determination of plaque size. Plaque diameters were measured on RK13 cells
2 days after infection at 37°C under a methylcellulose medium. Thereafter, cells
were fixed with 5% formaldehyde and stained with crystal violet. For each virus
mutant 50 plaques were measured microscopically, and the average plaque
diameter was determined. Values were calculated in comparison to PrV-Ka,
which was set at 100%. Average percentages as well as standard deviations were
determined from three independent experiments.

One-step growth analysis. To monitor one-step growth, RK13 or RK13-
ULA46/47 cells were infected with PrV-Ka, PrV-AUL46, PrV-AULA47, and PrV-
AULA46/47 at a MOI of 5 for 1 h at 4°C. Thereafter, the inoculum was replaced
by prewarmed medium, and virus was allowed to penetrate for 90 min at 37°C.
Then, remaining extracellular virus was inactivated by low-pH treatment. Cells
and supernatants were harvested separately immediately thereafter (0 h), and
after 4, 8, 12, 24, and 36 h of incubation at 37°C. Virus progeny was titrated on
RK13 cells. Since no significant differences were observed in extra- and intra-
cellular virus titers, the two were added and average values and standard devi-
ations of two independent experiments were calculated.

Electron microscopy. For ultrathin sectioning, RK13 or RK13-UL46/47 cells
were infected at an MOI of 1 and fixed 16 h postinfection. Fixation and embed-
ding for routine microscopy and for intracellular immunolabeling of viral pro-
teins were performed as described previously (22, 26). Reactivities of monospe-
cific antisera against the UL36 (28), UL37 (27), UL46 (this paper), UL47 (this
paper), UL48 (20), and UL49 (6) tegument proteins were visualized with 10-nm
gold-tagged secondary antirabbit antibodies (GAR10; British BioCell Interna-
tional). The counterstained ultrathin sections were analyzed with an electron
microscope (EM400T, Tecnai 12; Philips, Eindhoven, The Netherlands).

RESULTS

Identification of PrV UL46 and UL47 proteins. For identi-
fication of the UL46 gene product the complete UL46 open
reading frame was expressed as a GST fusion protein and used
for immunization of a rabbit. The obtained antiserum specifi-
cally recognized in preparations of purified PrV-Ka virions a
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FIG. 1. Construction of PrV UL46 and UL47 deletion mutants. (A) A schematic map of the PrV genome shows the long (U, ) and short (Ug)
unique regions, the inverted repeat sequences (IR, TR), and the positions of BamHI restriction sites. Numbers indicate BamHI restriction
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relevant restriction sites. (C) Location of primers used for PCR amplification (see Table 1). (D) Genotypes of the constructed viral mutants.

95-kDa protein which was absent in PrV-AULA46 virions (Fig.
2). It was also detected in similar amounts in PrV-AULA47
virions but not in PrV-AULA46/47 virus preparations. The
ULA7-specific antiserum recognized a prominent 97-kDa pro-
tein in wild-type PrV-Ka virions as well as in PrV-AUL46
virion preparations (Fig. 2), a protein which was not detected
in PrV-AULA7 and PrV-AULA46/47 virions. A second protein
of 65 kDa also reacted with the antiserum, although its inten-
sity varied between different virion preparations (Fig. 2 and
data not shown). In addition to the prominent 95- and 97-kDa

proteins, both antisera also detected lower-molecular-weight
proteins which may represent breakdown products, processed
forms of the proteins, or internal translation products. How-
ever, the specificity of the antisera could clearly be demon-
strated by their reactivity in the viral deletion mutants.
Expression kinetics of PrV UL46 and ULA47 proteins. In
lysates of PrV-Ka-infected cells (Fig. 3) the UL46-specific an-
tiserum also recognized a 95-kDa major protein as well as
several lower-molecular-weight protein bands. The UL46 pro-
tein was first detectable at 4 h postinfection and increased in
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FIG. 2. Identification and virion localization of PrV UL46 and ULA47 proteins. Purified virions of PrV-Ka, PrV-AUL46, PrV-AULA47, and
PrV-AULA46/47 were analyzed by immunoblotting using monospecific antisera against the UL46, UL47, UL48, UL19, and UL37 proteins or a

monoclonal antibody against gB.

amount until 24 h p.i. The lower-molecular-weight proteins
also increased in amount and number until 24 h p.i,. which
supports our assumption that they constitute breakdown prod-
ucts. A similar pattern of UL46 expression was detected in
PrV-AULA47-infected cells, whereas no UL46-related proteins
were found in cells infected by PrV-AULA46 or PrV-AUL46/47.

Expression kinetics for the UL47 protein were similar. It
became first detectable at 4 to 6 h p.i. and increased in amount
until 24 h p.i. A lower-molecular-weight protein of 45 kDa was
first observed at 8 h p.i., and a 65-kDa protein appeared only
at 24 h p.i. The latter protein could also be detected in purified
virions (Fig. 2). No UL47-related proteins were detectable in
cells infected with PrV-AUL47 or PrV-AUL46/47, proving the
specificity of the reactions.

Expression of the tegument proteins UL37 and UL49 oc-
curred with kinetics similar to those of the UL46 and UL47
proteins, whereas gB appeared to be expressed later in the
replication cycle, being first detectable at 6 h p.i.

Intracellular localization of the UL46 and UL47 proteins of
PrV. To analyze the intracellular localization of the UL46 and
ULA47 proteins, confocal laser scan immunofluorescence mi-
croscopy was performed on RK13 cells infected with PrV-Ka
under plaque assay conditions. As shown in Fig. 4, the UL46-
specific fluorescence was located in the cytoplasm. In contrast,

ULA7 fluorescence was detectable diffusely in the cytoplasm as
well as in speckles in the nucleus. Thus, the UL47 protein
might have a dual functional role in the nucleus and in the
cytoplasm, whereas this appears not to be the case for the
ULA46 protein. For control, the envelope glycoprotein gE was
detectable in the cytoplasm with preferential accumulation at
the plasma membrane.

In vitro replication of UL46 and UL47 deletion mutants of
PrV. Deletion mutants lacking either the UL46 gene or the
ULA47 gene or both were isolated on noncomplementing RK13
cells, which already demonstrates that both proteins, either
singly or in combination, were not required for productive viral
replication in tissue culture. To analyze growth properties of
the viral mutants in more detail, RK13 cells were infected
under plaque assay conditions and plaque sizes were analyzed
48 h p.i. Plaques produced by PrV-AULA46, PrV-AUL47, and
PrV-AULA46/47 were of similar size, which amounted to ca. 60
to 70% of the size of wild-type PrV-Ka-induced plaques (Fig.
5A). This indicates that deletion of either gene or of both had
a significant effect on plaque formation but that no additive or
synergistic effects occurred when both genes were simulta-
neously deleted. Moreover, the plaque sizes of PrV-AUL47
(Fig. 5B) and PrV-AUL46 (not shown) were restored to wild-
type levels on RK13-UL46/47 cells.
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FIG. 3. Expression kinetics of PrV UL46 and UL47 proteins. RK13 cells were infected at an MOI of 5 with PrV-Ka, PrV-AUL46, PrV-AULA47,
or PrV-AUL46/47 and harvested and analyzed at the indicated hours after infection. Blots were probed with monospecific antisera against the
ULA46, UL47, UL37, and ULA49 proteins or a monoclonal antibody against gB.

In one-step growth kinetics, wild-type PrV-Ka and viral de-
letion mutants exhibited similar increases in the production of
infectious progeny between 4 and 12 h p.i. (Fig. 5C). However,
final titers of both mutant viruses lacking the UL47 protein,
PrV-AULA47 and PrV-AUL46/47, were consistently ca. 10-fold
lower than final titers of PrV-Ka or PrV-AUL46. However,

titers of PrV-AULA7 reached wild-type levels on complement-
ing RK13-ULA46/47 cells (Fig. 5D). Thus, deletion of the UL47
protein had an effect on viral replication as analyzed in one-
step growth kinetics whereas deletion of UL46 did not influ-

ence viral replication.

Absence of UL47 interferes with virion morphogenesis in
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FIG. 4. Intracellular localization of PrV UL46 and UL47 proteins. Immunofluorescence analysis by confocal laser scan microscopy of RK13
cells infected with PrV-Ka under plaque assay conditions was performed by using monospecific antisera against the UL46 (upper row) or UL47
proteins (middle row) or a monoclonal antibody against gE (bottom). For UL46 and ULA47 detection, two different magnifications are shown (bars
represent 25 pm in left panels and 50 wm in right panels). Red, propidium iodide stain; green, reactivity of specific antibodies.
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FIG. 5. Plaque size and one-step growth kinetics of PrV UL46 and UL47 deletion mutants. Growth properties of deletion mutants in UL46
(PrV-AULA46) or UL47 (PrV-AULA7) or both (PrV-AULA46/47) were assessed by analyzing relative plaque size on noncomplementing (A) or
RK13-UL46/47 (B) cells compared to that of PrV-Ka, which was taken as 100%. (C and D) One-step replication kinetics on noncomplementing
and RK13-ULA46/47 cells.

the cytoplasm. To analyze in more detail the replication defect Fig. 6, cells infected with PrV-AUL46 showed typical herpes-
observed in the absence of UL47, RK13 cells were infected virus morphogenesis (Fig. 6A) with no apparent deficiency.
with PrV-AUL46, PrV-AULA47, or PrV-AUL46/47 and exam- Capsid assembly in the nucleus as well as virion formation in
ined by electron microscopy 16 h after infection. As shown in the cytoplasm (Fig. 6B) appeared to occur at wild-type levels,
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FIG. 6. Electron microscopy of mutant virus-infected cells. RK13 cells were infected with PrV-AUL46 (A to C), PrV-AUL47 (D and E), or
PrV-AULA46/47 (F to H) and analyzed by electron microscopy 16 h after infection. (A to C) Unimpaired virion morphogenesis in the absence of
the UL46 protein including secondary envelopment in the cytoplasm (B) as well as numerous extracellular virions (A and C) are shown.
(D) Overview of a PrV-AULA47-infected cell demonstrating that besides all stages of normal virion morphogenesis, intracytoplasmic aggregations
of capsids can be observed (shown at higher magnification in panel E). Similar aggregations were also observed in PrV-AUL46/47-infected cells
(F to H). Bars, 3 wm in panels A, D, F, and G and 300 nm in panels B, C, E, and H.
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FIG. 7. Electron microscopy of infected RK13-UL46/47 cells. Trans

complementing RK

Prv UL46 AND UL47 8829

13-UL46/47 and normal RK13 cells were infected with

PrV-AULA47 and analyzed by electron microscopy 16 h after infection. Panels A to C show unimpaired virion formation on complementing cells,
whereas panels D and E demonstrate, in a parallel assay, the formation of capsid aggregates in the cytoplasm of noncomplementing cells. Bars,
1.5 pm in panels A and D, 100 nm in panel B, and 500 nm in panels C and E.

and numerous extracellular virions lined the plasma membrane
(Fig. 6A and C). This correlates well with the replicative ability
measured by one-step growth kinetics. In contrast, cells in-
fected with PrV-AULA47 or PrV-AUL46/47, besides also show-
ing all stages of virion maturation (Fig. 6D and F) including
extracellular mature virions (Fig. 6D and G), exhibited local
clusters of capsids (Fig. 6E and H) in an ordered arrangement.
Whereas in the PrV-AULA47-infected cells these capsids ap-
peared to be surrounded by electron-dense material, this was
less evident in PrV-AUL46/47-infected cells. Most intracyto-
plasmic capsids contained viral genome as indicated by their
electron dense core. However, empty electron-lucent capsids
could also be observed (Fig. 6E and H). An occasional trans-
location of empty capsids through the nuclear membranes has
previously been demonstrated (22). Frequently, in the absence
of the UL46 protein in either PrV-AUL46- (not shown) or
PrV-AULA46/47-infected cells (Fig. 6F), intracytoplasmic vesic-
ulation was observed. The importance of this phenomenon is
unclear at present but did not seem to significantly interfere
with viral replication since PrV-AUL46 was not impaired in
one-step growth (Fig. 5C). Normal replication of PrV-AUL47
was restored in RK13-UL46/47 cells (Fig. 7A to C).

To analyze the composition of the capsid aggregates formed
in the cytoplasm of noncomplementing cells infected by Prv-
AULAT as concerns their content of viral tegument proteins,
immunoelectron microscopy was performed to compare them
to the aggregations formed in the absence of glycoproteins gE,
¢l, and gM, which have previously been shown to be composed

of capsids and tegument proteins (6, 7). As demonstrated in
Fig. 8, the capsid aggregates of PrV-AULA47 (Fig. 8, left row)
labeled with antisera against the UL36, UL37, UL46, UL4S,
and ULA49 proteins indicating that they indeed contain bona
fide tegument. In comparison, all tested antisera reacted with
the aggregations formed in the absence of gE, gI, and gM (Fig.
8, right row). In most cases, intensity of labeling was similar in
PrV-AULA47 and PrV-gE/I/M ™ clusters. There were two excep-
tions: the UL47-specific antiserum labeled the PrV-gE/I/M ™
clusters but, as expected, failed to react with the PrV-AUL47
aggregates. Moreover, the UL48 antiserum labeled the PrV-
gE/I/M™ clusters quite heavily, while label was only relatively
sparse on the PrV-AULA47 aggregations, suggesting that the
presence of UL47 protein enhances incorporation of the UL48
protein into the aggregates.

DISCUSSION

In this paper we report the identification and characteriza-
tion of the PrV homologs of HSV-1 UL46 gene products
(VP11/12) and ULA7 gene products (VP13/14) as well as con-
struction and functional analysis of viral mutants defective in
expression of either or both of the two genes.

Whereas absence of UL46 resulted in only moderately re-
duced plaque sizes in cell culture but did not affect one-step
growth kinetics and virion morphogenesis, deletion of UL47
did impair virus replication. In the absence of the UL47 pro-
tein, titers obtained in one-step growth analyses were consis-
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FIG. 8. Immunoelectron microscopy. Intracytoplasmic aggregates formed in the absence of the UL47 protein (left panel) or in the absence of
glycoproteins gE/I and gM (right panel) (7) were analyzed by immunoelectron microscopy using monospecific antisera against the tegument
proteins UL36, UL37, UL46, UL47, UL48, and UL49. Bar, 250 nm.
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tently ca. 10-fold lower than those of wild-type PrV-Ka. More-
over, electron microscopic analyses revealed that although all
stages of normal virion morphogenesis were observed, lack of
ULA47 in addition resulted in the formation of cytoplasmic
aggregates containing capsids surrounded by amorphous pro-
tein material. Since these inclusions labeled with antibodies
against the tegument proteins UL36, UL37, UL46, UL48, and
ULA49, we assume that they constitute tegumented capsids.
Although similar in appearance to the aggregates detected in
the absence of glycoproteins gE/I and gM (6, 7), the tegu-
mented capsids that accumulated in the absence of UL47 were
smaller and contained less electron-dense material around the
capsid shell. Moreover, the absence of UL47 did not impair
secondary envelopment nearly as drastically as the absence of
gE/l and gM. Whereas in the triple-mutant PrV-gE/I/M™ viral
titers were decreased ca. 1,000- to 10,000-fold (7), absence of
ULAT7 resulted in an only 10-fold decrease in viral titers. How-
ever, in both mutants secondary envelopment seems to be
impaired whereas tegumentation of capsids still occurred. This
is in contrast to the situation in the absence of the UL37
protein. Here, the observed intracytoplasmic clusters of cap-
sids contained only the UL36 protein but not the UL49 protein
(27). Of note, neither a reduction in plaque size nor viral titer
nor any aggregates of intracytoplasmic capsids were observed
on RK13-UL46/47 cells infected with PrV-AULA7. Therefore,
the data suggest that absence of the ULA47 protein defines
another intermediate in virion formation and that the Prv
ULA7 protein plays a role in secondary envelopment.

It has been shown by yeast-two hybrid analysis that gE and
gM interact via their cytoplasmic tails with the tegument pro-
tein UL49. This interaction is required for incorporation of
ULA9 into nascent virions since in the absence of gE and gM
no ULA49 protein is found in the purified-virion fraction
whereas it is present in normal amounts in infected cells (19).
Surprisingly, deletion of UL49 did not detectably influence
replication of PrV either in cell culture (12, 19) or in the rat
model host (12). Therefore, other tegument-envelope protein
interactions which drive secondary envelopment are presum-
ably present. The UL47 protein may be one of these additional
tegument proteins which make contact with the future envel-
opment site via direct or indirect interaction with viral enve-
lope glycoproteins. However, so far no specific interaction be-
tween the UL47 protein and PrV glycoproteins has been
observed.

Glycoproteins gE and gM have been designated so-called
nonessential glycoproteins (36) due to the fact that they can be
deleted singly from the virus without drastic impairment of
viral replication in cell culture. In contrast, simultaneous de-
letion of both resulted in a severe growth defect (7). A similar
functional redundancy may be present in the tegument pro-
teins. However, simultaneous deletion of UL46 and UL47 did
not inhibit viral replication or reduce plaque sizes beyond the
influence of the UL47 deletion alone. It is conceivable that
other tegument proteins act as functional analogs for UL46
and/or ULA47, securing virion formation even in the absence of
these two prominent tegument constituents. Since more than
15 proteins have been demonstrated or suggested to be part of
the alphaherpesvirus tegument (37, 46), there are plenty of
candidates.

The UL46 and UL47 genes of HSV-1 specify proteins which
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are posttranslationally modified by glycosylation and/or phos-
phorylation (35) or nucleotidylylation (5), resulting in the ap-
pearance of at least two products for each gene (34, 35, 49).
These have been designated VP11/12 and VP13/14, respec-
tively. With the monospecific antisera, we were able to identify
the UL46 and UL47 homologous proteins of PrV both in
infected cells and as constituents of purified virions. In PrV,
the UL46 gene product of 693 amino acids (aa) has a calcu-
lated mass of 75 kDa, whereas it migrates in SDS-PAGE with
an apparent molecular mass of 95 kDa. A similar situation
applies to the UL47 gene product, whose primary translation
product of 750 aa should exhibit a molecular mass of 80 kDa,
but the ULA47 protein identified in infected cells and purified
virions runs as a 97-Da protein in SDS-PAGE. It remains to be
determined whether the PrV gene products are also modified
like their HSV-1 counterparts, which could at least partly ex-
plain their aberrant migration in SDS-PAGE.

The clustered genes UL46 to UL49 all encode prominent
tegument proteins. However, only the absence of the UL48
protein appears to have a drastic effect on virion morphogen-
esis in PrV (20) and HSV-1 (38), whereas the absence of UL49
did not detectably impair PrV replication (12, 19). This is in
contrast to the situation in MDYV, in which deletion of UL48
did not significantly impair viral growth whereas absence of
ULA9 proved to be lethal for the virus (17). Thus, there appear
to be functional differences between tegument protein ho-
mologs in alphaherpesviruses. However, in PrV, HSV-1, and
MDYV, the UL46 and UL47 proteins were not required for
productive viral replication. Deletion of UL46 in PrV resulted
in only a moderate reduction in plaque size (this paper) and
resulted in a delay in the onset of HSV-1 replication (50). Lack
of UL47 showed a somewhat intermediate phenotype in PrV
with ca. 10-fold reduced titers and a clearly discernible ultra-
structural phenotype in infected cells (see above), whereas in
HSV-1 the early phenotype was similar to that of a UL46
mutant (50). Whether deletion of UL47 in HSV-1 also im-
paired late steps in virion morphogenesis has not yet been
analyzed. However, it is evident that within this gene cluster
the encoded proteins contribute to strikingly different degrees
to the process of virus maturation.

The UL46 and UL47 gene products of HSV-1 have first
been identified by their influence on the transactivating func-
tion of the UL48 protein on viral immediate-early promoters
(33), a function which has been confirmed by using specific
viral deletion mutants (50). However, it is unclear how this
influence is being exerted, whether directly by physical inter-
action with the ULAS protein, or indirectly involving other viral
and/or cellular proteins. We recently showed that the PrV
ULA8 protein also influences expression of immediate-early
genes (20), although the early stages of infection proceed quite
efficiently in the absence of virion-bound UL48 protein. It
remains to be analyzed whether the PrV UL46 and ULA47
proteins also influence a possible transactivating function of
the PrV ULA48 protein, which, however, does not in any case
appear to be critical for PrV replication, at least in cell culture.
A physical interaction between the UL46 and UL48 gene prod-
ucts has been proposed for the HSV-2 homologs (25), but the
functional importance of this observation is unclear. We show
here that absence of either UL46 or UL47 or both did not
impair intracellular expression or incorporation of the UL48 or
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UL37 tegument proteins into extracellular virions. However,
immunoelectron microscopic analyses indicate that less UL48
protein may be present in the aggregations of tegumented
capsids found in the absence of the ULA47 protein than in the
aggregations formed in the absence of the gE/I and gM glyco-
proteins. This suggests that UL47 influences incorporation of
ULA4S into the viral tegument. In contrast, no obvious differ-
ence was detected in the other tested tegument proteins, i.e.,
UL36, UL37, UL46, and ULA49.

Consistent with the current view that herpesviruses acquire
their final tegument and envelope in the cytoplasm (37), both
the UL46 and UL47 proteins of PrV were detected in the
cytoplasm late after infection, as analyzed by immunofluores-
cence microscopy. Whereas UL46 could not be found in the
nucleus, UL47 was present in the nucleus in punctate areas.
Nuclear localization has also been observed for the HSV-1
ULA7 protein fused to a GFP reporter (15, 16), which may
correlate with its influence on ULA48 transactivating function in
the nucleus. A prolonged eclipse phase in cells infected with a
ULAS8-deletion mutant of PrV (20) may be indicative of a
delayed onset of viral replication attributable to the absence of
the ULA48 transactivating function. However, in contrast to
HSV-1 (49), deletion of neither UL46 nor ULA47 resulted in a
delay in the production of infectious PrV progeny, which sug-
gests the absence of a modulating effect on o-TIF function. In
keeping with the prediction from the primary envelopment-
deenvelopment-secondary envelopment pathway, UL46 and
ULA7 proteins were not detectable by immunolabeling in pe-
rinuclear primary enveloped virions, whereas intracytoplasmic
and extracellular mature virus particles were heavily labeled
(Fig. 7 and data not shown). We also show that the absence of
the UL47 protein did not affect virion localization of the UL46
gene product and vice versa. Therefore, these two proteins
appear to be incorporated into nascent virions independent of
each other.

In summary, we identified the UL46 and UL47 gene prod-
ucts of PrV and demonstrate a role for the UL47 protein in
virion morphogenesis at late stages of infection. In the absence
of UL47 secondary envelopment is impaired, resulting in in-
tracytoplasmic aggregation of tegumented capsids. Future
studies will be directed at elucidating the putative viral and/or
cellular proteins which may interact with UL47 to secure its
incorporation into nascent virions and at uncovering the func-
tion of the UL46 protein.
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