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The large tegument protein encoded by the UL36 gene of pseudorabies virus (PrV) physically interacts with
the product of the adjacent UL37 gene (B. G. Klupp, W. Fuchs, H. Granzow, R. Nixdorf, and T. C. Mettenleiter,
J. Virol. 76:3065-3071, 2002). To analyze UL36 function, two PrV recombinants were generated by mutagenesis
of an infectious PrV full-length clone in Escherichia coli: PrV-AUL36F exhibited a deletion of virtually the
complete UL36 coding region, whereas PrV-UL36BSF contained two in-frame deletions of 238 codons spanning
the predicted UL37 binding domain. Coimmunoprecipitation experiments confirmed that the mutated gene
product of PrV-UL36BSF did not interact with the UL37 protein. Like the previously described PrV-AUL37
(B. G. Klupp, H. Granzow, and T. C. Mettenleiter, J. Virol. 75:8927-8936, 2001) but in contrast to PrV-AUL36F,
PrV-UL36BSF was able to replicate in rabbit kidney (RK13) cells, although maximum virus titers were reduced
ca. 50-fold and plaque diameters were reduced by ca. 45% compared to wild-type PrV. PrV-AUL36F was able
to productively replicate after repair of the deleted gene or in a trans-complementing cell line. Electron
microscopy of infected RK13 cells revealed that PrV-UL36BSF and phenotypically complemented PrV-AUL36F
were capable of nucleocapsid formation and egress from the nucleus by primary envelopment and deenvelop-
ment at the nuclear membrane. However, reenvelopment of nucleocapsids in the cytoplasm was blocked. Only
virus-like particles without capsids were released efficiently from cells. Interestingly, cytoplasmic nucleocap-
sids of PrV-UL36BSF but not of PrV-AUL36F were found in large ordered structures similar to those which
had previously been observed with PrV-AUL37. In summary, our results demonstrate that the interaction
between the UL36 and UL37 proteins is important but not strictly essential for the formation of secondary
enveloped, infectious PrV particles. Furthermore, UL36 possesses an essential function during virus replica-

tion which is independent of its ability to bind the UL37 protein.

Pseudorabies virus (PrV; suid herpesvirus 1), the causative
agent of Aujeszy’s disease of swine, has been assigned to the
Varicellovirus genus of the Alphaherpesvirinae subfamily of the
Herpesviridae (41, 48). Recently, the complete DNA sequence
of the 143,461-bp genome of PrV has been determined and
shown to contain at least 70 open reading frames (ORFs)
which have been demonstrated or suggested to encode viral
proteins (31). Since homologues of these ORFs were also
found in other alphaherpesvirus genomes, the gene designa-
tions originally introduced for herpes simplex virus type 1
(HSV-1) (39) were widely adopted. Approximately half of the
conserved alphaherpesvirus gene products are incorporated
into mature virions, which consist of an inner nucleoprotein
core comprising the linear DNA genome, an icosahedral nu-
cleocapsid, a tegument layer, and an outer envelope containing
viral (glyco)proteins (47, 48). The most complex structure
within herpesvirus particles is the tegument, which consists of
more than 15 different proteins, including the UL36 and UL37
gene products (reviewed in reference 42). However, the pre-
cise architecture and the biological functions of the tegument
are still only incompletely understood.

Several major tegument proteins contained in alphaherpes-
virus virions possess important functions during early steps of
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the viral life cycle. For example, the UL48 gene products of
HSV-1 (VP16, oTIF) and other viruses, including PrV, induce
transcription of viral immediate-early genes (1, 7, 20). The
ULA1 gene product of HSV-1 (vhs) mediates shutoff of host
cell gene expression by mRNA destabilization (35). On the
other hand, during the late phase of infection, many tegument
proteins are relevant for virion morphogenesis (reviewed in
reference 42). Herpesvirus nucleocapsids are formed in the
host cell nucleus and leave this compartment by consecutive
envelopment and deenvelopment at the inner and outer leaf-
lets of the nuclear membrane. This process involves the UL31
and UL34 gene products, which are conserved not only in
alpha- but also in beta- and gammaherpesviruses (19, 28, 44,
46). Final tegumentation of herpesvirus nucleocapsids occurs
in the cytoplasm, followed by budding into vesicles of the
trans-Golgi network and release of mature virions by exocytosis
(23, 25, 45, 49, 52).

Electron microscopic studies revealed that secondary envel-
opment of PrV is affected by mutations in different proteins,
including deletions of envelope glycoproteins gE and gM (5,
6), of the UL3.5 protein (18), and of tegument proteins en-
coded by ULI11 (33), UL37 (29), UL47 (32), and UL48 (20).
Surprisingly, none of these mutations led to complete inhibi-
tion of productive virus replication, and even simultaneous
deletion of the four major tegument protein genes, UL46,
ULA47, ULA4S, and ULA9, of PrV did not abolish virus propa-
gation in noncomplementing cells (22). However, simulta-
neous deletion of gE and gM or of gM and UL11 led to more
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than additive replication defects (5, 6, 34), indicating that these
proteins possess redundant functions or participate in alterna-
tive assembly pathways.

In other alphaherpesviruses, several tegument proteins have
been shown or suggested to be essential for virus replication,
e.g., the products of the UL36, UL37, and UL48 genes of
HSV-1 (14, 15, 43, 51) and of the UL49 gene of Marek’s
disease virus (16). In contrast, deletion of the UL49 gene of
PrV had no significant effect on virus growth in cultured cells
or on virulence in infected animals (13, 21). Thus, although
these proteins are structurally conserved, their functions ap-
pear to be variable. Furthermore, it is remarkable that many
tegument proteins are not significantly conserved between al-
pha-, beta-, and gammaherpesviruses (48).

Another approach to understanding herpesvirus morpho-
genesis is the analysis of physical interactions between the
involved proteins by colocalization, coprecipitation, or two-
hybrid studies. These experiments demonstrated interactions
between the envelope proteins gE and gM and the ULA49
tegument protein of Prv (21), between the UL49 and UL48
gene products of HSV-1 (17), between the UL48 and UL3.5
proteins of bovine herpesvirus 1 (37), and between the UL36
and UL37 tegument proteins of PrV (30) and human cytomeg-
alovirus (4). Furthermore, several studies indicate that the
UL36 protein of HSV-1 interacts directly with the major capsid
protein (40, 53), and immunoelectron microscopic studies re-
vealed a close association of PrV UL36 and UL37 with cyto-
plasmic nucleocapsids accumulating in the absence of UL48
(20). Remarkably, the capsidless L particles which were re-
leased in large amounts from cells infected with UL48-negative
PrV did not contain the UL36 and UL37 gene products,
whereas the major tegument proteins encoded by UL46, UL47,
and ULA49 were incorporated (20). Therefore, it has been pro-
posed that the conserved UL36 and UL37 proteins form the
innermost layer of the tegument which is added to cytoplasmic
nucleocapsids independent of downstream maturation events.
On the other hand, incorporation of the outer tegument pro-
teins into Golgi-derived vesicles occurs in the absence of nu-
cleocapsids.

We previously identified and localized the UL36 gene prod-
uct of PrV, which, like its homologues in other herpesviruses,
represents the largest virion protein, consisting of 3,084 amino
acids with an apparent molecular mass of more than 300 kDa
(30). By coimmunoprecipitation experiments, we detected a
physical interaction with the UL37 protein, and the UL37
binding domain could be confined to amino acids 312 to 398 of
the UL36 protein by yeast two-hybrid studies (30). However,
until now, the function of the PrV UL36 protein has not been
investigated directly. Early investigation of temperature-sensi-
tive HSV-1 mutants indicated that the UL36 protein might be
required for the release of viral DNA from infecting particles
into the host cell nucleus (2), and a possible role of UL36 in
cleavage and packaging of newly synthesized viral DNA has
also been discussed (11). More recent analyses demonstrated
that in the absence of the HSV-1 UL36 protein, DNA-filled
capsids were produced and released from the nucleus but were
not reenveloped in the cytoplasm (14). Thus, UL36-negative
and UL37-negative HSV-1 strains were inhibited prior to sec-
ondary envelopment (15), as was UL37-negative PrV (29).

To characterize the functions of the PrV UL36 protein, we
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generated a UL36 null mutant utilizing a previously described
infectious full-length clone of the PrV genome (33). To further
analyze the interdependence of UL36 and UL37, a second PrV
UL36 mutant was constructed which exhibited an in-frame
deletion of the UL37 binding domain. The in vitro growth
properties of these mutants and of a UL36 rescuant in non-
complementing and in UL36-expressing cells were analyzed.

MATERIALS AND METHODS

Viruses and cells. All PrV mutants analyzed were derived from the wild-type
strain Kaplan (PrV-Ka) (26). The previously described deletion mutant Prv-
AUL37 was isolated after cotransfection of eukaryotic cells with virion DNA of
PrV-Ka and a cloned and modified genome fragment (29). In contrast, the novel
virus recombinants described here (see below) were generated in Escherichia coli
by mutagenesis of pPrV-AgB, which represents a glycoprotein B (gB)-negative
full-length clone of PrV-Ka (33). Viruses were propagated in RK13 cells, which
were grown in minimum essential medium supplemented with 10% fetal calf
serum (Invitrogen). For propagation of UL36-negative PrV, the trans-comple-
menting cell line RK13-UL36 (see below) was grown in medium containing 500
ng of geneticin per ml (Invitrogen).

Plasmid constructs, cell lines, and virus recombinants. The complete UL36
gene of PrV-Ka was prepared from genomic DNA as a 10,514-bp Nrul fragment
(Fig. 1B) and inserted into the Smal-digested vector pUC19 (New England
Biolabs). The resulting plasmid, pUC-UL36, was used together with pSV2neo
(Clontech) for calcium phosphate-mediated cotransfection (24) of RK13 cells.
Geneticin-resistant cell clones were isolated and tested for plaque formation
after transfection with UL36-negative PrV. One trans-complementing cell line
(RK13-UL36) was used for propagation and characterization of PrvV-AUL36F
(see below).

For deletion of UL36, pUC-UL36 was digested with Smal, which released 11
restriction fragments spanning nucleotides 33374 to 42254 of the PrV genome
sequence (31). The deleted sequence was replaced with a Klenow-treated
1,258-bp BstBI fragment of pKD13 (12), which contains a kanamycin resistance
gene flanked by Flp recognition target (FRT) sites, giving rise to plasmid pUC-
AUL36KEF (Fig. 1C). The insert fragment was amplified by PCR with the vector-
specific M13/pUC (—47) and M13/pUC reverse (—48) primers (New England
Biolabs) and Pfx DNA polymerase (Invitrogen). The PCR product obtained was
used for Red recombinase-mediated mutagenesis of the bacterial artificial chro-
mosome pPrV-AgB in E. coli as described previously (12, 33). After isolation of
kanamycin-resistant clones, the resistance gene was removed by mutagenesis
with the FRT site-specific Flp recombinase, which was provided by transforma-
tion with helper plasmid pCP20 (9). Finally, the PrV gB gene was restored by
cotransfection (24) of RK13-UL36 cells with bacterial artificial chromosome
DNA and plasmid pUC-B1BclI (33). A single plaque isolate of the virus progeny
was characterized and designated PrV-AUL36F (Fig. 1C).

To generate a PrV mutant exhibiting an in-frame deletion of the UL37 binding
domain of UL36, the insert fragment of pUC-UL36 was first shortened to 1,833
bp by double digestion with SanDI and HindIII, Klenow treatment, and religa-
tion. Subsequently, the resulting plasmid was doubly digested with Sfil and BstXI
to remove a 390-bp fragment from positions 41037 to 41426 of the PrV genome
sequence (31). After Klenow treatment the 1,258-bp BstBI fragment of pKD13
(12) was inserted to obtain plasmid pUC-UL36BSKF (Fig. 1D). The insert was
amplified by PCR and used for mutagenesis of pPrV-AgB as described above.
After removal of the kanamycin resistance gene and restoration of the gB gene,
recombinant PrV-UL36BSF (Fig. 1D) was isolated in noncomplementing RK13
cells.

The UL36 rescue mutant PrV-UL36R was isolated after cotransfection of
RK13 cells with genomic DNA from PrV-AUL36F and plasmid pUC-UL36 (Fig.
1B). Virion DNA from all PrV mutants generated was characterized by restric-
tion analyses and Southern blot hybridization as well as by PCR amplification
and sequencing (Thermosequenase cycle sequencing kit; Amersham) of the
mutagenized genome part (results not shown).

Metabolic labeling and immunoprecipitation. RK13 cells were infected at a
multiplicity of infection of 10 with PrV-Ka, PrV-UL36BSF, or PrV-AUL37 (29)
and radiolabeled with 100 pCi of [**S]methionine/cysteine (MP Biomedicals)
from 2 to 24 h postinfection. Then, cell lysates were prepared and proteins were
precipitated (38) with monospecific rabbit antisera against the UL36 (30) and
UL37 proteins (29) or glycoprotein gH (27) at dilutions of 1:100. The precipi-
tated proteins were incubated in sample buffer (36) containing 10% B-mercap-
toethanol for 5 min at 95°C and separated in discontinuous sodium dodecyl
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FIG. 1. (A) Map of the DNA genome of pseudorabies virus, consisting of long (U;) and short (Ug) unique regions and inverted repeat
sequences (IR, TR) flanking the latter. The positions of BamHI restriction sites are indicated. (B) An enlarged section shows a cloned Nrul
fragment of the wild-type PrV-Ka genome containing the entire UL36 gene and parts of adjacent ORFs (large open arrows). Arrows illustrate
transcriptional organization, and vertical lines indicate repetitive DNA sequences. Relevant restriction sites are also plotted. Plasmid pUC-UL36
was used for generation of a UL36-complementing cell line (RK13-UL36) and of a virus rescuant (PrV-UL36R). To obtain PrV-AUL36F (C) and
PrV-UL36BSF (D), different parts of pUC-UL36 were deleted and replaced with a kanamycin resistance gene (KanR) flanked by FRT sites
(pUC-AUL36KF, pUC-UL36BSKF). The plasmid inserts were PCR amplified with vector-specific primers (M13 [—47], M13 rev [—48]), and used
for mutagenesis of bacterial artificial chromosome-cloned PrV DNA. Finally, the resistance gene was removed by Flp-mediated recombination.
(E) Alignment of parts of the deduced UL36 amino acid sequences of wild-type PrV-Ka and PrV-UL36BSF. The predicted binding region of the
UL37 protein is underlined. In the UL36BSF protein, deleted amino acids are indicated by dots, and artificially inserted residues are in italics. The

proline residues flanking the modified region are highlighted.

sulfate-5% polyacrylamide gels. The gels were fixed for 20 min in 7.5% metha-
nol-10% acetic acid, dried, exposed to image plates, and examined in an image
analyzer (FLA-3000, Fuji).

Determination of plaque sizes and one-step growth kinetics. For investigation
of direct cell-to-cell spread, RK13 monolayers were infected with PrV-Ka, PrV-
AUL36F, PrV-UL36R, PrV-UL36BSF, or PrV-AUL37 (29) at a low multiplicity

of infection and incubated in medium containing 0.6% methylcellulose at 37°C.
After 3 days the cells were fixed for 15 min with a 1:1 mixture of methanol and
acetone and washed repeatedly with phosphate-buffered saline. Thereafter, the
cells were incubated consecutively for 1 h each with the glycoprotein gC-specific
monoclonal antibody B16-c8 (27) and with Alexa 488-conjugated anti-mouse
immunoglobulin antibodies (Molecular Probes). After repeated washing with
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phosphate-buffered saline, the plates were investigated in a fluorescence micro-
scope (Diaphot 300; Nikon). The diameters of 30 plaques per assay were mea-
sured, and average diameters as well as standard deviations were calculated.
One-step growth analyses were performed essentially as described (19). RK13
cells were harvested 1, 4, 8, 12, 24, and 36 h after infection at a multiplicity of
infection of 5. Progeny virus titers were determined by plaque assays on RK13-
UL36 cells, and the mean titers of three parallel experiments were plotted.

Electron microscopy. RK13 and RK13-UL36 cells were infected with Prv-
AUL36F or PrV-UL36BSF at a multiplicity of infection of 1 and incubated for
12 h at 37°C. Fixation and embedding were done as described (28), and coun-
terstained ultrathin sections were analyzed in an electron microscope (Tecnai 12;
Philips).

RESULTS

Isolation and DNA analysis of PrV UL36 mutants. For func-
tional characterization of the large tegument protein of PrV,
the UL36 gene was eliminated by mutagenesis of a bacterial
artificial chromosome-clone of the PrV genome in E. coli. The
resulting recombinant PrV-AUL36F (Fig. 1C) exhibits a dele-
tion of codons 21 to 2981 of the UL36 ORF, which originally
contained 3,085 codons (30). Furthermore, the short preserved
parts of the UL36 ORF were fused out of frame. No infectious
progeny virus was obtained after transfection of normal RK13
cells with the mutagenized bacterial artificial chromosome, but
mutant PrV-AUL36F could be isolated on RK13-UL36 cells,
which contain a stable genomic insertion of the PrV UL36
gene (Fig. 1B).

Since UL36 proved to be essential for in vitro replication of
PrV, the UL36 rescue mutant PrV-UL36R (Fig. 1B) could be
readily isolated after cotransfection of normal RK13 cells with
genomic DNA of PrV-AUL36F and the plasmid-cloned UL36
gene. Both PrV mutants were characterized by restriction anal-
yses and Southern blot hybridization of genomic DNA, which
showed the expected fragment patterns. The precise extent of
the deletion in PrV-AUL36F was further confirmed by PCR
amplification and sequencing of the affected genome region
(results not shown).

A second bacterial artificial chromosome mutant, PrV-
UL36BSF, which contains an in-frame deletion of codons 297
to 426 of UL36 (Fig. 1D), could also be propagated in non-
complementing RK13 cells. Initially, the maximum virus titers
of this mutant were very low (=10* PFU per ml), and plaque
formation was severely impaired. However, after three pas-
sages of the transfection progeny in RK13 cells, larger virus
plaques occurred spontaneously, and from one of them the
described recombinant PrV-UL36BSF was purified to homo-
geneity and characterized by DNA analyses. Sequencing of the
mutated part of the UL36 ORF confirmed the expected dele-
tion but revealed a second in-frame deletion downstream of
the first one. This spontaneous event led to loss of nucleotides
40640 to 40961 of the PrV genome sequence (31) accompanied
by duplication of a deoxythymidine residue at position 40639.
Additional analyses of PrV-UL36BSF DNA did not indicate
further mutations of the UL36 gene. Thus, the deduced UL36
gene product of PrV-UL36BSF consists of amino acids 1 to 296
of the authentic protein, followed by 12 amino acids originat-
ing from the inserted FRT sequence, residues 427 to 451 of
UL36, a novel lysine residue, and amino acids 560 to 3084 of
the original UL36 protein (Fig. 1E). Remarkably, amino acids
296 and 560 flanking the mutated region of UL36 are prolines,
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FIG. 2. Immunoprecipitation of **S-labeled proteins from RK13
cells infected with PrV-Ka, PrV-UL36BSF, or PrV-AUL37 with mono-
specific antisera (anti-UL36, anti-UL37, and anti-gH). The precipitates
were separated in a sodium dodecyl sulfate-5% polyacrylamide gel
under reducing conditions and analyzed by fluorography. The positions
of the authentic and truncated UL36 gene products, of the UL37
protein, and of gH are marked by arrowheads. The molecular masses
(in kilodaltons) of marker proteins are indicated on the left.

which are known to disrupt secondary structures and to intro-
duce flexible turns into proteins (10).

Characterization of the UL36 protein of PrV-UL36BSF. The
authentic UL36 gene product of PrV consists of 3,084 amino
acids, accounting for a calculated molecular mass of 324,461
Da (30). In contrast, the truncated UL36 protein of PrV-
UL36BSF is only 2,859 amino acids in size, corresponding to a
mass of 300,684 Da. Immunoprecipitation of *3S-labeled pro-
teins from infected RK13 cells with a UL36-specific antiserum
(30) confirmed that the UL36 protein of PrV-UL36BSF is
indeed smaller than that of PrV-Ka (Fig. 2, left panel). UL36
proteins of similar sizes were expressed by PrV-Ka and PrV-
UL36R, whereas no newly synthesized UL36 gene products
were found in RK13 cells infected with phenotypically com-
plemented PrV-AUL36F (results not shown).

Previously, by yeast-two-hybrid studies and by coimmuno-
precipitation experiments, we showed that the UL36 protein of
PrV physically interacts with the UL37 gene product (30). Our
present studies confirmed that a UL36-specific antiserum (30)
not only precipitated its target protein of more than 300 kDa
but also a prominent 100-kDa protein (Fig. 2, left panel). A
UL37-specific antiserum (29) coprecipitated the same proteins
from PrV-Ka-infected cells (Fig. 2, middle panel). The 100-
kDa protein represents the UL37 gene product, since it was
not detectable in cells infected with PrV-AUL37 (29) (Fig. 2,
left and middle panels). Consistently, the UL37-specific anti-
serum failed to coprecipitate the UL36 protein from cells in-
fected with PrV-AUL37 (Fig. 2, middle panel). However, the
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FIG. 3. Plaque sizes of PrV-AUL36F, PrV-UL36BSF, PrV-UL36R, PrV-AUL37, and PrV-Ka. Virus plaques were visualized 48 h after infection
of RK13 or RK13-UL36 cells by indirect immunofluorescence with a gC-specific antibody. For each virus, the average diameters of 30 plaques were
determined and calculated as percentages of those of the plaques induced by PrV-Ka. Standard deviations are also shown.

truncated UL36 protein of PrV-UL36BSF also did not copre-
cipitate with the UL37 protein and vice versa, although the
amounts of both proteins in infected cells were comparable to
those found in cells infected with PrV-Ka (Fig. 2, left and
middle panels).

To ensure that the input amounts of labeled virus proteins
were comparable, control immunoprecipitations with a gH-
specific antiserum (27) were performed (Fig. 2, right panel).
Most of the protein bands with molecular masses between
those of UL36 and UL37 likely represent breakdown products
of the large UL36 gene product, since they were recognized by
the anti-UL36 serum in cells infected with PrV-Ka, PrV-
UL36BSF, or PrV-AUL37 (Fig. 2, left panel) and were also
coprecipitated by the anti-UL37 serum from PrV-Ka infected
cells (Fig. 2, middle panel), but failed to coprecipitate with
UL37 in cells infected with PrV-UL36BSF (Fig. 2, middle
panel). One protein of ca. 140 kDa was nonspecifically precip-
itated irrespective of the antiserum used.

Thus, our data show that the interaction between the UL36
and UL37 proteins is either completely abolished in PrV-
UL36BSF or at least significantly less stable than in wild-type
PrV. This finding is in agreement with previous mapping of the
UL37 binding site to residues 312 to 398 of UL36 by yeast-
two-hybrid studies (30). As can be seen in Fig. 1E, this stretch
of amino acids was completely deleted in the UL36 protein of
PrV-UL36BSF.

In vitro growth properties of PrV UL36 mutants. To pre-
cisely analyze the replication defects of PrV-AUL36 and PrV-
UL36BSF, plaque formation and one-step growth kinetics
were investigated in RK13 cells (Fig. 3). For comparison, Prv-
AUL37 (29) was included in these studies. High-titer virus
stocks of PrV-AUL36F and PrV-AUL37 were prepared in
trans-complementing RK13-UL36 and RK13-UL37 cells (29),
respectively. In contrast, virus stocks of wild-type PrV-Ka and
the rescuant PrV-UL36R were prepared in normal RK13 cells.
PrV-UL36BSF had to be propagated in RK13 cells because in
complementing RK-UL36 cells, the mutated UL36 gene of the
virus was frequently repaired by recombination with the cellu-
lar copy of the authentic gene.

No plaque formation of PrV-AUL36F was observed on

RK13 cells, but 3 days after inoculation small foci comprising
only a few infected cells were detectable (Fig. 3, left panel). In
contrast, the plaque diameters of PrV-UL36BSF were reduced
by less than 45% compared to those of PrV-Ka or of the
rescuant PrV-UL36R (Fig. 3, left panel). Remarkably, the av-
erage plaque sizes of PrV-AUL37 and PrV-UL36BSF were
almost identical (Fig. 3, left panel). Thus, deletion of either
UL37 or the UL37 binding domain of UL36 affected cell-to-
cell spread of PrV to a lesser extent than deletion of the
complete UL36 gene.

The one-step growth kinetics of PrV-AUL37 and PrV-
UL36BSF were also almost identical (Fig. 4). Compared to
wild-type PrV-Ka, the onset of replication was not delayed, but
maximum virus titers were significantly reduced (Fig. 4).
Whereas the replication kinetics and maximum titer of the
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FIG. 4. One-step growth kinetics of PrV-AUL36F, PrV-UL36BSF,
PrV-UL36R, PrV-AUL37, and PrV-Ka in RKI13 cells. Cells were
scraped into the medium 1, 4, 8, 12, 24, and 36 h after synchronized
infection at a multiplicity of infection of 5 and lysed by freezing and
thawing. Progeny virus titers were determined by plaque assays in
RK13-UL36 cells. The average results of three parallel experiments
are shown.
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rescue mutant PrV-UL36R were comparable to those of wild-
type PrV, no infectious progeny of PrV-AUL36F was detect-
able in RK13 cells by subsequent plaque assays in RK13-UL36
cells (Fig. 4). Thus, unlike UL37, the UL36 gene product is
absolutely essential for productive replication of PrV.

The growth properties of PrV UL36 mutants were also an-
alyzed in trans-complementing RK13-UL36 cells. Although
PrV-AUL36F could be propagated in this cell line, the titers of
the virus mutant obtained were ca. 100-fold lower than those of
PrV-Ka (results not shown), and average plaque diameters
were reduced by ca. 60% (Fig. 3, right panel). However, these
defects were not caused by unwanted second-site mutations of
PrV-AUL36F, since wild-type-like growth properties could be
fully restored by repair of the viral UL36 locus in PrV-UL36R
(Fig. 3 and 4). Thus, although RK13-UL36 cells were sufficient
for successful isolation of PrV-AUL36, they did not trans-
complement the mutant virus to wild-type levels. This was
further confirmed by the observation that the moderate cell-
to-cell spread defect of PrV-UL36BSF in RK13 cells (Fig. 3,
left panel) was not altered in RK13-UL36 cells (Fig. 3, right
panel).

Effects of UL36 gene mutations on virion formation. Since
the UL36 gene of PrV encodes a tegument protein, UL36
might play an essential role during virion morphogenesis (30,
42). Therefore, cells infected with either the phenotypically
complemented UL36 null mutant PrV-AUL36F or PrV-
UL36BSF, which expresses a truncated UL36 protein, were
analyzed by electron microscopy at late times (12 h) after
infection (Fig. 5 and 6). Both virus mutants were able to enter
RK13 cells, to produce nucleocapsids in the host-cell nucleus
(Fig. 5A and 6A), and to leave the nucleus by primary envel-
opment and development at the nuclear membrane (Fig. 5B,
6B, and 6C). However, the distribution of nucleocapsids in the
cytoplasm was different. Whereas in PrV-AUL36F-infected
cells the nucleocapsids were dispersed throughout the cyto-
plasm and only occasionally formed aggregates of a few parti-
cles (Fig. 5A), most of the cytoplasmic nucleocapsids of Prv-
UL36BSF were found evenly spaced in large ordered
structures (Fig. 6A and 6D). Similar structures were previously
observed in cells infected with PrV-AUL37 (29) but not with
other PrV mutants impaired in virion formation. This again
indicates that deletion of the UL37 binding domain of UL36 in
PrV-UL36BSF causes a phenotype similar to that of a UL37
null mutant.

As in RK13 cells infected with PrV-AUL37 (29), secondary
envelopment of cytoplasmic nucleocapsids in the frans-Golgi
region was only rarely observed in cells infected with Prv-
UL36BSF or PrV-AUL36F. Consequently, capsid-containing
extracellular virions were almost undetectable (Fig. SA and
6A). However, numerous enveloped, but capsid-less particles
were released from RKI13 cells infected with either of the
UL36 gene mutants (Fig. 5A, 5C, and 6A). Thus, presence of
UL36 and UL37 is apparently not required for formation of
virus-like particles, but is necessary for efficient incorporation
of nucleocapsids. UL36 might possess an additional function
during virus entry or during the nuclear phase of virus repli-
cation since in cells infected with PrV-AUL36F the total
amount of detectable nuclear and cytoplasmic nucleocapsids
was reproducibly lower than in cells infected at a similar mul-
tiplicity of infection with wild-type PrV or PrV-UL36BSF (re-
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sults not shown). As expected, the replication defects of Prv-
AUL36F and PrV-UL36BSF were partly corrected in RK13-
UL36 cells, and secondary envelopment (Fig. 6E) as well as
intracytoplasmic enveloped virions (Fig. 5D) were readily ob-
served (Fig. 5D, SE, 6E, and 6F).

DISCUSSION

The UL36 gene, encoding the large tegument protein of
PrV, possesses homologues in all mammalian and avian her-
pesviruses analyzed to date (30, 48), indicating an important
function of this protein during the viral life cycle. It was pre-
viously shown that UL36 is essential for replication of HSV-1
(14, 47). In the present study, we demonstrate that the UL36
gene is also indispensable for productive replication of PrV in
cell culture. A PrV mutant lacking major parts of the UL36
ORF (PrV-AUL36F) could only be isolated and propagated in
a cell line which carried a stable genomic insertion of the gene.
Thus, the UL36 protein is the first PrV tegument protein which
has been shown to be essential sensu stricto for morphogene-
sis. However, whereas repair of the UL36 gene restored wild-
type-like growth properties to PrV-AUL36F, replication in
trans-complementing cells was much less efficient with respect
to plaque size and maximum virus titer.

Although yet unknown coding regions or cis-acting regula-
tory sequences may have been affected by the UL36 deletion,
the DNA sequence of the PrV genome (31) provides no evi-
dence for this, since the predicted polyadenylation sites of the
adjoining UL35 and UL37 genes were not affected in PrV-
AUL36F. Furthermore, in Northern blot analyses of cells in-
fected with wild-type PrV, no viral transcripts overlapping the
UL36 mRNA were detectable (results not shown). Thus, al-
though Western blot analyses demonstrated expression of the
UL36 protein in frans-complementing cells after infection with
PrV-AUL36F (results not shown), the amount of protein might
not be sufficient to fully compensate for the viral gene deletion.

Electron microscopy of noncomplementing cells infected
with phenotypically complemented virus revealed that, like
UL36-negative HSV-1 (14), PrV-AUL36F was able to form
DNA-filled capsids in the nucleus which transit the nuclear
membrane by consecutive envelopment and deenvelopment at
its inner and outer leaflets. Thus, it appears unlikely that PrV
UL36 plays a role during cleavage and encapsidation of viral
DNA, as previously discussed for the homologous protein of
HSV-1 (11). However, this possibility cannot be ruled out
completely, since a limited amount of UL36 protein is brought
into the cells by infection with phenotypically complemented
virions. Whereas the UL36 protein of HSV-1 was found dis-
tributed diffusely in the nucleus and the cytoplasm of infected
cells by immunofluorescence and cell fractionation experi-
ments (40), by detailed immunoelectron microscopy, the PrvV
UL36 protein was detectable only in mature virions and at
cytoplasmic nucleocapsids but was not associated with primary
enveloped perinuclear particles or intranuclear capsids (30).

Nevertheless, the most salient defect of UL36-negative
HSV-1 (14) and PrV (this study) was inhibition of secondary
envelopment in the cytoplasm. This observation is in agree-
ment with the hypothesis that binding of UL36 to capsid pro-
teins or capsids (40, 53) is a prerequisite for subsequent tegu-
mentation and final envelopment (42). However, although
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FIG. 5. Electron microscopy of cells infected with phenotypically complemented PrV-AUL36F. RK13 (A to C) and RK13-UL36 cells (D, E)
were analyzed 12 h after infection at a multiplicity of infection of 1. In RK13 cells, DNA-filled capsids were detected in the nucleus (A, black
arrowheads) and in the cytoplasm (A, white arrowheads), and primary enveloped virus particles were found in the perinuclear space (B). However,
only capsidless particles were efficiently released from the cells (A, arrows; C). In RK13-UL36 cells, enveloped virions were detectable in
cytoplasmic vesicles and in the extracellular space (D, E). Bars: 1.5 pm (A, D), 500 nm (C), or 250 nm (B, E).
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f cells infected with PrV-UL36BSF. RK13 (A to D) and RK13-UL36 (E, F) cells were analyzed 12 h after infection.
An overview (A) shows single intranuclear (arrowheads) and aggregated cytoplasmic nucleocapsids as well as capsidless extracellular particles (arrows).
Enlargements depict primary envelopment at the nuclear membrane (B, C) and ordered clusters of unenveloped nucleocapsids in the cytoplasm (D). In

RK13-UL36 cells, secondary envelopment was observed in the cytoplasm (E) and virions were released from the cells (E, F). Bars: 2.0 pm (A, F), 1.0
pm (E), or 200 nm (B, D).
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extensive electron microscopic analyses revealed that budding
of PrV-AUL36F into cytoplasmic vesicles was a rare event, it
was not completely blocked. This might be explained by com-
pensatory interactions of other tegument proteins with nucleo-
capsids. Binding of tegument proteins other than UL36 to
capsids has been described for betaherpesviruses (3, 8, 50), but
their genes are not detectably conserved in alphaherpesvirus
genomes. Furthermore, although PrV-AUL36F was unable to
produce visible plaques in noncomplementing cells, immuno-
fluorescence tests with gC-specific antibodies detected small
foci of infected cells which, presumably, did not emerge from
cell division. Thus, a limited number of virus particles that are
capable of direct cell-to-cell spread may be formed even in the
absence of UL36. However, infectious PrV-AUL36F was never
detected in culture supernatants, or after freeze-thawing of
infected noncomplementing cells. These findings indicate that
besides its role during virus egress, PrV UL36 might possess an
additional function which may be relevant during the initial
steps of virus replication.

This hypothesis was supported by the observation that the
numbers of intranuclear capsids detected by electron microscopy
of noncomplementing cells infected with partially frans-comple-
mented PrV-AUL36F (see above) were reproducibly lower than
found at the same times after infection at a similar multiplicity of
infection with wild-type PrV or other PrV mutants (results not
shown). Investigations of an HSV-1 mutant carrying a tempera-
ture-sensitive mutation in UL36 revealed an inhibition of DNA
release from incoming nucleocapsids into the host cell nucleus at
the nonpermissive temperature (2). At present, we are not able to
investigate the putative early functions of UL36 in more detail
because infectious progeny of PrV-AUL36F require propagation
on UL36-expressing cells, and thus, progeny virions invariably
contain the wild-type UL36 protein.

To investigate the egress function of UL36 in more detail,
we generated a second PrV mutant (PrV-UL36BSF) possess-
ing an in-frame deletion of the predicted binding site of the
UL37 tegument protein (30). Unlike PrV-AUL36F, PrV-
U36BSF was replication competent in noncomplementing
cells, demonstrating that the deleted domain was not essential
for protein function. Remarkably, in the isolate of PrV-
UL36BSF characterized, the engineered deletion of UL36
codons 297 to 426 was found to be accompanied by a second
spontaneous deletion of UL36 codons 452 to 559. Presumably,
the initial deletion strongly impaired UL36 function by an
alteration of the overall structure of the protein, and a second
mutation was required to correct this defect. Interestingly, the
final deletion within the UL36 protein is flanked by proline
residues, which disrupt secondary structure and introduce flex-
ible turns into proteins (10).

Coimmunoprecipitation experiments demonstrated that, un-
like wild-type UL36, the mutated UL36 protein of PrV-
UL36BSF did not exhibit complex formation with the UL37
gene product. This result confirmed previous mapping of the
UL37 binding site to amino acids 312 to 398 of UL36 by yeast
two-hybrid studies (30). Although replication of PrV-
UL36BSF in noncomplementing cells was severely affected,
the observed growth defects were less pronounced than after
deletion of the entire UL36 protein in PrV-AUL36F. This
finding correlates with the observation that a UL37-negative
PrV mutant was impaired but still replication competent in
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noncomplementing cells (29). Electron microscopy of cells in-
fected with either PrV-UL36BSF or PrV-AUL37 revealed ac-
cumulation of nucleocapsids in the cytoplasm coinciding with
an inhibition of secondary envelopment, yet the plaque sizes of
both mutants were reduced by only 45%, whereas maximum
virus titers were ca. 50-fold lower than those of wild-type PrV.

The comparable growth properties of the two mutants sug-
gest that no relevant UL36 function other than UL37 binding
is abolished in PrV-UL36BSF and that the UL37 protein re-
quires binding to UL36 to fulfill its important but nonessential
function during virion morphogenesis. Unlike PrV UL37, the
UL37 protein of HSV-1 is apparently essential for virus repli-
cation, and electron microscopic studies revealed that in the
absence of UL37, naked HSV-1 nucleocapsids accumulate in
the nucleus as well as in the cytoplasm, indicating a role for
UL37 during primary and secondary envelopment (15). In
contrast, neither PrV-AUL37 (29) nor PrV-UL36BSF exhib-
ited retention of capsids in the nucleus.

A remarkable ultrastructural feature of noncomplementing
cells infected with PrV-AUL37 (29) as well as with UL37-
deleted HSV-1 (15) was the accumulation of cytoplasmic nu-
cleocapsids in large ordered clusters. These clusters were
clearly different from those observed with PrV mutants lacking
envelope glycoproteins gE and gM (4, 5), tegument protein
ULI1, or UL11 and gM (33, 34) which, in addition, contained
large amounts of tegument material. Although electron-dense
tegument material was apparently not associated with the ag-
gregations formed in the absence of UL37, immunoelectron
microscopy demonstrated the presence of the UL36 gene
product in these capsid clusters (30). Our results confirm that
the presence of UL36 protein is necessary for this phenotype
because aggregation of cytoplasmic nucleocapsids was not ob-
served in PrV-AUL36F-infected cells. However, in cells in-
fected with PrV-UL36BSF, which expresses a truncated UL36
protein unable to interact with UL37, similar cytoplasmic cap-
sid clusters were found as in the absence of UL37. This may be
correlated with the smaller number of nucleocapsids present in
the cytoplasm of PrV-AUL36F-infected cells. Alternatively,
and in line with our previous observations (29, 30), the pres-
ence of the UL36 protein at nucleocapsids (40, 53) may be
required for aggregation, which is prevented by subsequent
binding of the UL37 gene product. Moreover, the phenotype
of PrV-UL36BSF indicates that UL36 protein domains which
may be responsible for self-aggregation or for UL37 binding
are distinct and nonoverlapping.

Although secondary envelopment of PrV was strongly im-
paired in the absence of either UL36, UL37, or the UL37
binding domain of UL36, none of these mutations prevented
budding events in the frans-Golgi region leading to the forma-
tion and release of tegument-containing but capsidless virus-
like particles. Thus, our present results confirm the hypothesis
that tegumentation in the cytoplasm initiates independently at
two sites (42). Whereas the UL36 and UL37 gene products
initially bind to nucleocapsids (29, 30), other tegument com-
ponents, including the UL46, UL47, ULA49, and UL11 proteins,
become associated with the future budding sites independent
of the presence of nucleocapsids. The UL48 protein might play
a central role in linking the two processes (20, 32, 33, 34).
However, direct interactions between the “inner” and “outer”
tegument proteins of PrV remain to be demonstrated.
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