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Cleavage and encapsidation of newly replicated herpes simplex virus type 1 (HSV-1) DNA requires several
essential viral gene products that are conserved in sequence within the Herpesviridae. However, conservation of
function has not been analyzed in greater detail. For functional characterization of the UL6, UL15, UL28,
UL32, and UL33 gene products of pseudorabies virus (PrV), the respective deletion mutants were generated by
mutagenesis of the virus genome cloned as a bacterial artificial chromosome (BAC) in Escherichia coli and
propagated in transgenic rabbit kidney cells lines expressing the deleted genes. Neither of the PrV mutants was
able to produce plaques or infectious progeny in noncomplementing cells. DNA analyses revealed that the viral
genomes were replicated but not cleaved into monomers. By electron microscopy, only scaffold-containing
immature but not DNA-containing mature capsids were detected in the nuclei of noncomplementing cells
infected with either of the mutants. Remarkably, primary envelopment of empty capsids at the nuclear
membrane occasionally occurred, and enveloped tegument-containing light particles were formed in the
cytoplasm and released into the extracellular space. Inmunofluorescence analyses with monospecific antisera
of cells transfected with the respective expression plasmids indicated that pUL6, pUL15, and pUL32 were able
to enter the nucleus. In contrast, pUL28 and pUL33 were predominantly found in the cytoplasm. Only pUL6
could be unequivocally identified and localized in PrV-infected cells and in purified virions, whereas the low
abundance or immunogenicity of the other proteins hampered similar studies. Yeast two-hybrid analyses
revealed physical interactions between the PrV pUL1S, pUL28, and pUL33 proteins, indicating that, as in
HSV-1, a tripartite protein complex might catalyze cleavage and encapsidation of viral DNA. Whereas the
pULG protein is supposed to form the portal for DNA entry into the capsid, the precise role of the UL32 gene
product during this process remains to be elucidated. Interestingly, the defect of UL32-negative PrV could be
completely corrected in trans by the homologous protein of HSV-1, demonstrating similar functions. However,

trans-complementation of UL32-negative HSV-1 by the PrV protein was not observed.

DNA replication of herpesviruses presumably is initiated by
circularization of the linear double-stranded virus genome in
the host cell nucleus, followed by a complex amplification
process that includes theta and rolling-circle mechanisms, as
well as recombination, resulting in huge concatemeric mole-
cules (7, 64). Viral capsids also assemble in the nucleus around
a proteinaceous scaffold (61). Subsequently, the concatemeric
virus genomes are simultaneously cleaved into monomers at
defined positions and packaged into the preformed capsids,
coinciding with removal of at least major portions of scaffold
(25, 56). Cleavage-encapsidation of herpesvirus genomes ex-
hibits considerable similarities to the corresponding process in
large bacteriophages, like T4 or lambda (6), and the responsi-
ble herpesvirus enzymes have also been designated terminases.

In the prototypic alphaherpesvirus herpes simplex virus type
1 (HSV-1), seven proteins encoded by the open reading frames
(ORFs) UL6, UL15, UL17, UL25, UL28, UL32, and UL33 are
relevant for cleavage and encapsidation of the virus genome.
Homologues of these genes were found in all subfamilies of
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mammalian and avian herpesviruses (52, 56). However, as
shown for HSV-1 and the related alphaherpesvirus pseudora-
bies virus (PrV), the UL25 protein (pUL2S5) is obviously not
absolutely required for DNA packaging but seems to function
as a structural protein in nucleocapsid stabilization, nuclear
egress, and/or early steps of tegumentation (15, 16, 32, 42, 57).
Like pUL25, pUL17 of HSV-1 and PrV has also been identi-
fied as an essential capsid-associated virion protein (31, 58, 60),
and pULG6 of HSV-1 forms a dodecameric ring at one vertex of
the capsid, which serves as a portal for DNA entry (49).

The enzyme complex directly performing HSV-1 DNA
cleavage and encapsidation is considered to consist of pUL1S5,
pUL2S, and pUL33. These proteins have been shown to inter-
act with each other (5, 35), and pUL15 and pUL28 bind the
portal protein pUL6 (63). There is also strong evidence that
pUL15 contains a functional nuclear localization signal and
promotes nuclear localization of pUL28 (34) and pUL33 (67)
after binding to these proteins in the cytoplasm. In HSV-2,
nuclear localization of pUL33 is enhanced by coexpression of
pUL14 (65), which, however, is nonessential for replication of
the closely related HSV-1 (18). The terminase subunit pUL15
possesses a predicted ATPase motif and might provide the
energy required for DNA encapsidation (69). With its func-
tional domains and overall structure, it represents one of the
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best-conserved herpesvirus proteins and also possesses detect-
able homologues in the phylogenetically distant herpesviruses
of lower vertebrates and molluscs (41). Except in ostreid her-
pesvirus 1, the pUL15 homologues belong to the relatively rare
intron-containing herpesvirus genes identified. In all investi-
gated mammalian and avian herpesviruses, they consist of two
exons (52). For PrV, this has also been suggested from se-
quence homology but not yet proven experimentally (30). The
terminase subunit pUL28 is able to bind specifically to the
packaging signals (pac sites) in the viral DNA (1), whereas
the precise role of pUL33 remains to be elucidated.

This also applies to pUL32, which is indispensable for cleav-
age and packaging of HSV-1 DNA (38) but up to now has not
been shown to interact with any of the other cleavage-encap-
sidation proteins. However, capsid protein distribution in the
nuclei of cells infected with UL32-negative HSV-1 suggested a
putative role for this protein in the transport of nucleocapsids
to DNA replication compartments (38). Also not understood is
the molecular linkage between cleavage-encapsidation of viral
DNA and the nuclear egress of mature C capsids (52) by
budding at the inner nuclear membrane, which seems to be
initiated by interactions between the conserved pUL31 and
pUL34 homologues of alpha-, beta-, and gammaherpesviruses
(24, 37, 47, 55).

For the betaherpesvirus human cytomegalovirus (HCMV),
detailed functional investigations of several components of the
DNA cleavage-encapsidation machinery have also been per-
formed (8, 10, 21). In contrast, in PrV, only the pac sequences
and cleavage sites at the genome level (53) and the UL17,
UL25, and UL28 genes and gene products are known (31, 32,
34, 44). Like pUL17 and pUL25, pUL28 of PrV is essential for
virus replication, and unlike pUL25, also for cleavage-encap-
sidation (44).

In our current approach to investigate the functions of all
predicted PrV genes in an isogenic viral background and cell
culture system, we generated and analyzed virus mutants lack-
ing essential parts of the homologues of the HSV-1 ULS6,
ULI1S, UL32, or UL33 genes. Monospecific rabbit antisera
against bacterial fusion proteins were prepared and used for
identification and subcellular localization of the investigated
gene products of PrV, and yeast two-hybrid studies were per-
formed to detect possible interactions between these proteins.
Furthermore, in heterologous trans-complementation studies
for pUL32, we started to investigate whether and to what
extent the highly conserved cleavage-encapsidation proteins of
PrV and HSV-1 can substitute for each other.

MATERIALS AND METHODS

Viruses and cells. All PrV mutants generated in this study were derived from
the bacterial artificial chromosome (BAC) pPrV-AgB (33), which contains the
genome of PrV strain Kaplan (PrV-Ka) (28). HSV-1 recombinants were gener-
ated by mutagenesis of the BAC pHSV-1Ag]J (39), encompassing the genome of
HSV-1 strain KOS (54). Porcine (PSEK) or monkey (Vero) kidney cells were
used for propagation of wild-type PrV or HSV-1, whereas defective virus mu-
tants were propagated in stably transfected rabbit kidney (RK13) cell lines
providing the deleted viral gene products in frans. RK13 cells were also used for
one-step growth and plaque analyses of all investigated viruses. Cells were grown
at 37°C in minimum essential medium supplemented with 10% fetal calf serum
(Invitrogen). After infection, the medium was replaced by minimum essential
medium that contained only 5% fetal calf serum and, for plaque assays, 6 g/liter
methyl cellulose (Sigma).
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Plasmid construction. For eukaryotic expression, the UL6 ORF was amplified
from genomic DNA of PrV-Ka by PCR using Platinum Pfx DNA polymerase
(Invitrogen) and primers PUL6-F (5'-CACAGAATTCGCCATGTCGGCTGC
GACGG-3') and PUL6-R (CACATCTAGAGCGCGCGTCAGTCACCGAG-
3"), which are complementary to nucleotides (nt) 89286 to 89304 and correspond
to nt 87363 to 87381 of the PrV genome sequence (GenBank accession no.
BK001744) (30), respectively. The primers include the start and stop codons of
UL6 (boldface) and contain artificial EcoRI and Xbal cleavage sites (under-
lined), which facilitated cloning into the appropriately digested vector pcDNA3
(Invitrogen). For yeast two-hybrid studies, the 1,948-bp EcoRI/Xbal insert of
pcDNA-PULG6 (Fig. 1B) was recloned in the EcoRI/Sall-digested vector pLexA
(Clontech), resulting in pLex-PUL6 (Fig. 1B), to express UL6 fused to the
DNA-binding LexA protein. Plasmid pGEX-PULG6 (Fig. 1B) was obtained after
recloning of a 1,773-bp PstI subfragment of the genomic BamHI fragment 3 of
PrV-Ka (Fig. 1A) into the Smal-digested vector pGEX-4T-1 (GE Healthcare)
and was used for expression of a fusion protein of pUL6 amino acids 131 to 643
with glutathione S-transferase (GST) in Escherichia coli. To generate a UL6-
negative virus mutant, a 2,889-bp Pvul/MIul subfragment of a genomic 7,451-bp
Sall fragment of PrV-Ka was recloned in pUC19 (New England Biolabs), which
had been doubly digested with Smal and Xbal. Subsequently, pUC-APUL6KF
(Fig. 1B) was constructed by digestion with Mscl and BamHI, which led to
deletion of 1,480 bp comprising UL6 codons 32 to 525 and insertion of a 1,258-bp
BstBI fragment of pKD13 (19), which contained a kanamycin resistance (KanR)
gene flanked by Flp recombinase recognition target (FRT) sites.

For expression of PrV UL15, a 1,980-bp BamHI/NotI subfragment of genomic
BamHI fragment 4 (Fig. 1A) was recloned into the appropriately cleaved vector
pGEX-4T-1 or pcDNA3. By linearization with BamHI, treatment with Klenow
polymerase, and religation, the GST gene was fused in frame with the 3’ part of
ULI15 (codons 359 to 736) in pGEX-PULI5 (Fig. 1C). The pcDNA3 construct
was digested with BamHI and HindIII, and a 3,998-bp BamHI/Stul subfragment
of genomic BamHI fragment 3 was additionally inserted to complete the UL15
gene of PrV. The resulting plasmid, pcDNA-PUL15 (Fig. 1C), was further
modified by deletion of an 863-bp Xbal/Bsu36I fragment, followed by double
digestion with BamHI and BmgBI and replacement of the released fragments,
encompassing 2,964 bp, by a corresponding 85-bp cDNA fragment. The 213-bp
c¢DNA utilized had been amplified from total RNA prepared (14) 6 h after
infection of PSEK cells with PrV-Ka at a multiplicity of infection (MOI) of 10
using primers PUL15-R (5'-GGCATCGGGGCGTATAAAG-3"; nt 73050 to
73068 of BK001744) and PUL15-F (5'-GAGCCCGTGTTCGAGGAG-3'; com-
plementary to nt 76124 to 76141 of BK001744), SuperScript II reverse transcrip-
tase (Invitrogen), and Platinum Pfx DNA polymerase. Thus, plasmid pcDNA-
PULI15C (Fig. 1C) contained the UL15 ORF of PrV, as it results from mRNA
splicing. To obtain pLex-PULI15 (Fig. 1C), a 2,269-bp RsrII/Bcll fragment of
pcDNA-PUL15C was recloned in pLexA, which had been digested with EcoRI
and BamHI. For generation of deletion plasmid pcDNA-APULI15KF (Fig. 1C),
pcDNA-PULIS5 was shortened by the removal of a 4,429-bp BlpI/Xbal fragment,
and a 649-bp XcmlI/BmgBI fragment containing UL15 codons 114 to 330 was
replaced by the 1,258-bp BstBI fragment of pKD13.

The UL28 ORF was amplified from virion DNA of PrV-Ka using primers
PUL28-F (5'-CACAGAATTCCCGGCCATGGCGGAGCG-3'; complementary
to nt 21630 to 21647 of BK001744) and PUL28-R (CACAGCGGCCGC
CTAGCGCGACGGCGCCCC-3'; nt 19466 to 19483 of BK001744). The primers
contained the start and stop codons of UL28 (boldface) and artificial EcoRI and
Notl sites (underlined), which were utilized for cloning of the PCR product into
correspondingly cleaved pcDNA3 and pLexA to obtain pcDNA-PUL2S or pLex-
PUL2S8, respectively (Fig. 1D). The EcoRI/NotI-digested PCR product was also
recloned into pGEX-4T-1 but subsequently had to be truncated to 1,133 bp by
XholI/NotI double digestion and religation to achieve sufficient expression of a
GST fusion protein containing pUL28 amino acids 1 to 375 from pGEX-PUL28
(Fig. 1D). To generate the deletion plasmid pBI-APUL28KF (Fig. 1D), a
2,759-bp NotI subfragment of genomic BamHI fragment 1 of PrV-Ka was re-
cloned in pBluescript SK(—) (Stratagene), and two 1,191- and 585-bp EcoNI
fragments spanning UL28 codons 11 to 602 were replaced by the 1,258-bp BstBI
fragment of pKD13.

For investigation of UL32, a 3,320-bp Sall subfragment of genomic BamHI
fragment 1 of PrV-Ka (Fig. 1A) was cloned into pUC19, resulting in pUC-SalC
(Fig. 1E). Plasmid pLex-PUL32 (Fig. 1E) was generated by recloning of a
2,874-bp Ncol/Sall fragment of pUC-SalC into EcoRI/Sall-digested pLexA. To
obtain deletion plasmid pUC-APUL32KF (Fig. 1E), the insert of pUC-SalC was
shortened by subsequent EcoRI/BstEIl and BspMI/Sall digestions and religa-
tions, and two 230-bp and 192-bp Apal fragments containing UL32 codons 228
to 370 were replaced by the 1,258-bp BstBI fragment of pKD13. Recloning of a
1,881-bp HindIII/Ndel fragment from the shortened pUC-SalC into HindIII/
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FIG. 1. Plasmids and virus mutants. (A) Maps of the PrV and HSV-1 genomes containing long (U, ) and short (Ug) unique regions, which are partly
flanked by inverted-repeat sequences (IR, TR, IRg, and TRg). The investigated virus genes and BamHI fragments of PrV DNA are indicated. Shown
below are the plasmids used for characterization of UL6 (B), UL15 (C), UL28 (D), UL32 (E), and UL33 (F) of PrV or of UL32 of HSV-1 (G). ORFs
are shown as pointed rectangles, and relevant restriction sites, as well as expressed amino acids (aa) or retained codon ranges, are indicated. For
constitutive expression in mammalian cells, the ORFs were cloned between the HCMV immediate-early promoter (P-HCMV) and a polyadenylation
signal (pA). In pcDNA-PULI15C, a genomic BmgBI/BamHI fragment was replaced by a cDNA fragment (hatched). Plasmids permitting the expression
of LexA fusion proteins in yeast were used for two-hybrid studies, and rabbits were immunized with bacterial GST fusion proteins to obtain monospecific
antisera. For mutagenesis of the cloned virus genomes in E. coli, parts of the investigated genes were replaced by a kanamycin resistance (KanR) gene

flanked by FRT sites.
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EcoRV-digested pcDNA3 resulted in pcDNA-PUL32 (Fig. 1E). For prokaryotic
expression of the UL32 protein, pUC-SalC was truncated by subsequent EcoRI/
BstEII and Ncol/Sall digestions, and a 1,755-bp Sall/Ndel fragment was recloned
in Sall/Notl-digested pGEX-4T-3. Since protein expression from the original
construct was unsatisfying, it was shortened by BseRI/Smal double digestion and
religation. The remaining 974-bp insert of pGEX-PUL32 (Fig. 1E) contained
UL32 codons 260 to 471.

A 450-bp Ncol/Sall fragment containing UL33 of PrV was excised from pUC-
SalC (Fig. 1E) and inserted into pGEX-4T-1, which had been digested with Smal
and Sal. From the resulting plasmid pGEX-PUL33 (Fig. 1F), the insert was
recloned as a 466-bp EcoRI/NotI fragment into the appropriately digested vec-
tors pcDNA3 and pLexA to obtain pcDNA-PUL33 and pLex-PUL33, respec-
tively (Fig. 1F). For construction of deletion plasmid pUC-APUL33KF (Fig. 1F),
the insert of pUC-SalC was first shortened to 578 bp by double digestion with
Kpnl and BseRI and religation, and then a 57-bp BmgBI fragment containing
UL33 codons 26 to 44 was replaced by the 1,258-bp BstBI fragment of pKD13.

The UL32 ORF of HSV-1 was amplified from genomic DNA using primers
HUL32-F (5'-CAGGTACCATGGCAACTTCGCCC-3'), which was comple-
mentary to nt 69148 to 69164 of the genome sequence (GenBank accession no.
X14112) (40), and HUL32-R (5'-CATCTAGAGGGGGTCGGTGTCATAC-3';
nt 67361 to 67377 of X14112). The primers contained the start and stop codons
of UL32 (boldface), as well as artificial Kpnl and Xbal restriction sites (under-
lined), which facilitated cloning of the PCR product in the appropriately digested
vector pcDNA3. The resulting plasmid, pcDNA-HUL32 (Fig. 1G), was utilized
for heterologous trans-complementation of UL32-negative PrV. For construc-
tion of an HSV-1 deletion mutant, pcDNA-AHUL32KF (Fig. 1G) was generated
by replacement of an 896-bp Nhel/Xhol fragment representing UL32 codons 167
to 466 by the 1,258-bp BstBI fragment of pKD13.

In all cloning experiments, noncompatible fragment ends were blunted by
treatment with Klenow polymerase prior to ligation.

Antiserum preparation. After transformation of E. coli strain XL1-Blue MRF’
(Stratagene) with pGEX-PULSG, -PUL15, -PUL28, -PUL32, or -PUL33 (Fig. 1B
to F), expression of GST fusion proteins was induced as recommended by the
manufacturer of the vector (GE Healthcare). The proteins were purified by
preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis as de-
scribed previously (24), and rabbits were immunized by four intramuscular ap-
plications of 100 pg protein emulsified in mineral oil each at 4-week intervals.
Sera collected before the first and 3 weeks after the last immunization were
analyzed.

Western blot analyses and indirect immunofluorescence tests. For Western
blot analyses, purified PrV particles and infected cell lysates were prepared as
described previously (20). Lysates of bacteria expressing the GST fusion proteins
and of RK13 cells transfected with pcDNA-PULS6, -PUL15C, -PUL28, -PUL32,
or -PUL33 (Fig. 1B to F) were also investigated. The blots were probed with
monospecific rabbit antisera against pUL6, pUL15, pUL28, pUL32, or pUL33 of
PrV at dilutions of 1:10,000 to 1:100,000 (data not shown).

For immunofluorescence tests, RK13 cells were grown on coverslips and
transfected with pcDNA3-derived expression plasmids as described above. After
24 h, the cells were fixed with acetone for 20 min at —20°C, dried, and subse-
quently incubated with the rabbit antisera at dilutions of 1:200 in phosphate-
buffered saline (PBS) and diluted Alexa 488-conjugated anti-rabbit antibodies
(Invitrogen). After each step, the slides were washed repeatedly with PBS and
finally preserved with a 9:1 mixture of glycerol and PBS containing 25 mg/ml
1,4-diazabicyclooctane and 1 pg/ml propidium iodide. Green and red fluores-
cence was excited at 488 nm and 543 nm, respectively, and recorded in a confocal
laser scanning microscope (LSM 510; Zeiss).

Yeast two-hybrid studies. The Matchmaker LexA two-hybrid system (Clon-
tech) was used to detect possible interactions between the investigated Prv
proteins or their interactions with other viral gene products. For that purpose,
Saccharomyces cerevisiae cells containing the reporter plasmid p8op-lacZ were
subsequently transformed with pLex-PUL6, -PUL1S, -PUL2S8, -PUL32, -or
-PUL33 (Fig. 1B to F) and an expression library of ca. 2 X 10° random fragments
of the PrV genome cloned in pB42AD (24). Yeast clones were selected on agar
plates lacking amino acids that required plasmid-encoded genes for synthesis and
containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) for detec-
tion of LacZ expression induced by interactions between promoter-binding LexA
and transcription-activating B42 fusion proteins. The insert fragments of positive
library plasmids were identified by PCR amplification and DNA sequencing with
vector-specific primers. Several representative library plasmids were recloned in
E. coli and used for cotransformation of yeast cells, together with the respective
pLexA constructs. Empty vectors (pLexA and pB42AD) and pLexA-Pos were
included as negative and positive controls, respectively, and liquid cultures of
three clones per plasmid combination were assayed for reporter gene expression
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using o-nitrophenyl-B-p-galactopyranoside as a substrate. B-Galactosidase activ-
ities were determined as described previously (46), and standard deviations were
calculated.

Isolation of trans-complementing cell lines. Subconfluent monolayers of RK13
cells were transfected (FuGene HD reagent; Roche) with plasmid pcDNA-
PULG6, pcDNA-PUL15C, pcDNA-PUL28, pcDNA-PUL32, pcDNA-PUL33, or
pcDNA-HUL32 (Fig. 1B to G). After 48 h, the cells were trypsinized, serially
diluted in medium containing 500 pg/ml Geneticin (Invitrogen), seeded into
96-well tissue culture plates, and incubated at 37°C until resistant cell clones
appeared. These clones were tested for trans-complementation of the replication
defects of the respective gene deletion mutants of PrV or HSV-1, and single
positive cell lines designated RK13-PULG6, -PUL15C, -PUL28, -PUL32, -PUL33,
and -HUL32 were further propagated.

Generation and DNA analysis of virus recombinants. All virus mutants were
generated by Red recombinase-mediated mutagenesis of the BAC pPrV-AgB or
pHSV-1AgJ in E. coli as described previously (19, 33, 39). To this end, the insert
fragments of pUC-APUL6KF, pBI-APUL28KF, pUC-APUL32KF, and pUC-
APUL33KF (Fig. 1B, D, E, and F) were amplified by PCR using M13/pUC (—47)
and M13/pUC reverse (—48) primers (New England Biolabs), whereas T7 and
SP6 primers (New England Biolabs) were used for amplification of the inserts of
pcDNA-APUL15KF and pcDNA-AHUL32KF (Fig. 1C and G). The PCR prod-
ucts contained a KanR gene, which permitted selection of the desired mutants
resulting from homologous recombination with the cloned virus genomes.
Whereas the obtained recombinant pHSV-1AUL32KF was directly used for
replication studies, the PrV mutants were further modified in E. coli by removal
of the KanR gene using Flp recombinase expressed from plasmid pCP20 (12)
and replacement of the mini-F plasmid vector by the authentic PrV gB gene after
recombination of the BAC with plasmid pUC-B1BclI in eukaryotic cells (33).
The generated recombinants PrV-AULGF, -AULI1S5F, -AUL28F, -AUL32F, and
-AUL33F, as well as pHSV-1AUL32KF, were propagated in the respective trans-
complementing RK13 cell lines, and the correctness of the mutations was con-
firmed by restriction and Southern blot analyses of genomic virus DNA.

For investigation of the cleavage of concatemeric virus genomes after DNA
replication, noncomplementing RK13 cells were harvested 24 h after infection
with the PrV mutants or PrV-Ka at an MOI of 5. Infected cell DNA was
prepared, digested with BamHI, separated in 0.7% agarose gels, transferred to
nylon membranes, and further incubated as described previously (22, 23). South-
ern blots were hybridized for 16 h at 65°C with the plasmid-cloned BamHI
fragment 13 of the PrV-Ka genome (Fig. 1A), which had been labeled with
[alpha-3?P]dCTP (Rediprime II random-prime labeling system; GE Healthcare).
After repeated washing at 72°C, specific hybridization reactions were detected by
radioluminography of the blots (FLA-3000; Fuji).

In vitro growth studies. The cell-to-cell spread and replication kinetics of
PrV-Ka, pHSV-1AgJ, and the derived deletion mutants were investigated in
nontransgenic RK13 cells and in stably transformed RK13 cell lines expressing
the respective deleted virus genes. Replication of PrV-AUL32F and pHSV-
TAUL32KF was also analyzed in cells expressing the UL32 gene of the other
virus. For determination of plaque sizes, confluent monolayers in six-well plates
were infected with serial virus dilutions and incubated under semisolid medium
for 48 h at 37°C. PrV plaques were measured after fixation of the cells with 2%
formaldehyde for 1 h, followed by staining with 1% crystal violet in 50% ethanol
for 15 min. Plaques of the enhanced green fluorescent protein-expressing HSV-1
recombinants could be detected by fluorescence microscopy. The mean diame-
ters of 30 plaques per virus and cell line were calculated. For determination of
one-step growth kinetics, cell monolayers were infected at an MOI of 5 and kept
on ice for 1 h to synchronize virus adsorption. Then, prewarmed medium was
added, and incubation was continued at 37°C. One hour after the temperature
shift, nonpenetrated virus was inactivated by low-pH treatment (43), and at
different times between 2 and 72 h postinfection (p.i.), cells were scraped into the
medium and lysed by freezing (—70°C) and thawing (37°C). Progeny virus titers
were determined by plaque assays in the appropriate trans-complementing cell
lines, and the mean titers of three or four kinetic studies per virus and cell were
calculated.

Electron microscopy. RK13 cells and the respective trans-complementing cells
were infected at an MOI of 1 with PrV-AULG6F, PrV-AULISF, PrV-AUL2SF,
PrV-AUL32F, or PrV-AUL33F. After 1 h on ice and an additional hour at 37°C,
the inoculum was replaced by fresh medium, and incubation was continued for
13 h at 37°C. Fixation and embedding were performed as described previously
(29), and counterstained ultrathin sections were analyzed in an electron micro-
scope (Tecnai 12; Philips).
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RESULTS

Identification of the UL6, UL15, UL28, UL32, and UL33
gene products of PrV. In most herpesviruses, the UL15 gene
consists of two exons that are linked by mRNA splicing (52).
Because of sequence homologies, it has been suggested that
in PrV this splicing event should occur between the reverses
of nt 75995 and 73115 of the genome sequence (BK001744)
to connect codons 357 and 358 of the mature ORF (30). In
the present study, this could be confirmed experimentally by
reverse transcription, cloning, and sequencing of the part
of the viral UL15 mRNA that spans the exon boundary
(Fig. 1C).

Monospecific rabbit antisera prepared against bacterial GST
fusion proteins that contained parts of the deduced translation
products of the UL6, UL1S, UL28, and UL32 ORFs or the
complete predicted UL33 protein of PrV (Fig. 1B to F) de-
tected the respective fusion proteins in Western blot analyses
(data not shown), but only the anti-pUL6 serum showed strong
specific reactions with a ca. 70-kDa protein in PrV-infected
cells (32) and PrV virions. In contrast, anti-pUL2S8, anti-
pUL32, and anti-pUL33 sera reacted with ca. 80-kDa, 50-kDa,
and 11-kDa proteins only in lysates of cells transfected with the
respective pcDNA expression plasmids (data not shown), in-
dicating low expression levels of these proteins during infection
under the control of their own promoters.

However, all antisera reacted specifically in indirect immu-
nofluorescence tests of cells transfected with the respective
pcDNA3 expression plasmids (Fig. 2). All five proteins could
be detected in the cytoplasm, and pUL6, pULL5, and pUL32
additionally accumulated in distinct nuclear domains (Fig. 2).
Unlike the other proteins, pUL6 was also clearly detectable in
PrV-infected cells, where it also exhibited a predominantly
nuclear, speckled fluorescence (not shown). The specificities of
all reactions could be confirmed by the absence of signals in
uninfected cells or in cells transfected with control plasmids
(not shown).

The UL6, UL15, UL28, UL32, and UL33 genes of PrV are
essential for virus replication. To determine the functional
relevance of the five investigated PrV genes, parts of the indi-
vidual ORFs were deleted by mutagenesis of the BAC pPrV-
AgB (33) in E. coli. By this procedure, codons 32 to 525 of
ULS6, codons 114 to 330 of UL15, codons 11 to 602 of UL28,
codons 228 to 370 of UL32, or codons 26 to 44 of UL33 were
replaced by the 36-bp FRT site (Fig. 1B to F). It remained
unclear whether any of the created virus mutants was capable
of expressing truncated products of the mutated genes. How-
ever, if expressed at all, these proteins were obviously nonfunc-
tional, since neither of the mutated BAC DNAs yielded infec-
tious progeny virus after transfection of noncomplementing
eukaryotic cells. In contrast, all virus mutants could be prop-
agated in RK13 cell lines obtained after stable transfection
with pcDNA-PUL6, -PUL15C, -PUL2S, -PUL32, or -PUL33
(Fig. 1B to F), which constitutively expressed the deleted PrV
genes under the control of the HCMV immediate-early pro-
moter-enhancer complex (P-HCMV). RK13-PUL15C cells
did not contain a genomic-DNA fragment of PrV, but the
spliced UL15 gene, which was partly derived from cDNA
(Fig. 1C). Productive replication of PrV-AULISF in these
cells indicated that the resulting protein was functional and

J. VIROL.

that no other UL15 gene products of unspliced or alterna-
tively spliced mRNAs are required for in vitro replication
of PrVv.

Plaque assays and one-step growth analyses revealed that all
PrV mutants, including PrV-AULI1S5F, exhibited wild-type-like
growth properties on the proper trans-complementing cell line
(Fig. 3), whereas virus progeny isolated from these cells were
unable to productively replicate in noncomplementing RK13
cells, where maximum titers did not exceed 10° PFU/ml (Fig.
3). The observed slight titer increases might be explained by
the input of small amounts of the deleted proteins in virions or
cell culture supernatants used for infection. None of the five
deletion mutants produced plaques in RK13 cells, but indirect
immunofluorescence tests with antibodies against the late en-
velope glycoprotein gC of PrV revealed single positive cells,
and infection at a high MOI led to lysis of the cell monolayers
(not shown). Thus, pUL6, pULL1S, pUL2S, pUL32, and pUL33
of PrV are essential for the formation and spread of infectious
virus particles but presumably not required for expression of
other virus genes of the lytic replication cycle.

The UL6, UL15, UL28, UL32, and UL33 proteins are re-
quired for cleavage and encapsidation of viral DNA. In RK13
cells harvested 24 h after infection with either of the deletion
mutants at an MOI of 5, amounts of viral DNA similar to those
in cells infected with PrV-Ka were found (Fig. 4), demonstrat-
ing that pUL6, pULLS, pUL28, pUL32, and pUL33 are not
required for DNA replication. However, investigation of the
genome termini by Southern blot hybridization of BamHI-
digested DNA from infected cells with a labeled probe for one
of the terminal fragments of linear virion DNA, e.g., the 1.8-
kbp BamHI fragment 13 (Fig. 1A), showed its presence only in
cells infected with PrV-Ka (Fig. 4). In contrast, RK13 cells
infected with the deletion mutants exclusively showed the 3.1-
kbp fusion fragment of BamHI 13 and 14’ (Fig. 1A and 4), as
it is present in circular and concatemeric PrV DNA. In addi-
tion, the probe derived from the terminal inverted-repeat se-
quences of the PrV genome reacted with the 5-kbp BamHI
fragment 8’ containing the corresponding part of the internal
inverted-repeat sequences (Fig. 1A and 4). The absence of
proper genome ends of PrV-AULGF, -AULISF, -AUL2SF,
-AUL32F, or -AUL33F in RK13 cells could be confirmed by
Southern blot hybridization with a BamHI 14'-specific probe,
and it could be also demonstrated that this defect was cor-
rected in cells providing the product of the deleted gene in
trans (not shown). The slowly migrating band observed in PrV-
AUL28F-infected cells most likely represented partially di-
gested DNA, as can occasionally be observed.

In accordance with the absence of unit-size virus genomes in
RK13 cells infected with any of the five PrV mutants, no
nucleocapsids could be detected by electron microscopy, as
shown for PrV-AULI1S5F (Fig. 5A) and PrV-AUL32F (Fig. 6A).
However, capsid assembly was apparently not affected, since
14 h p.i., numerous scaffold-containing B capsids (52) were
found in the nuclei of infected cells (Fig. SA, inset). Occasion-
ally, these capsids formed semicrystalline aggregates in the
vicinity of the nuclear membrane, and enveloped B capsids
were also detected in the perinuclear space (Fig. 6B). Pri-
mary envelopment was found in RK13 cells infected with
PrV-AULGF, PrV-AUL32F, and PrV-AUL33F, but not with
PrV-AULI15F or PrV-AUL28F. However, more extensive
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FIG. 2. Indirect immunofluorescence reactions of antisera. RK13 cells transfected with pcDNA3 expression plasmids for the indicated PrV
proteins were fixed with methanol and acetone (1:1) after 24 h. Binding of the corresponding monospecific antisera was detected by Alexa Fluor
488-conjugated secondary antibodies (488 nm; green), and nuclear chromatin was stained with propidium iodide (543 nm; red). Fluorescence was
analyzed by confocal laser scanning microscopy. Bars, 10 pm.
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FIG. 4. DNA replication of PrV mutants. RK13 cells were infected
with PrV-AULGF, PrV-AUL15F, PrV-AUL28F, PrV-AUL32F, PrV-
AUL33F, or wild-type PrV-Ka at an MOI of 5, and total DNA was
prepared 24 h p.i. After BamHI cleavage Southern blots were hybrid-
ized with the labeled terminal BamHI fragment 13 of the PrV genome,
which permits differentiation of packaged unit size DNA (B 13) and
the concatemeric primary replication products (B 13+14"). A fragment
(B 8') from the internal inverted-repeat sequences was also detected
by the probe (Fig. 1A). The sizes of marker DNAs are indicated.

studies will be required to verify this observation. Capsids
were largely absent from the cytoplasm of noncomplement-
ing cells, and only capsidless light particles consisting of
enveloped tegument proteins were released (Fig. 5A and
6A).

In trans-complementing RKI13-PUL15 or RK13-PUL32
cells, the respective gene deletion mutants exhibited all stages
of PrV virion morphogenesis (26). DNA-containing nucleo-
capsids were found in the nucleus and in the cytoplasm, and
complete virions were released in the extracellular space (Fig.
5B and 6C). Similar results were obtained on cell lines com-
plementing the replication defects of PrV-AULGF, PrV-
AUL28F, and PrV-AUL33F (not shown). Taken together,
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these results demonstrate that pUL6, pULLS, pUL2S, pUL32,
and pUL33 are required for cleavage and packaging of
genomic DNA into preformed PrV capsids.

Interactions of the investigated PrV proteins. Two-hybrid
studies were performed to identify possible interactions of
pUL6, pULI1S5, pUL28, pUL32, and pUL33 of PrV with other
viral proteins or with each other. The five ORFs were ex-
pressed as DNA-binding LexA fusion proteins (Fig. 1B to F) in
S. cerevisiae cells and used to screen a PrV expression library
(24). Interactions between LexA bait and B42 prey proteins
permitted autotrophic growth on minimal medium and in-
duced a LacZ reporter gene. For each bait construct, ca. 20
positive clones were characterized by DNA sequencing of the
prey plasmids, and PrV genes represented by at least two
different overlapping fragments were listed (Fig. 7A). Interest-
ingly, pUL6, pUL15, and pUL32 are apparently able to bind
to the C-terminal part of the early protein EPO of PrV,
which is an activator of viral gene expression homologous to
ICPO of HSV-1 (13, 62). In contrast, pUL33 interacted with
the C-terminal part of pULS (Fig. 7A), which is predicted to
be a subunit of the helicase-primase complex of PrV (30).
Reciprocal interactions of EPO and pULS could not be de-
tected after recloning of the identified gene fragments in
pLexA.

Furthermore, pULI1S5 reacted with proteins representing the
central part of pUL28, and the pUL28 bait detected numerous
clones encoding pUL33, but not vice versa (Fig. 7A). The
putative interactions between pUL1S, pUL2S8, and pUL33 of
PrV correlate with similar biological functions (see above), and
a functional complex consisting of the HSV-1 homologues of
these three proteins has been postulated (67). Therefore, the
results were verified by retransformation of yeast cells with
representative plasmid pairs, including the empty vectors ex-
pressing native LexA or the B42 protein as negative controls,
and quantified by determination of the B-galactosidase activity
in liquid cultures (Fig. 7B). Although lower than in cultures
expressing a transactivating LexA fusion protein, the activity in
cells coexpressing LexA-pUL15 and B42-pUL28 or LexA-
pUL28 and B42-pUL32 was still significantly higher than after
replacement of either of the proteins by the respective negative
control (Fig. 7B). Thus, our yeast two-hybrid studies support
the hypothesis that pULLS5, pUL28, and pUL33 of PrV form a
tripartite terminase complex, which is required for cleavage
and encapsidation of viral DNA.

The UL32 gene product of HSV-1 can substitute for the
homologous PrV protein, but not vice versa. Since all PrV
genes investigated in this study are highly conserved be-
tween herpesviruses, we started to investigate whether the
homologous proteins of different viruses could compensate
for each other. In a first experiment, an HSV-1 recombinant
lacking codons 167 to 466 of UL32 was generated by mu-
tagenesis of the infectious BAC clone pHSV-1AgJ (39) in E.

FIG. 3. One-step growth kinetics of PrV mutants. RK13 cells (continuous lines) or frans-complementing cells (dotted lines) were infected with
PrV-Ka (circles) and the deletion mutant (triangles) PrV-AULG6F (A), PrV-AUL15F (B), PrV-AUL2SF (C), PrV-AUL32F (D), or PrV-AUL33F
(E) at an MOI of 5, harvested together with the supernatant at the indicated times, and lysed by freeze-thawing. Progeny virus titers were
determined by plaque assays on RK13-PUL6 (A), RK13-PULI15 (B), RK13-PUL28 (C), RK13-PUL32 (D), or RK13-PUL33 (E) cells. The mean

progeny virus titers (log PFU/ml) of four experiments are shown.
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FIG. 5. Electron microscopy of cells infected with PrV-AULI5F. RK13 (A) or RK13-PULI15 (B) cells were fixed 14 h p.i. at an MOI of 1, and
uranyl-acetate-stained ultrathin sections were analyzed. The inset in panel A shows numerous scaffold-containing B capsids in the nuclei of infected

cells. Bars, 3 wm or 250 nm (inset in panel A).

coli, and a corresponding RK13 cell line expressing pUL32
of HSV-1 under the control of P-HCMV was also isolated
(Fig. 1G). In these cells, pHSV-1AUL32KF exhibited plaque
sizes and growth kinetics similar to those of the parental
BAC clone (Fig. 8B and C), whereas neither productive

replication nor cell-to-cell spread of the mutant was ob-
served in normal RK13 cells (Fig. 8A and C). UL32-negative
HSV-1 also did not replicate in RK13-PUL32 cells express-
ing the UL32 gene of PrV (not shown). In contrast, repli-
cation of the UL32-negative mutant PrV-AUL32F was sup-
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FIG. 6. Electron microscopy of cells infected with PrV-AUL32F. RK13 (A and B) or RK13-PUL32 (C) cells were fixed 14 h p.i. at an MOI of
1, and uranyl-acetate-stained ultrathin sections were analyzed. Bars, 3 wm (A and C) or 250 nm (B).

ported, not only by the authentic pUL32 (Fig. 3D), but also
by the homologous HSV-1 protein expressed in RK13-
HUL32 cells (Fig. 8B). trans-Complementation by the
HSV-1 protein was apparently efficient, since plaque sizes
and virus titers of the PrV mutant in RK13-HUL32 cells
were comparable to those of wild-type PrV-Ka (Fig. 8B and

C). Whereas unidirectional heterologous complementation
could be shown for pUL32 of PrV and HSV-1, similar ex-
periments including a UL33-negative HSV-1 mutant and a
corresponding cell line proved to be negative in both direc-
tions (not shown), while pUL6, pUL1S, and pUL28 remain
to be tested.
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FIG. 7. Physical interactions of DNA cleavage-encapsidation proteins of PrV. (A) DNA-binding fusion proteins were expressed from pLex-
PULSG, pLex-PULI1S, pLex-PUL2S, pLex-PUL32, and pLex-PUL33 in transformed yeast cells and used as baits for two-hybrid screening of an
expression library of PrV gene products cloned in pB42AD, which provides a frans-activation domain. The minimum amino acid ranges of
reproducibly detected viral prey proteins and the numbers of positive clones are indicated. (B) Induction of B-galactosidase reporter gene
expression by the fusion protein complexes expressed by pLex-UL15 and pB42-PUL28 or pLex-PUL28 and pB42-PUL33 was quantified and
compared to positive (pLexA pos) and negative (empty expression vectors pLexA and pB42AD) controls. The mean results of three experiments

and standard deviations are shown.

DISCUSSION

In the present study, five components of the DNA cleavage-
encapsidation machinery of PrV were identified and analyzed
in a standardized isogenic system. The salient findings were as
follows. (i) The UL6, UL15, UL28, UL32, and UL33 gene
products of PrV are essential for productive virus replication in
cell culture. (ii) Their absence correlates with a defect in cleav-
age of replicated viral DNA into monomers and packaging into
preformed capsids. (iii) The defects of UL6-, UL15-, UL28-,
UL32-, or UL33-negative PrV mutants were complemented in
trans in cells expressing the corresponding protein. (iv) The
defect of UL32-negative PrV was corrected by pUL32 of
HSV-1, but not vice versa. (v) Yeast two-hybrid studies re-
vealed physical interactions of pUL28 with pUL15 and with
pUL33, indicating the existence of a functional complex.

For UL28-negative PrV, the present results confirm an ear-
lier study (44), and the phenotypes of all generated deletion
mutants are similar to those of temperature-sensitive insertion
or deletion mutations of the homologous genes in HSV-1 (2, 4,
38, 50, 59). However, since all PrV mutants described here

have been derived from the same parental virus clone by mu-
tagenesis in E. coli, the close functional relationships between
pUL6, pUL1S5, pUL28, pUL32, and pUL33 become more ev-
ident than before. In contrast, functional investigations of two
other proteins involved in DNA cleavage and stable encapsi-
dation, pUL17 and pUL25, using the same PrV clone revealed
different functions (31, 32).

pULSG of PrV is a component of mature virions, and immu-
noelectron microscopy indicated an association with nucleo-
capsids (results not shown). Therefore, it can be assumed that
pULG6 of PrV, like its homologues in HSV-1 and HCMV (21,
49), forms the portal for DNA incorporation into capsids.
Transient-expression studies showed that pUL6 of PrV, like
the HSV-1 protein (50), is able to enter the cell nucleus inde-
pendently of other viral gene products, but unlike in HSV-1,
direct interactions with terminase subunits (63, 67) were not
detected.

As deduced from other herpesviruses, the UL15 gene of PrV
should consist of two exons (30), and removal of an intron
ranging from nt 73116 to 75994 was experimentally proven in
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this study. Moreover, the protein translated from the spliced
mRNA fully corrected the replication defect of UL15-negative
PrV in trans. Similar observations were made in HSV-1 (3), but
nevertheless, additional, smaller gene products presumably
representing the 3’-terminal part of the ORF have been iden-
tified (4, 68). Unfortunately, in PrV, the weak reactivity of the
UL15-specific antiserum prohibited identification of the gene
product or products by Western blotting or immunoprecipita-
tion. However, immunofluorescence analyses of cells trans-
fected with a ULI15 expression plasmid showed that pUL15
exhibited a speckled nuclear localization similar to that of
pULG. This is again in agreement with previous observations in
HSV-1, although the nuclear localization signal at amino acid
positions 183 to 189 of HSV-1 pULL15 (67) is not conserved in
the predicted PrV homologue (30). However, two other puta-
tive nuclear localization signals could be identified at amino
acid positions 16 to 19 and 305 to 321 of PrV pULILS using
PSORTII programs (48).

Unlike pULL1S5, the transiently expressed UL28 and UL33
gene products of PrV did not accumulate in the cell nucleus.
Previous studies showed that pUL28 exhibits nuclear localiza-
tion in infected cells, whereas it remains cytoplasmic in the
absence of other viral proteins (34, 51). Furthermore, it has
been demonstrated that pUL15 of HSV-1 mediates nuclear
localization, not only of the autologous UL28 gene product,
but also of its PrV homologue (34, 35), and transient-coexpres-
sion studies indicated that the portal protein pUL6 can also
relocalize pUL28 to the nucleus (63). Presumably, pUL33 of
HSV-1 is also translocated to nuclear sites of viral DNA rep-
lication by interactions with the UL1S protein, either directly
(27) or together with pUL28 (66, 67). Furthermore, it has been
reported that in HSV-2 nuclear localization of pUL33 is me-
diated by pUL14 (65), which, however, is nonessential for
HSV-1 replication (18). For PrV, it remains to be tested which
other viral proteins may influence the subcellular localization
of pUL33.

The yeast two-hybrid studies presented here revealed direct
interactions of PrV pUL28 with pUL15 and pUL33, whereas
direct interactions between pUL15 and pUL33 were not de-
tected. This indicates that the tripartite terminase complex of
PrV might be organized as proposed for HSV-1, with pUL28
as the central component (66). Interactions between terminase
subunits and the portal protein, as found by coimmunoprecipi-
tation of pUL6 with pUL15 and pUL28 of HSV-1 (63), were
not detected in two-hybrid experiments with the homologous
PrV proteins. However, pUL6, as well as pUL15 and pUL32,

RK13-HUL32

RK13

FIG. 8. trans-Complementation of UL32-negative PrV by the ho-
mologous HSV-1 protein. One-step growth kinetics were determined
after infection of RK13 (A) or RK13-HUL32 (B) cells with PrV-Ka,
PrV-AUL32F, pHSV-1AgJ, or pHSV-1AUL32KF at an MOI of 5. At
the indicated times, progeny virus titers were determined by plaque
assays on RK13-HUL32 cells. Shown are the mean results of three
experiments. (C) Cell-to-cell spread was investigated 48 h after infec-
tion of RK13 or RK13-HUL32 cells at low MOI. The average diam-
eters of 30 plaques each were calculated, and the plaque sizes of
PrV-AUL32F and pHSV-1AUL32 were displayed as percentages of
those of PrV-Ka and pHSV-1Ag]J on the same cell line, which were set
at 100%.
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of PrV interacted with the C-terminal part of the ICP0O homo-
logue EPO, which is a regulator of viral transcription (62).
Thus, a second function of EPO might be the linkage of pro-
teins involved in cleavage-encapsidation of viral DNA. How-
ever, like pUL14 of HSV-1, EPO of PrV is also nonessential for
virus replication (9), and therefore, its putative role in DNA
packaging cannot be crucial. Nevertheless, EPO and the pre-
dicted helicase-primase subunit pULS (17, 30), which was iden-
tified as an interaction partner of pUL33 of PrV, function in
the cell nucleus via direct or indirect interaction with viral
DNA, suggesting the possibility of accessory roles in DNA
cleavage and packaging.

Up to now, no direct interactions of the pUL32 homologues
of any herpesvirus with other essential components of the
DNA cleavage and packaging machinery have been described,
and the HSV-1 protein was predominantly detected in the
cytoplasm of infected cells (11, 38), whereas pUL32 of PrV, in
addition, showed a speckled intranuclear distribution similar to
those of pUL6 and pULI1S. Thus, at least in PrV, a direct
involvement of pUL32 in DNA cleavage and encapsidation is
conceivable, as is a role in the localization of capsids to DNA
replication compartments, which was proposed for HSV-1
(38).

Despite these differences, the biological functions of PrV
and HSV-1 pUL32 are obviously very similar, since the repli-
cation defect of UL32-negative PrV could be fully corrected in
trans by the homologous HSV-1 protein. In contrast, a UL32
deletion mutant of HSV-1 was not complemented by the cor-
responding protein of PrV. It is conceivable that pUL32 of
HSV-1 executes an additional function(s) that cannot be ful-
filled by the PrV protein. More likely, the function of pUL32
might be dependent on interactions with other viral gene prod-
ucts, which are impaired, e.g., for sterical reasons, between
PrV pUL32 and the HSV-1 proteins. Heterologous comple-
mentation between PrV and HSV-1 has already been de-
scribed for several other conserved viral proteins, which re-
flects the relatively close phylogenetic relationship of the two
alphaherpesviruses (41). However, complementation was al-
ways only unidirectional: pUL25 of HSV-1 partly corrected the
replication defect of a UL25-negative PrV mutant (36),
whereas gB and pULI11 of PrV rescued corresponding HSV-1
mutants (39, 45), but not vice versa. In all these cases, including
pUL32, construction of chimeric proteins consisting of PrV
and HSV-1 portions could contribute to the identification of
domains relevant for the function of the respective protein and
to deeper insights into the biochemical basis for protein
function.

Remarkably, for the conserved subunit pUL33 of the pro-
posed terminase complexes of PrV and HSV-1 (67), heterol-
ogous frans-complementation was not observed in either direc-
tion (results not shown). This might indicate that a precise
interplay between the three different components of the en-
zyme complex performing cleavage and packaging of herpes-
virus DNA is required for functionality and that substitutions
of single subunits are not tolerated. Thus, it will be interesting
to test whether cells concomitantly expressing pUL15, pUL2S,
and pUL33 of either HSV-1 or PrV permit replication of
deletion mutants of the other virus. In this way, heterologous
trans-complementation studies might not only support evolu-

J. VIROL.

tionary investigations, but also help to identify protein inter-
actions required for herpesvirus replication.
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