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A 2.6-kbp fragment of the pseudorabies virus (PrV) genome was sequenced and shown to contain the
homologues of the highly conserved herpesvirus genes UL31 and UL32. By use of a monospecific antiserum, the
UL31 gene product was identified as a nuclear protein with an apparent molecular mass of 29 kDa. For
functional analysis, UL31 was deleted by mutagenesis in Escherichia coli of an infectious full-length clone of the
PrV genome. The resulting virus mutants were deficient in plaque formation, and titers were reduced more
than 100-fold from those of wild-type PrV. Ultrastructural analyses demonstrated that capsid maturation and
DNA packaging were not affected. However, neither budding at the inner nuclear membrane nor cytoplasmic
or extracellular virus particles were observed. These replication defects were similar to those of a UL34 deletion
mutant (B. G. Klupp, H. Granzow, and T. C. Mettenleiter, J. Virol. 74:10063-10073, 2000) and could be
completely repaired in a cell line which constitutively expresses the UL31 protein. Yeast two-hybrid studies
revealed that a UL31 fusion protein specifically interacts with plasmids of a PrV genome library expressing the
N-terminal part of UL34. Vice versa, UL34 selected UL31-encoding plasmids from the library. Inmunofluo-
rescence studies and immune electron microscopy demonstrated that in cells infected with wild-type PrV, both
proteins accumulate at the nuclear membrane, whereas in the absence of UL34 the UL31 protein is dispersed
throughout the nucleus. Like the UL34 protein, the UL31 gene product is a component of enveloped virus
particles within the perinuclear space and absent from mature virions. Our findings suggest that physical
interaction between these two virus proteins might be a prerequisite for primary envelopment of PrV at the

inner nuclear membrane and that this envelope is removed by fusion with the outer nuclear membrane.

Pseudorabies virus (PrV, suid herpesvirus 1) is the causative
agent of Aujeszky’s disease in pigs (36). It is classified as a
member of the Varicellovirus genus within the Alphaherpesviri-
nae subfamily of Herpesviridae (43). Herpesvirus particles are
composed of an icosahedral capsid which encloses the double-
stranded DNA genome and which in turn is surrounded by a
layer of numerous viral gene products named tegument and a
lipid membrane of cellular origin containing mostly glycosy-
lated virus-encoded proteins (36, 43). After DNA replication
and encapsidation in the host-cell nucleus, virus egress starts
with budding of nucleocapsids at the inner nuclear membrane,
leading to enveloped particles in the perinuclear space (44). It
has been proposed that these perinuclear virions are released
by vesicular transport through the endoplasmic reticulum and
Golgi apparatus (26, 51), which would permit processing of
viral glycoproteins, but not substitution of envelope or tegu-
ment proteins. According to another hypothesis, the primary
envelope of herpesviruses is lost by fusion with the outer nu-
clear membrane, followed by release of naked nucleocapsids
into the cytoplasm and a final, secondary envelopment in the
trans-Golgi region (54). During the past decade, the latter
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model was supported by genetic, biochemical, and ultrastruc-
tural analyses of different alpha- and betaherpesviruses includ-
ing Prv (7, 9, 18, 20, 23, 29, 41, 47, 61).

Like other representatives of the Varicellovirus genus, PrV
exhibits a type D herpesvirus genome (43) consisting of a
unique long region (U, ) and a unique short region (Ug) which
is flanked by inverted repeat sequences (IRg, TRg). Major
parts of the 150-kbp genome of PrV have been sequenced (36)
and shown to contain a set of ca. 70 conserved genes, which
exhibit a widely similar arrangement to that found within the
genomes of other mammalian alphaherpesviruses, e.g., herpes
simplex virus type 1 (HSV-1) (33), varicella-zoster virus (VZV)
(13), or equine herpesvirus 1 (EHV-1) (50). However, the U
region of PrV contains an internal inversion encompassing the
homologues of the UL27 to UL44 genes of HSV-1 (4, 8). In the
present study, sequence analyses were performed to close one
of the remaining gaps within this part of the PrV genome.
Since this gap was located between the UL30 gene encoding
the viral DNA polymerase (5) and the described UL33 to
UL35 homologues (29), it was considered to contain the UL31
and UL32 genes of PrV. The corresponding genes of HSV-1
were shown to be essential for virus replication in cell cul-
ture (44). UL31 and UL32 are highly conserved among alpha-
herpesviruses and have homologues in the genomes of beta-
and gammaherpesviruses, such as human cytomegalovirus
(HCMV) (12) and Epstein-Barr virus (EBV) (2).

The UL31 gene products of HSV-1 and HSV-2 have been
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identified as nuclear proteins (10, 60), and the UL31 protein of
HSV-1 has been demonstrated to be phosphorylated as well as
nucleotidylylated in infected cells (6, 10). Pull-down experi-
ments indicated a physical interaction between the UL31 and
UL34 gene products of HSV-1 (58), which was somewhat sur-
prising, since UL31 was previously thought to be involved in
viral DNA synthesis or encapsidation within the nucleus (11),
whereas UL34 was supposed to participate in dynein-mediated
transport of incoming nucleocapsids to the nucleus (58). How-
ever, recent studies indicated that the UL34 gene product of
HSV-1 is required for stabilization of the UL31 protein (57)
and for virus envelopment (45). We have previously demon-
strated that the UL34 protein of PrV is also required for
envelopment of newly synthesized nucleocapsids in the nuclei
of infected cells but is not detectable in mature virions and
therefore is presumably not involved in virus entry (29). Fur-
thermore, the presence of the PrV UL34 protein within pri-
mary enveloped virus particles in the perinuclear space, and its
absence from cytoplasmic as well as from released virions,
confirmed the hypothesis that envelopment of PrV is a two-
step event (23, 54).

In the present study, a monospecific rabbit antiserum was
prepared which allowed identification and localization of the
UL31 gene product of PrV. Possible interactions between the
UL31 and UL34 proteins of PrV were tested by yeast two-
hybrid studies (17, 24). Virus recombinants were prepared to
investigate whether the UL31 protein of PrV is directly in-
volved in nucleocapsid formation or in virus envelopment. To
facilitate mutagenesis of viral DNA, an infectious full-length
clone of the PrV genome was generated by insertion of a
mini-F plasmid. Such plasmids were shown to be suitable vec-
tors for stable replication of large DNA-fragments in Esche-
richia coli (39) and have already been used for cloning of
numerous herpesvirus genomes including that of PrV (34, 46,
48). For deletion of the UL31 gene, the cloned PrV genome
was mutated in E. coli by RecE- and RecT-mediated recom-
bination (46, 59). Subsequently, the bacterial vector sequences
were removed to avoid undesired phenotypic effects, and the
PrV recombinants were characterized in UL31-expressing and
noncomplementing eucaryotic cells.

MATERIALS AND METHODS

Viruses and cells. All virus recombinants used in this study are based on the
laboratory strain PrV-Ka (28). PrV-AUL34B and PrV-AUS3 have been de-
scribed recently (29, 30). The newly generated UL31 deletion mutants were
derived from the glycoprotein G (gG)-negative, LacZ-expressing recombinant
PrvVgXpGal (37). Virus was propagated in rabbit kidney (RK13) cells which were
grown in minimum essential medium (MEM,; Life Technologies) supplemented
with 10% fetal calf serum. To generate UL31-expressing cell lines, RK13 cells
were transfected with plasmid pIRES-UL31 (Fig. 1B) by calcium phosphate
coprecipitation (22), trypsinized after 48 h, diluted in medium containing 500 p.g
of Geneticin (Life Technologies)/ml, and seeded into microtiter plates. Single
resistant cell colonies were tested for constitutive UL31 expression by Western
blot analyses. One positive cell clone, named RK-UL31, was selected for prop-
agation of UL31 deletion mutants of PrV.

DNA sequencing. The genomic BarmHI fragment 1 of PrV-Ka (Fig. 1A) was
digested with Sall and subcloned into pUC19. Two independently isolated plas-
mids containing the 3,320-bp Sall subfragment 1C were seqenced bidirectionally
as described elsewhere (19) by primer walking. PrV-specific primers were de-
duced sequentially starting from the published DNA sequences of the UL30 gene
(5; GenBank accession no. 1.24487) and the UL33 gene (29; GenBank accession
no. AJ276165). The sequences obtained were assembled and analyzed with the
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Wisconsin software package (Genetics Computer Group) (14) in Unix, version
10.2.

Construction of UL31 expression and deletion plasmids. The UL31 open
reading frame (ORF) was amplified from cloned PrV DNA by PCR with Pfx
DNA polymerase (Life Technologies) using primers PUL31-F (CTGAATTCA
CACGCTCGGCAGCTATGTTTG [initiation codon underlined]) and PUL31-
R (CTGAATTCTTCGCGGCGCTCACGG [reverse of termination codon un-
derlined]). The 857-bp amplification product contains artificial EcoRI sites at
both ends (printed in italics), allowing insertion into the EcoRI-digested expres-
sion plasmids pGEX-4T-1 (Amersham Pharmacia), pLexA (Clontech), pcDNA3
(Invitrogen), and pIRESIneo (Clontech). Whereas the obtained plasmids pGEX-
UL31, pLex-UL31, and pIRES-UL31 (Fig. 1B and D) were used for protein ex-
pression in E. coli, yeast, and RK13 cells, respectively, pcDNA-UL31 was utilized
for in vitro transcription and translation of UL31.

To generate UL31 deletion constructs from pcDNA-UL31 (Fig. 1B), a part of
the vector sequence containing an unwanted BssHII site was removed by double
digestion with EcoRV and BstBI, treatment with Klenow polymerase, and reli-
gation. The resulting plasmid was cleaved with BssHII to delete two 342- and
116-bp fragments representing codons 23 to 174 of UL31. After Klenow treat-
ment, the PCR-amplified kanamycin resistance gene (kanR) consisting of nucle-
otides 1800 to 2769 of pACYC177 (GenBank accession no. X06402) was inserted
in either orientation (p¢cDNA-AUL31a and -b [Fig. 1B]).

Generation of UL31 deletion mutants of PrV. For cloning of the PrV genome
we used the mini-F plasmid pMBO1374 (48), which was provided with the
permission of M. O’Connor (University of California, Irvine) by G. A. Smith
(Princeton University, Princeton, N.J.). This vector was inserted into plasmid
pU6.3 (27) with concomitant deletion of a 196-bp BamHI-fragment from the gG
gene (Fig. 1C). The resulting plasmid, pU-AgGMBO, was used for cotransfection
(22) of RK13 cells together with virion DNA of a previously described LacZ-
expressing gG gene deletion mutant (37). Blue plaque assays (37) of progeny
virus were performed to isolate the desired B-galactosidase-negative recombi-
nants. To obtain circular monomers of the F plasmid-containing PrV genome,
RK13 cells were infected at a multiplicity of infection (MOI) of 5 and incubated
for 6 h at 37°C in the presence of 100 wg of cycloheximide/ml. Viral DNA was
prepared (25) and used for electroshock transformation of E. coli DH10B cells
(Life Technologies) as described recently (46). Chloramphenicol-resistant clones
were tested for integrity of the PrV genome by DNA analyses and by retrans-
fection of RK13 cells.

One infectious full-length clone (pPrV-K1 [Fig. 1C]) was used for RecE- and
RecT-mediated mutagenesis in E. coli (46, 59). For this purpose, the bacteria
were additionally transformed with plasmid pGETrec (38), providing the recom-
bination factors, and linear PCR products of kanR-containing UL31 deletion
plasmid pcDNA-AUL31a or -b (Fig. 1B) obtained after amplification with prim-
ers PUL31-F and PUL31-R (see above). DNA of chloramphenicol and kanamy-
cin double-resistant clones (pPrV-AUL31a/b) was characterized by blot hybrid-
ization and sequencing of the UL31 gene region.

To eliminate unwanted effects of the vector insertion on virus replication,
pPrvV-AUL31a and -b were digested with EcoRI and repaired with plasmid
pUG6.3 (Fig. 1C) by cotransfection of RK-UL31 cells. Virus progeny was plaque
purified and tested for indirect immunofluorescence reaction with a rabbit an-
tiserum produced against a bacterial gG fusion protein. Two gG-expressing virus
isolates named PrV-AUL31a and PrV-AUL31b (Fig. 1C) were further propa-
gated and again characterized by DNA analyses including PCR amplification and
DNA sequencing to confirm complete removal of the mini-F plasmid.

One-step growth analysis. Confluent monolayers of RK13 and RK-UL31 cells
were infected at an MOI of 10 with PrV-Ka or UL31 deletion mutants and
incubated on ice for 1 h. Then prewarmed medium was added, and incubation
was continued at 37°C. After 1 h, nonpenetrated virus was inactivated by low-pH
treatment (35), and at 3, 6, 9, 12, 24, and 48 h after the temperature shift, cells
were scraped into the medium and lysed by freezing (—70°C) and thawing
(37°C). Titers of progeny virus were determined by plaque assays in RK-UL31
cells overlaid with MEM containing 5% fetal calf serum and 6 g of methyl
cellulose/liter.

Preparation of a UL31-specific rabbit antiserum. In pGEX-UL31 the com-
plete UL31 ORF, preceded by several nucleotides of originally noncoding PrV
DNA, was fused in frame to the glutathione S-transferase (GST) gene (Fig. 1B).
A 55-kDa GST fusion protein was expressed in E. coli strain DH5a (Amersham
Pharmacia) and purified by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (32) followed by electroelution into ultrafiltration units
(Amicon). After concentration and repeated washes with phosphate-buffered
saline (PBS), 100 pg of the eluted protein was emulsified in mineral oil and
injected intramuscularly into a rabbit four times at 3-week intervals. Sera col-
lected before and 3 weeks after each immunization were analyzed.
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FIG. 1. Structure of the PrV genome and cloning strategies. (A) A schematic map of the PrV genome shows the long (U, ) and short (Ug)
unique regions, the inverted repeat sequences (IRg, TR), and the positions of BamHI restriction sites. (B) The sequenced genome region of
PrV-Ka (nt 1 to 2600; GenBank accession no. AJ319028) is part of plasmid pUC-Sa/IC. Primers PUL31-F and PUL31-R contain artificial EcoRI
sites and were used to amplify the UL31 OREF for cloning in expression vectors. A bacterial GST fusion protein expressed from pGEX-UL31 was
used for rabbit immunization («UL31 serum). Plasmid pIRES-UL31 was used to generate a cell line (RK-UL31) expressing UL31 together with
the neomycin resistance gene (neoR) under the control of the HCMV immediate-early gene promoter (Py;cpy_ri) from a bicistronic mRNA which
contains an intron (IVS) and an internal ribosomal entry site (IRES) between the two genes, and a polyadenylation signal [poly(A)] at the end.
The T7 promoter (Pr;) of pcDNA-UL31 permitted in vitro transcription and translation (IVT). In plasmids pcDNA-AUL31a and pcDNA-
AUL31b, a major portion of UL31 was replaced by a kanamycin resistance gene (kanR) inserted in either orientation (pcDNA-AUL31a and -b).
The modified gene was amplified by PCR with primers PUL31-F and PUL31-R and used for RecE- and RecT-mediated mutagenesis of pPrV-K1
(see panel C) in E. coli. (C) The mini-F plasmid pMBO1374 containing a chloramphenicol resistance gene (camR) was inserted into the cloned
gG gene of PrV-Ka in plasmid pU6.3. The plasmid obtained, pU-AgGMBO, was used for generation of an infectious full-length clone of the PrV
genome (pPrV-K1). After mutagenesis of the UL31 gene (pPrV-AUL31a and -b; see panel B), the vector insertion was removed by EcoRI
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Western blot analysis. For Western blotting, RK13 cells were infected with
PrV at an MOI of 5 and incubated at 37°C for 2 to 24 h. Samples of infected and
noninfected cells, as well as PrV virions, were prepared as described previously
(15), separated by SDS-PAGE, and electrotransferred to nitrocellulose mem-
branes (Schleicher & Schuell). Blots were blocked with 5% low-fat milk in PBS
and incubated for 1 h with anti-UL31, anti-UL34 (29), and anti-ULA49 (7) rabbit
sera at dilutions of 1:100,000. Bound antibody was detected with peroxidase-
conjugated anti-rabbit antibodies (Dianova) and visualized by chemilumines-
cence (Super Signal; Pierce) recorded on X-ray films.

Indirect immunofluorescence and confocal microscopy. Cells were grown on
coverslips and infected at an MOI of ca. 0.001 with wild-type or mutant PrV.
After 24 or 48 h, the cells were fixed for 10 min with a 1:1 mixture of methanol
and acetone, dried, and subsequently incubated with a gC-specific monoclonal
antibody (B16-c8 [31]) or rabbit antisera (anti-UL31; anti-UL34) at dilutions of
1:200 and Alexa 488- or tetramethyl rhodamine isocyanate (TRITC)-conjugated
secondary antibodies (Molecular Probes; Dako). After each step the slides were
washed repeatedly with PBS, and finally they were preserved with a 9:1 mixture
of glycerol and PBS, containing 25 mg of 1,4-diazabicyclooctane/ml and 1 pg of
propidium iodide/ml. Fluorescence was recorded in a confocal laser scan micro-
scope (LSM 510; Zeiss).

Electron microscopy and immunolabeling. RK13 and RK-UL31 cells were
infected at an MOI of 1 with either PrV-Ka, PrV-AUL31a, or PrV-AUS3 (30).
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 for routine microscopy, as well as for intracellular immunolabeling of
viral proteins, were done as described recently (29). The reaction of the anti-
UL31 serum was visualized by binding of gold-tagged anti-rabbit antibodies
(British BioCell International), and ultrathin sections of the infected cells were
examined with an electron microscope (400T; Philips).

Yeast two-hybrid analysis. For investigation of interactions between PrV pro-
teins, the Matchmaker LexA two-hybrid system (Clontech) was used according
to the detailed protocols of the manufacturer. To generate an expression library
of PrV proteins fused to a transcription-activating peptide (B42), DNA was
prepared from sucrose gradient-purified virions of the Ka strain (3). The Prv
DNA obtained was disrupted by ultrasonic treatment, and fragments ranging
from 500 to 1,000 bp were isolated from an agarose gel by using DEAE mem-
branes (16). To generate blunt ends, the isolated DNA fragments were incubated
with Klenow polymerase and ligated to the EcoRI-digested, Klenow fragment-
and phosphatase-treated vector pB42AD (Fig. 1D). After electroshock transfor-
mation of E. coli DH10B cells (46), a library of ca. 2 X 10° plasmid clones was
obtained and further amplified for DNA preparation (Plasmid Kit; Qiagen). The
UL31 and UL34 gene products of PrV were used as baits, and for that purpose
they were fused to a sequence-specific DNA-binding protein (LexA). Whereas
the respective expression plasmid pLex-UL31 contains the entire UL31 ORF of
PrV (Fig. 1D), pLex-UL34 was obtained by recloning of a 669-bp EcoRI-Xhol
fragment from a previously described bacterial expression plasmid which con-
tained codons 1 to 220 of UL34 (29). To permit in-frame fusion with LexA, the
vector was digested with BamHI and Xhol, and noncompatible single-stranded
overhangs were filled in by using Klenow polymerase (Fig. 1D).

Yeast cells were subsequently transformed with the reporter plasmid p8op-
lacZ (Clontech), the chosen bait construct, and the PrV expression library (Fig.
1D). In several yeast clones, interaction between bait and library proteins caused
trans-activation of the lacZ reporter gene, leading to blue colonies on 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal)-containing agar plates. DNA
was prepared from these clones, and the library plasmids were recloned in E. coli
strain KC8 (Clontech), tested again for specific yeast two-hybrid interactions
with the respective bait construct, and characterized by DNA sequencing of the
insert fragment with vector-specific primers.

Nucleotide sequence accession number. The PrV DNA sequence determined
in this study has been deposited in GenBank under accession no. AJ319028.
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TABLE 1. Properties of the identified PrV genes

Property UL31 UL32
Gene
Coding sequence nt 943-128¢ nt 2348-936
TATA box nt 1069-1063 nt 2536-2530
Polyadenylation signal nt 75-70 nt 75-70
Deduced protein
Size 271 aa 470 aa
Isoelectric point 9.00 6.96
Expected molecular mass 30.41 kDa 51.58 kDa
Apparent molecular mass 29 kDa —b
Homologous proteins®
Alphaherpes viruses
EHV-1 76.2 (67.9) 66.2 (59.8)
\VA% 72.1 (62.5) 59.5(51.0)
HSV-1 69.3 (57.7) 60.4 (53.3)
Betaherpesvirus (HCMV) 38.2(27.5) 37.7 (28.7)
Gammaherpesvirus (EBV) 33.1(23.8) 38.2 (30.5)

“ All ORFs and putative transcription signals are located at the reverse strand
of the determined DNA sequence (GenBank accession no. AJ319028), and
nucleotide positions (nt) are therefore numbered from right to left.

® The UL32 protein of PrV has not been identified.

¢ Values are percent similar residues (percent identical residues) and were
determined using the Genetics Computer Group program “gap”. The amino acid
sequences of the homologous alpha-, beta-, and gammaherpesvirus proteins were
deduced from genomic DNA sequences (2, 12, 13, 33, 50).

RESULTS

DNA sequences of the UL31 and UL32 genes of PrV. A
2,600-bp fragment of genomic DNA of PrV-Ka, which closes a
gap between two characterized parts of the U, region of the
virus genome, was analyzed. The fragment contains the com-
plete UL31 (272 codons) and UL32 (471 codons) genes (Fig.
1B). At its left end, the sequence determined overlaps with the
DNA polymerase gene UL30 (5) by 204 bp, and the last 471 bp
correspond to the first nucleotides of the previously described
UL33-to-UL35 gene region (29). Since all these DNA se-
quences originate from the same PrV strain, it was not surpris-
ing that no differences were found within the overlapping
parts. The positions of putative TATA and polyadenylation
signals indicate that UL31 and UL32 presumably form a 3’-
coterminal transcription unit (Table 1). Remarkably, both
OREFs overlap by several nucleotides with each other as well as
with the adjacent UL30 and UL33 genes (Fig. 1B). The de-
duced PrV gene products of UL31 and UL32 are highly con-
served in other alphaherpesviruses and also possess detectable
homology to corresponding beta- and gammaherpesvirus pro-
teins, e.g., UL53 and UL52 of HCMV and BFLF2 and BFLF1
of EBV (Table 1).

The UL31 gene product of HSV-1 has been described as a
phosphorylated and nucleotidylylated nuclear protein (6, 10).
Like its homologue, the predicted UL31 protein of PrV is
moderately basic, and exhibits a highly hydrophilic N-terminal

digestion and cotransfection of cells with plasmid pU6.3. Thus, the resulting virus mutants (PrV-AUL31a and -b) contain an intact gG gene. (D)
Plasmids pLex-UL31 and pLex-UL34 were utilized for yeast two-hybrid screening of a PrV genome library (pB42-XXX). Interactions between the
fusion proteins were detected by LacZ expression from p8op-lacZ (Clontech), which is induced by binding of LexA to the LexA operator elements
preceding the Gal 1 minimal promoter (Pg,, ;), and subsequent activation of transcription by the B42 protein part. Only relevant restriction sites are
included in the maps in panels B to D. ORFs are drawn as pointed rectangles, and a slash indicates that the DNA fragment is not plotted to scale.
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FIG. 2. Identification of the UL31 protein of PrV. RK13 cells were infected with either PrV-Ka, PrV-AUL31a, or PrV-AUL34B (29) at an MOI
of 5 and incubated for 8 h or the indicated times at 37°C. Lysates of infected cells, of noninfected RK13 and RK-UL31 cells (10° cells/lane), and
of purified wild-type virions (V; 3 ug of protein/lane) were separated on SDS-12% polyacrylamide gels. Western blots were analyzed with
monospecific rabbit antisera against UL31, UL34, and UL49. The digitally scanned images shown in panel A indicate that expression of UL31 and
UL34 is not interdependent, whereas panel B illustrates the expression kinetics and the absence of the UL31 and UL34, but not of the UL49

proteins, from mature virions

part containing short clusters of arginine and lysine residues
(positions 4 to 6, 9 to 12, and 17 to 19), which might serve as
nuclear localization signals (21). The PrV protein also contains
possible phosphorylation sites of casein kinase II, protein ki-
nase C, and cyclic AMP (cAMP)-dependent protein kinases,

but the consensus motif (R/P)RA(P/S)R of nucleotidylylated
HSV proteins (6) was not found.

Identification of the UL31 protein of PrV. For identification
of the UL31 gene product, the entire ORF was cloned in a
procaryotic expression vector (pGEX-UL31 [Fig. 1B]) and the
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GST fusion protein isolated from transformed bacteria was
used for rabbit immunization. The antiserum obtained specif-
ically reacted in Western blot analyses with a 29-kDa protein in
lysates of the neomycin-resistant cell line RK-UL31 (Fig. 2A),
which was isolated after transfection of RK13 cells with a
plasmid containing UL31 and the resistance gene as a bicis-
tronic transcription unit under the control of the HCMV im-
mediate-early gene promoter (pIRES-UL31 [Fig. 1B]). A pro-
tein of similar size was also detected after in vitro transcription
and translation of pcDNA-UL31 (data not shown) as well as in
RK13 cells infected with wild-type PrV-Ka (Fig. 2A). This
indicates that stable constitutive UL31 expression does not
require any other viral protein and that posttranslational mod-
ifications by viral or cellular enzymes, if present at all, have no
visible effect on electrophoretic mobility. Consistently, the
UL31 gene product of PrV was not detectable after immuno-
precipitation if infected cells were labeled with [**PJorthophos-
phate, whereas the UL31 protein was efficiently precipitated by
the respective antiserum from infected cells labeled with
[**S]methionine (data not shown). Thus, unlike the homolo-
gous HSV-1 protein (10), the UL31 gene product of PrV is
apparently not phosphorylated.

Western blot analyses further revealed that the amount of
UL31 protein continuously increased from 6 to 20 h after
infection of RK13 cells with wild-type virus (Fig. 2B), indicat-
ing that UL31 of PrV, like its HSV-1 homologue, presumably
represents a late virus gene (44). Remarkably, the UL31 gene
product of PrV, like the previously described UL34 protein
(29), could not be detected in gradient-purified extracellular
virions, whereas the tegument protein encoded by ULA49, as
expected (7), was present in mature virus particles (Fig. 2B).

Construction and in vitro characterization of UL31 deletion
mutants. An infectious clone of the PrV genome containing a
mini-F plasmid vector within the nonessential gG gene (pPrV-
K1 [Fig. 1C]) was used for deletion of UL31 and concomitant
insertion of the selectable kanamycin resistance gene in either
orientation (Fig. 1C) by RecE- and RecT-mediated recombi-
nation in E. coli. Because of overlaps with the adjoining UL30
and UL32 genes, the UL31 ORF was not completely removed
from the genomic clones generated, pPrV-AUL31a and -b
(Fig. 1B). However, the remaining first 22 codons of UL31
should be insufficient to form a functional protein, and the
3’-terminal fragment lacks the preceding promoter. To avoid
unwanted side effects of the mini-F plasmid insertion at the gG
gene locus, pPrV-AUL31a and -b were rescued by digestion at
unique EcoRlI sites within the bacterial vector and subsequent
cotransfection of eucaryotic cells together with a second plas-
mid containing the gG gene region of the parental PrV strain
Ka (Fig. 1C). Thus, as verified by DNA analyses (data not
shown), the resulting recombinants PrV-AUL31a and -b dif-
fered from wild-type virus only by their mutations within the
UL31 gene. Western blot analyses further demonstrated that
neither the full-length UL31 protein nor truncated gene prod-
ucts were expressed in cells infected with either of the deletion
mutants (Fig. 2A), whereas expression of other capsid or teg-
ument proteins, such as UL19, UL46, UL48 (data not shown),
and UL49 (Fig. 2A) was not affected.

Growth properties of the UL31 deletion mutants were ana-
lyzed in RK13 cells and in UL31-expressing RK-UL31 cells
(Fig. 3). Whereas in trans-complementing RK-UL31 cells the

FUNCTION OF PrV UL31 IN VIRUS EGRESS 369

plaques formed by PrV-AUL31a or -b were indistinguishable
from those of PrV-Ka, plaque formation of the UL31 deletion
mutants was almost completely inhibited in noncomplement-
ing RK13 cells, and only small foci of infected cells were
observed (Fig. 3A). One-step growth kinetics analysis of RK13
cells revealed that maximum virus titers of PrV-AUL31a or -b
(ca. 10° PFU/ml) are more than 100-fold lower than those of
wild-type PrV (Fig. 3B). The replication defect of UL31 dele-
tion mutants was completely repaired in frans-complementing
RK-UL31 cells (Fig. 3B).

These findings demonstrate that UL31 is important for rep-
lication of PrV. However, productive virus replication of UL31
deletion mutants at lower levels was also observed in non-
complementing cells (Fig. 3B). This was confirmed by detec-
tion of progeny virus after transfection of RK13 or porcine
kidney (PSEK) cells with the E. coli-derived infectious plasmid
pPrV-AUL231a or -b. The virus obtained could be serially pas-
saged in these noncomplementing cells. Moreover, infectivity was
demonstrated not to be cell associated, since it was resistant to
freezing and thawing, remained in the supernatant after low-
speed centrifugation, and could be filtered through 0.2-pm-
pore-size nitrocellulose filters (data not shown). Thus, UL31 is
not absolutely essential for replication of PrV in cultured cells.

The UL31 gene product is involved in primary nucleocapsid
envelopment. Electron microscopy of RK13 cells which were
fixed 14 h after infection with either of the UL31 deletion
mutants of PrV revealed that capsid formation and DNA en-
capsidation occurred but that nucleocapsids apparently were
unable to exit the nucleus (Fig. 4A and B). Sometimes
pseudocrystalline aggregates of filled capsids could be found in
the vicinity of the inner nuclear membrane (Fig. 4B), but no
unequivocal budding stages, and consequently no cytoplasmic
or extracellular virions, were detectable (Fig. 4A). Electron
microscopy also confirmed that these replication defects of
PrV-AUL31a and -b could be corrected in UL31-expressing
RK-ULZ31 cells (Fig. 4C through E). As in normal cells infected
with wild-type PrV (23), only a few enveloped virus particles
were found in the perinuclear space, but naked nucleocapsids
as well as vesicles containing enveloped particles were present
in the cytoplasm (Fig. 4D), and numerous released virions
were visible (Fig. 4E).

Yeast two-hybrid interactions between the UL31 and UL34
gene products of PrV. To investigate physical interactions of
the UL31 gene product with other proteins, the entire ORF,
preceded by 5 artificial codons, was 3’-terminally fused to the
LexA gene (pLex-UL31 [Fig. 1D]) and expressed as a DNA-
binding bait protein. This construct was used to screen an
expression library of randomly cleaved genomic PrV DNA,
fused to the gene of a transcriptional activator (B42). Interac-
tions between bait and library proteins in yeast cells were
detected by frans-activation of a lacZ reporter gene regulated
by LexA operator elements (Fig. 1D). Single library plasmids
were isolated from yeast clones forming blue colonies on X-Gal-
containing agar plates, sequenced, and tested again for specific
two-hybrid interactions with pLex-UL31, including the empty vec-
tors as controls (Table 2). Of six positive library plasmids tested,
five harbored fragments of the UL34 gene of PrV, and four of the
five pB42-UL34 plasmids contained different inserts. Interest-
ingly, all of them started in frame with, but upstream of, the
original UL34 initiation codon and extended at least to position
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FIG. 3. In vitro growth properties of UL31 deletion mutants. (A) RK13 and RK-UL31 cells were fixed 48 h after infection under plaque assay
conditions with PrV-Ka or PrV-AUL31a. Plaques were visualized by indirect immunofluorescence with a gC-specific monoclonal antibody. (B)
One-step growth kinetics of PrV-Ka and of PrV-AUL31a and -b were determined in RK13 and RK-UL31 cells. At the indicated times after
infection at an MOI of 10, the total amount of infectious intracellular and released progeny virus was determined by plaque assays on RK-UL31
cells.
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RK-UL31

and trans-complementing
cells (C through E) were fixed 14 h after infection at an MOI of 1 and embedded in glycid ether 100. Ultrathin sections were stained with uranyl
acetate and lead salts. In the absence of UL31, nucleocapsids are retained in the nucleus (A and B), whereas virus maturation in the cytoplasm
(C and D) and release (C and E) are restored in UL31-expressing cells. Bars, 2.5 pm (A and C), 1 pm (B), or 500 nm (D and E).

162 of the 262-codon ORF (Table 2). This finding indicates that To further confirm the specificity of this interaction between
the domain responsible for interaction with the UL31 protein is the two viral proteins, the 5'-terminal part of UL34 (codons 1
located in the predicted nucleoplasmic N-terminal part of the to 220) was cloned in pLexA (Fig. 1D) and expressed together
putative type II membrane protein UL34 (29). with the PrV library. After screening for LacZ-expressing yeast
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TABLE 2. Yeast two-hybrid interactions between
the UL31 and UL34 proteins of PrV

Interaction” with the following bait plasmid:

Library

plasmid pLexA  pLex-UL3L, (—=5)-271*  pLex-UL34, (—2)-220
pB42AD No No No
pB42-UL31

32-271* No NT Yes

42-271* No NT Yes
pB42-UL34

(=20)-216  No Yes NT

(—-19)-193  No Yes NT

(-16)-162  No Yes NT

(—8)-193 No Yes NT

“ Two-hybrid interactions in yeast clones containing reporter, bait, and library
plasmids were detected by X-Gal staining. Yes, positive; No, negative; NT, not
tested. The codons of the PrV UL31 and UL34 genes expressed as LexA or B42
fusion proteins are indicated. The presence of the authentic stop codon is
indicated by an asterisk, and artificial codons preceding the original initiation site
are enclosed in parentheses.

colonies, two positive clones were identified. Both contained
library plasmid inserts permitting expression of slightly differ-
ent parts of the UL31 gene product (Table 2), including the
complete C terminus of the viral protein, but lacking the hy-
drophilic N-terminal part with the putative nuclear localization
signals.

Subcellular localization of the UL31 protein depends on the
UL34 gene product. In Western blot analyses, the UL31 pro-
tein expressed by the UL34 deletion mutant PrV-AUL34B (29)
was indistinguishable from that of wild-type PrV (Fig. 2A),
confirming that the UL34 gene product is not required for
stable expression of UL31. However, whereas 8 h after infec-
tion of RK13 cells with either PrV-AUL34B or wild-type virus,
UL31 and UL49 were expressed at comparable levels (Fig.
2A), the relative amount of UL31 protein declined at later
times after infection with PrV-AUL34B (data not shown).
Conversely, deletion of the UL31 gene of PrV does not affect
the apparent size or amount of the UL34 protein (Fig. 2A).

A more pronounced effect of interdependence between
UL31 and UL34 was detected by indirect immunofluorescence
reactions of the monospecific antisera, which revealed a similar
localization of both proteins in PrV-Ka-infected cells (Fig. 5
and 6). As expected, no specific reactivity of the anti-UL31
serum (Fig. 5A) or of the anti-UL34 serum (Fig. 5B) was
observed in noncomplementing RK13 cells infected with the
respective deletion mutant PrV-AUL31a or PrV-AUL34B, al-
though virus replication could be demonstrated by detection of
the virion gC. In cells infected with PrV-Ka, confocal micros-
copy showed that the majority of gC was localized at cytoplas-
mic membranes and microsomes (Fig. 5, red fluorescence),
whereas the UL31- and UL34-specific antisera predominantly
labeled clearly distinct perinuclear structures (Fig. 5, green
fluorescence). An occasional merged yellow fluorescence in-
dicative of “colocalization” of the investigated proteins with gC
was most likely caused by disintegration of cell compartments
or cell contraction during the late phase of infection. Counter-
staining of chromatin with propidium iodide (Fig. 6) also in-
dicated that the bulk of the UL31 and UL34 proteins are
associated either with the lamina or with the nuclear mem-
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brane. The latter localization was confirmed by immune elec-
tron microscopy for UL34 (29) as well as for UL31 (see below).

In the absence of the UL34 protein, i.e., in cells infected with
PrV-AUL34B (Fig. 6A) or in uninfected RK-UL31 cells (data
not shown), the UL31 protein was no longer found at nuclear
membranes but colocalized with chromatin throughout the
nucleus, resulting in a merger of green and red fluorescence
(Fig. 6A). In contrast, localization of the UL34 protein at the
nuclear membrane was not abolished in the absence of the
UL31 protein. However, in RK13 cells transfected with an
UL34 expression plasmid (29), as well as in cells infected with
PrV-AUL31a or -b, a larger proportion of the UL34 gene
product was found to be dispersed within the cytoplasm com-
pared to the pattern in cells infected with wild-type PrV (Fig.
6B). Since UL31 and UL34 deletion mutants were drastically
impaired in cell-to-cell spread, different time points after in-
fection with these mutants (48 h) and with PrV-Ka (24 h) were
chosen to achieve comparable cytopathic effects. However, in
the single infected cells observed 24 h after infection with
PrV-AUL31a, the UL34 protein was also found predominantly
in the cytoplasm, and the UL31 protein was never detectable at
the nuclear rims of cells analyzed 24 h after infection with
PrV-AUL34B (data not shown). Thus, association of the two
proteins with the nuclear membrane is indeed interdependent.

The UL31 protein is incorporated into primary enveloped
virions. Although the UL34 gene product of PrV was shown to
be absent from mature virions, it could be detected in envel-
oped virus particles within the perinuclear space (29). To test
whether this is also the case for the UL31 protein, RK13 cells
infected with wild-type PrV-Ka, PrV-AUL31a, or PrV-AUS3
(30) were analyzed by immune electron microscopy (Fig. 7).
The latter virus mutant was chosen because in wild-type Prv-
infected cells, transit through the nuclear membrane appears
to be a rapid process, and only a very few enveloped virus
particles are usually found in the perinuclear space (Fig. 7B).
In contrast, PrV recombinants lacking the US3 protein kinase
reproducibly accumulate enveloped nucleocapsids in the pe-
rinuclear space (Fig. 7D) (30, 53). As visualized with an anti-
UL31 serum and gold-tagged secondary antibodies, the UL31
gene product is present in these primary enveloped virions of
both PrV-Ka (Fig. 7B) and PrV-AUS3 (Fig. 7D) either as a
membrane-associated protein or as a constituent of tegument-
like structures. In accordance with previous Western blot anal-
yses (see above), released virions (Fig. 7C), and enveloped
particles in cytoplasmic vesicles (data not shown) were not
labeled. Correlating with the nuclear rim staining observed in
immunofluorescence studies (see above), the UL31 protein
was detected at the nuclear membranes of wild-type PrV-
infected cells, including sites where no budding virions were
present (Fig. 7A). In contrast, no specific labeling of nuclear
membranes, nucleocapsids, or other structures was found in
RK13 cells infected with PrV-AUL31 (Fig. 7E).

DISCUSSION

We analyzed a 2.6-kbp fragment originating from the U
region of the PrV genome which contains two highly conserved
herpesvirus genes corresponding to the UL31 and UL32 ORFs
of HSV-1 (33). The deduced amino acid sequences of both
identified PrV genes exhibit identities of more than 50% to
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FIG. 5. Subcellular localization of the UL31 and UL34 proteins of PrV. Infected RK13 cells were incubated for 24 h (PrV-Ka) or 48 h
(PrV-AUL31a and PrV-AUL34B) and fixed with a 1:1 mixture of methanol and acetone. Binding of «UL31 (A) or aUL34 (B) sera was detected
by Alexa 488-conjugated secondary antibodies. For comparison, gC was visualized by a monoclonal antibody and TRITC-conjugated anti-mouse
immunoglobulins. Green, red, and merged fluorescence reactions were analyzed by confocal laser scanning microscopy. Bars, 25 pm.

37




propidium iodide

m
<
™
=
=)
<
T
o

PrV-AUL31a

FIG. 6. Nuclear localization of the UL31 and UL34 proteins. PrV-infected RK13 cells were fixed after 24 h (PrV-Ka) or 48 h (PrV-AUL31a,
PrV-AUL34B) with a 1:1 mixture of methanol and acetone. Indirect immunofluorescence reactions of UL31- (A) and UL34 (B)-specific antisera
and Alexa 488-conjugated secondary antibodies were analyzed by confocal laser scanning microscopy after chromatin counterstaining with
propidium iodide. Green, red, and merged fluorescence reactions are imaged separately. Bars, 25 pm.
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FIG. 7. Localization of the UL31 protein within primary envelo
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ped virus particles. RK13 cells were infected with PrV-Ka (A through C),
Prv-AUS3 (D), or PrV-AUL31a (E) at an MOI of 1, fixed after 14 h, and embedded in Lowicryl K4M. After subsequent incubation with anti-UL31

serum and gold-tagged secondary antibodies, ultrathin sections were counterstained with uranyl acetate and analyzed by electron microscopy. The
UL31 protein of PrV was detected along the nuclear membrane (A) and in primary enveloped virus particles in the perinuclear space (B and D)
but not in released virions (C). In cells infected with PrV-AUL31a (E), no specific labeling was found. Bars, 200 nm.
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homologous proteins of other mammalian alphaherpesviruses.
Early investigations indicated that gene layout within the U
genome region of PrV is distinct from that of other alphaher-
pesviruses, and sequence analyses demonstrated an internal
inversion bordered by the gB (UL27) and gC (UL44) genes (4,
8). Our present studies confirm that the gene arrangement
within the left part of this inversion, including the PrV homo-
logues of UL27 (42), UL28 (40), UL29 (55), UL30 (5), UL31,
UL32, and UL33 to UL35 (29), is perfectly colinear with that
of HSV-1 (33), VZV (13), and EHV-1 (50).

For functional characterization of the UL31 gene, an infec-
tious full-length clone of the genome of PrV-Ka was generated
by insertion of a mini-F plasmid vector (39) at the nonessential
(37) gG gene locus. Propagation of the PrV genome as a
bacterial artificial chromosome permitted efficient mutagenesis
by RecE- and RecT-mediated recombination in E. coli (59).
However, even at nonessential sites of the genome, bacterial
vector insertions may affect in vitro or in vivo replication of
reconstituted herpesviruses, and should be removed prior to
characterization of the virus mutants generated (1, 49). Our
infectious clone pPrV-K1 also exhibited subtle but reproduc-
ible replication deficiencies in cultured cells. Ultrastructural
analyses of virus morphogenesis revealed that pPrV-K1 and its
derivatives, like US3 deletion mutants of PrV (30, 53), accu-
mulated enveloped virus particles in the perinuclear space, and
Western blot analyses demonstrated significantly reduced ex-
pression of the US3 protein kinase (data not shown). Presum-
ably, the F-plasmid insertion within the gG gene (US4) inter-
feres with the US3 mRNA, since the transcripts of US3 and
US4 are 3’ coterminal (52). Therefore, the US3 and gG genes
of the UL31 deletion mutants of PrV were repaired, and vector
sequences were completely removed after mutagenesis in E.
coli.

Independent of the presence or absence of bacterial vector
sequences, the UL31 deletion mutants exhibited substantial
replication defects in noncomplementing cells. However, al-
though plaque formation was almost completely abolished,
virus yields of ca. 10° PFU/ml, which were not caused by
phenotypic complementation or genotypic reversion, were re-
producibly obtained. Thus, the UL31 gene of PrV is, strictly
speaking, not essential for virus replication in vitro. In contrast,
the homologous UL31 of HSV-1 was designated an essential
gene (44, 57), although a respective deletion mutant also rep-
licated at low levels in noncomplementing cells (11). Electron
microscopic studies of cells infected with this UL31 null mu-
tant of HSV-1 revealed the absence of cytoplasmic and extra-
cellular virions, but also an inefficient cleavage and encapsida-
tion of viral DNA in the nucleus, which was confirmed by
comparison of the amounts of monomeric and concatemeric
genomes (11). PrV-AUL31 was also impaired in exit from the
nucleus of noncomplementing cells but produced large
amounts of full capsids. Thus, although quantitative DNA
analyses have yet to be performed, our ultrastructural studies
indicate that the UL31 protein of PrV is presumably not re-
quired for nucleocapsid formation but functions in a subse-
quent step of virus egress which leads to envelopment at the
inner nuclear membrane. This function could be assigned to
the deleted gene by trans-complementation studies, which
demonstrated that PrV-AUL31 exhibits wild-type-like plaque
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formation, growth kinetics, and ultrastructural replication
characteristics in cells expressing UL31.

Like the PrV-AUL31 recombinants, previously described
UL34 deletion mutants of PrV (29) and HSV-1 (45) were also
characterized by retention of unenveloped nucleocapsids in the
host cell nucleus. Coinciding with these findings, our yeast
two-hybrid studies revealed a physical interaction between the
UL31 and UL34 gene products of PrV, as has also been indi-
cated by GST pull-down experiments for the respective pro-
teins of HSV-1 (58). This concordance, as well as the high
degrees of homology between the deduced UL31 and UL34
proteins of HSV-1 and PrV, suggests that the protein interac-
tions detected in different assay systems are functionally rele-
vant. It has been demonstrated that in cells infected with a
UL34 deletion mutant of HSV-1, the UL31 protein was also
hardly detectable, presumably due to rapid degradation by
proteases (57). In noncomplementing cells infected with Prv-
AUL34B, the amount of the UL31 gene product also declined
at late times after infection (data not shown). However, during
the productive phase of virus replication, the UL31 protein was
detected at similar levels in wild-type- and PrV-AUL34B-in-
fected cells. Furthermore, considerable amounts of the viral
protein were found in uninfected UL31-expressing cell lines.
Thus, in the case of PrV, protection of the UL31 gene product
is more likely a side effect than the main function of the
supposed interaction with the UL34 protein. There is also no
evidence that interaction of the UL31 and UL34 gene products
of PrV is required for correct processing, since the electro-
phoretic mobility of each protein was similar in the presence or
absence of its partner. Moreover, the molecular mass of the
UL31 protein of PrV appeared identical not only in infected
and constitutively expressing cells, but also after translation in
a cell-free system. Unlike the homologous protein of HSV-1,
which has been shown to be nucleotidylylated and phosphor-
ylated (6, 10), the UL31 gene product of PrV lacks the con-
served amino acid sequence motif of nucleotidylylated pro-
teins, and phosphate labeling was also not detectable (data not
shown).

The UL31 and UL34 proteins of PrV apparently are not
covalently linked, since only monomers were found in Western
blot analyses of wild-type PrV-infected cell lysates, even if they
were prepared and separated in the absence of B-mercapto-
ethanol. However, immunofluorescence reactions of monospe-
cific antisera against either of the proteins revealed colocaliza-
tion at the nuclear membranes of cells infected with wild-type
PrV. The UL34 gene product of PrV was predicted to repre-
sent a type II membrane protein with a hydrophobic anchor
domain in its C-terminal part (29). Since the UL31 gene prod-
uct lacks extended stretches of nonpolar amino acids, it is most
likely attached to the nuclear membrane via its interaction with
the UL34 protein. Transient coexpression studies of the ho-
mologous proteins of HSV-2 indicated that the UL31 gene
product might be required for relocation of the UL34 protein
to the inner nuclear membrane (56). Our investigations of cells
infected with PrV-AUL31 mutants confirmed that accumula-
tion of the UL34 protein at the nuclear membrane is indeed
reduced in favor of a more cytoplasmic distribution. However,
as in noninfected UL34-expressing cells (29), the protein was
still detectable at the inner and outer nuclear membranes,
indicating that UL31 might function in retention more than in
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targeting of the UL34 gene product of PrV. On the other hand,
the UL34 gene product of PrV seems to be more important for
proper localization of the UL31 protein, because in cells in-
fected with PrV-AUL31B, as in noninfected RK-UL31 cells,
the expressed protein is excluded from the nuclear membrane
region but is dispersed throughout the nucleus. Interestingly, a
diffuse intranuclear distribution of the UL31 proteins of
HSV-1 and HSV-2 was described even in cells infected with the
respective wild-type viruses (10, 60). All identified UL31 pro-
teins exhibit basic amino acid sequence motifs which might
serve as nuclear localization signals (21) and are efficiently
transported into the nucleus, but only the PrV protein was
clearly shown to be targeted to the nuclear membrane in the
presence of UL34.

A common function of the UL31 proteins of different alpha-
herpesviruses might be involvement in transport of nucleocap-
sids to the inner nuclear membrane. The interacting UL31 and
UL34 proteins might also contribute to disintegration of the
nuclear lamina or might directly mediate the budding process
initiating virus egress. The latter hypothesis was supported by
the observation that enveloped virus particles located in the
perinuclear space contain considerable amounts of the UL34
(29) as well as the UL31 protein. Whereas the UL34 gene
product presumably represents a primary envelope protein, the
UL31 gene product might be a component of the primary
tegument. Remarkably, the UL31 and UL34 proteins of PrV
were not found in mature virions. In contrast, the UL49 gene
product, representing a major tegument protein of released
virus particles, was not detectable in perinuclear virions (29).
Thus, our results indicate that the envelope and presumably
also the tegument of perinuclear virus particles are lost and
that cytoplasmic nucleocapsids are reenveloped in the trans-
Golgi region prior to release from host cells. This two-step
model of herpesvirus egress has long been proposed for PrV
(7, 18, 23, 54) and VZV (20, 61), and more recent results
demonstrate a similar process in cells infected with HSV-1 (9,
23, 47).

An unresolved question is why the UL31 and UL34 proteins
of PrV and HSV-1, although crucial for virion formation, are
not absolutely essential for productive virus replication in cul-
tured cells (11, 29, 45, 57). Possibly, an independent but less
efficient mechanism of nucleocapsid transport through the nu-
clear membrane is mediated by other viral or cellular proteins.
Alternatively, virus induced or cell cycle dependent disintegra-
tion of the nuclear membrane might permit direct release of
newly synthesized nucleocapsids to the cytoplasm, where they
could obtain an envelope.
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ADDENDUM

During revision of the present report, a study appeared
which indicates that the subcellular localization and major
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functions of the conserved UL31 and UL34 gene products of
PrV and HSV-1 are very similar (41a).
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