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A collection of overlapping cDNA clones encoding the latency transcript of pseudorabies virus and the DNA
nucleotide sequence of the latency gene has been obtained. The transcript is spliced with 4.6 kb of intervening
sequences. This mRNA, designated the large latency transcript, is 8.5 kb. It is polyadenylated and contains a
large open reading frame capable of coding for a 200-kDa polypeptide. The direction of transcription is
antiparallel to that of the immediate-early gene IE180 and a newly identified early gene, EPO. The latency
transcript overlaps the entire IE180 gene and most of the EP0 gene. The EP0 mRNA is 1.75 kb and
polyadenylated. The deduced amino acid sequence revealed the presence of cysteine-rich zinc finger domain
similar to that of the immediate-early gene ICPO of herpes simplex virus type 1 and the gene 61 polypeptide of
varicella-zoster virus. On the basis of the biological functions, conserved protein domains, and unique spatial
arrangements of the homologous polypeptides (IE180 versus ICP4 and EP0 versus ICP0) between pseudorabies
virus and herpes simplex virus type 1, it is predicted that a homologous protein domain is also encoded by the

8.5-kb large latency transcripts of these two viruses.

Pseudorabies virus (PRV) and herpes simplex virus type 1
(HSV-1) are members of the alphaherpesvirus subfamily (3,
38), and they are quite similar in genomic structure and
organization. On the one hand, many gene homologs have
been reported between the two viruses; on the other hand,
some genes present in HSV-1 are not present in PRV. There
are five HSV-1 immediate-early genes (infected cell polypep-
tide 0 [ICPO], ICP4, ICP22, ICP27, and ICP47) and only one
PRV immediate-early gene (IE180). Analysis of the DNA
and deduced amino acid sequences showed that HSV-1 ICP4
and PRV IE180 share extensive homology at two specific
regions of the polypeptide (7, 8, 50). Biologically, these two
viruses also exhibit many common characteristics, one of
which is their ability to establish latency in their respective
hosts.

PRV can establish a latent infection in swine following a
primary infection (4, 11, 39). The recovered animals do not
shed virus; however, periodically, free virus can be reacti-
vated from these carriers spontaneously or after induction
with external stimuli (4, 11, 48, 53). The reactivated virus
becomes the source of transmission to other animals. This
latency and reactivation process is regarded by most re-
searchers to be an obstacle to the control and eventual
eradication of PRV. During herpesvirus latency, the viral
DNA persists preferentially in the nervous tissues of the host
animal, and gene expression is limited to a restricted region
of the virus genome. Viral RNAs known as latency-associ-
ated transcripts (LATSs) or latency-related RNAs present in
latently infected tissues have been reported for HSV (12, 14,
17, 21, 37, 43-45, 51, 52), bovine herpesvirus (36), varicella-
zoster virus (10, 47), and PRV (6, 22, 23).

Among the RNAs expressed during latency, HSV-1 is the
best-studied system to date. In this report, I have divided
these transcripts into two groups as defined below. The
HSV-1 LATs, 2 kb or less, are transcribed in the opposite
sense with respect to ICP0O, and they overlap the 3’ end of
the ICP0O mRNA. They are not polyadenylated at the 3’ end,
and a protein product encoded by the LATSs has not been
identified. Recent reports suggested that there may be a
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polyadenylated 8.5-kb LAT (13, 55); however, the exact
nature of this transcript has not been fully elucidated. This
RNA, designated the large latency transcript (LLT), has
been proposed to overlap the entire ICPO in the opposite
orientation but does not overlap ICP4. It has been suggested
that the LATs are stable introns derived from the 8.5-kb
LLT.

The LATs of PRV were first localized to the 3’ end of the
immediate-early gene IE180 (6), a homolog of HSV-1 ICP4
and not ICPO. They are transcribed in the antiparallel
orientation with respect to IE180. Recent reports (22, 33)
indicated that PRV LATSs are encoded by DNA sequences
that extend over 14 kb of the viral genome. Several RNA
species (0.95, 2.0, and 5.0 kb) have been reported, and
apparently, contradictory results have been obtained regard-
ing the poly(A) nature of the LATSs. This work demonstrates
the presence of an 8.5-kb PRV-specific poly(A) RNA species
in the trigeminal ganglia of a latently infected swine. This
RNA, referred to here as PRV LLT, has an open reading
frame (ORF) capable of encoding a 200-kDa protein. During
the course of this work, a PRV early polypeptide homolo-
gous to the HSV-1 ICPO, designated early protein 0 (EP0),
was identified. The gene for PRV EPO was localized, and the
DNA sequence was determined. In addition, a prediction
was made suggesting the presence of a homologous protein
domain encoded by the LLTs of both PRV and HSV-1.

MATERIALS AND METHODS

Virus and cell culture. The Indiana-Funkhauser or Becker
strain of PRV (PRV-InFh or PRV-Becker) was grown on
Madin-Darby bovine kidney cells cultivated in Eagle mini-
mum essential medium supplemented with 10% fetal bovine
serum (32).

RNA preparations. The isolation of total cellular RNAs
and the selection of poly(A) RNAs have been previously
described (6).

DNA and RNA hybridization. After electrophoresis, the
DNAs and RNAs were transferred to nitrocellulose or nylon
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FIG. 1. (A) Schematic diagram of the PRV genome and BamHI restriction enzyme map. The genome is organized into the unique long (U, ),
internal repeat (Ig), unique short (Ug), and terminal repeat (Tg) sequences. (B) Expanded diagram of BamHI-G, -P, -J, -1, and -E and Kpnl-F
and -E restriction fragments in this region. (C) Available genomic DNA nucleotide sequences of three different strains of PRV (InFh, Ka, and
Becker) and the location of PRV IE180. The direction of IE180 transcription is indicated by an arrow (leftward), and the poly(A) tail is indicated
by a squiggle. Shaded areas represent the coding sequence. (D) Six overlapping cDNA clones. The cDNA library was constructed with total
cellular RNAs from the trigeminal ganglia of a latently infected swine. The standard method with oligo(dT) primer was used for cDNA synthesis
(18), and the cDNA was cloned into the lambda gt10 vector system (20). Nick-translated probes derived from BamHI-P, -J, and -1 were used
to screen for PRV-specific clones. DNA inserts were excised and subcloned into Bluescript plasmids (Stratagene), and the DNA sequences were
determined by the dideoxy-chain termination method (41). Areas for which nucleotide sequences have been determined are stippled. Dotted
lines indicate splicing. (E) The LLT. Points of interest are indicated by the first nucleotide of the element. The direction of transcription is
rightward, with a poly(A) tail at the 3’ end. Three possible ORFs are shaded; the coordinates for the coding sequences (based on PRV-InFh and
-Ka) are also indicated. (F) Intron boundaries. The nucleotide sequence and deduced amino acid residues (in single-letter code) in the vicinity
of the splice junctions are shown. The consensus dinucleotides present at the intron boundaries are underlined. Nucleotide 1510 (+), together
with nucleotides 6164 and 6165, codes for the glycine residue. (G) Localization of a cDNA clone (Zap28) and its corresponding EPO transcript.
Arrows indicate the direction of transcription, dotted lines indicate splicing, and squiggles indicate poly(A) tracks. Shaded areas indicate ORFs.
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FIG. 2. Northern blot analysis. Equal amounts (15 pg per lane)
of RNA from the trigeminal ganglia of a normal (lane 1) and a
latently infected (lane 2) swine were denatured with glyoxal and
dimethyl sulfoxide (26). After electrophoresis in a 1% agarose gel,
the RNAs were transferred to and immobilized on a GeneScreen
membrane. Hybridization was carried out at 60°C with a nick-
translated BamHI-P cloned DNA fragment. After hybridization, the
blot was dried and exposed to X-ray film for 6 days at —80°C. Sizes
of the markers in kilobases are indicated on the left, and the detected
RNA species is indicated on the right.

membranes in 10X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate). Hybridization was carried out at 60°C
with nick-translated probes for 18 to 24 h in the presence of
5% SSC-5x Denhardt solution (1X Denhardt solution is
0.2% each bovine serum albumin, Ficoll, and polyvinylpyr-

Bam HI- G P J
| 2 2 1 2
= & L4
<g o
-0
- EF6
jH
—1,
i«
_; - b
—N
: e - J
8-0
—p
e —(
- - ~P
A ' B

FIG. 3. Genomic organization of PRV-InFh and -Becker. (A)
BamHI restriction enzyme digestions of PRV-InFh (lane 1) and
-Becker (lane 2) were analyzed on a 0.8% agarose gel. Organizations
of the BamHI fragments are shown in Fig. 1A. Lane 1 contains
molecular weight markers. (B) Assay in which the digested DNA
fragments were transferred to nylon membrane and probed with
32P.labeled, nick-translated, cloned BamHI-G, -P, and -J fragments
derived from PRV-InFh. Lanes: 1, PRV-InFh DNA; 2, PRV-Becker
DNA.
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FIG. 4. LLT 5’ end. A 19-mer oligonucleotide (5'-TCTTCTATG
GCTGAGGGAG-3') complementary to the DNA sequence from
nucleotides 150 to 132 (Fig. 6) was 3?P labeled at the 5’ end (23) and
used in a primer extension experiment with oligo(dT)-selected
RNAs from 15 pg of total trigeminal ganglia RNAs of a latently
infected pig. The sample was heat denatured and analyzed on a 6%
polyacrylamide sequencing gel. The gel was dried and exposed to
X-ray film for 2 weeks at —80°C. The size of the product was
determined from a known sequencing ladder.

rolidone). The blots were washed at 60°C with SSC solutions
2%, 1x, and 0.1x SSC) for 1 h each.

Primer extension. The reaction (50 pl) was carried out at
42°C for 30 min in the presence of 50 mM Tris-HCI (pH 7.6),
70 mM KCl, 10 mM MgCl,, 1 mM each deoxynucleoside
triphosphate, 4 mM dithiothreitol, 25 U of RNase inhibitor,
and 50 U of avian myeloblastosis virus reverse transcriptase
as described previously (2).

Nucleotide sequence accession numbers. The DNA se-
quence data in this report have been submitted to the
GenBank data base under accession numbers M57505 (PRV
LLT) and M57504 (EPO).

RESULTS

c¢DNA libraries. Oligo(dT) was used to prime total cellular
RNA s isolated from the trigeminal ganglia of swine previ-
ously shown to be latently infected with PRV-Becker (6). A
cDNA library in the lambda gtl0 vector system (20) was
constructed. To ensure that this cDNA library contained
clones derived from PRV transcripts expressed during la-
tency and not during a productive infection, this library was
analyzed in parallel with a second oligo(dT)-primed cDNA
library constructed with oligo(dT)-selected RNAs (1, 9)
isolated from Madin-Darby bovine kidney tissue culture
cells infected with PRV-InFh (32). Equivalent amounts of
poly(A) RNAs from 2, 4, 6, 8, 10, and 12 h postinfection and
a 2-h-infected, cycloheximide-treated culture were mixed
and used to generate a cDNA library, in the lambda ZaplI
vector system (Stratagene), representative of the entire PRV
reproductive cycle.
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Identification of an LLT. Both the latency and productive
infection cDNA libraries were screened concurrently, in
parallel, with 32P-labeled nick-translated probes (35) of
cloned PRV-InFh fragments, BamHI-P, -J, or -I. Recombi-
nant clones representing 99% of each library were screened.
More than 50 clones from each library were isolated and
partially characterized. Recombinant clones representing a
specific transcript are unique to each library. The spliced
mRNA presented in Fig. 1 was found only in the library
constructed from latently infected trigeminal ganglia RNAs.
Among the 50 cDNA clones that have been isolated, puri-
fied, and characterized, 6 overlapping clones are shown (Fig.
1D). They covered the entire length of an 8.4-kb RNA, with
one of the clones (TL16) carrying a poly(A) tail of 14 A
residues. Northern (RNA) blot analysis showed that a very
low abundance RNA species of 8.5 kb could also be detected
in the trigeminal ganglia of a pig latently infected with
PRV-Becker (Fig. 2). To distinguish this polyadenylated
8.5-kb transcript from the smaller, nonpolyadenylated LATs
(see Discussion), it is designated the LLT.

Genome organization and RNA splicing. In the initial
characterization of cDNA clones LP1 and LP8, Southern
blot experiments (42) showed that the insert DNAs hybrid-
ized to two discontinuous regions of the PRV-InFh genome:
BamHI-P and the right end portion of BamHI-J (data not
shown). To ensure that the joining of these two noncontig-
uous DNA sequences in LP1 and LP8 was the result of RNA
splicing and not DNA rearrangement, the PRV-Becker ge-
nome was examined and compared with the PRV-InFh
genome. Restriction enzyme digestion with BamHI showed
similar DNA fragments (Fig. 3A). Southern blot analysis
with cloned PRV-InFh BamHI-G, -P, and -J probes showed
similar results (Fig. 3B), including hybridization of the
BamHI-J probe to the repeated sequences present in
BamHI-O. DNA sequence analysis at strategic sites (Fig.
1C) further confirmed that the genomes of PRV-Becker and
-InFh are organized in identical fashion.

The nucleotide sequences of LP1 and LP8 were deter-
mined and compared with the known DNA sequences of
PRV-InFh, the Ka strain of PRV (PRV-Ka), and PRV-
Becker (7, 8, 49, 50). It was evident that LP1 and LP8 were
derived from spliced RNAs. The intron boundaries are
flanked by the consensus dinucleotides (5'-GT----AG-3’) at
the donor and acceptor sites of the splice junction (Fig. 1F).
Further analysis showed that LP1 contains DNA sequences
close to the 5’ end of the transcript (see Fig. 6). Limited
DNA sequence analysis of the PRV-Becker genome and
clone TL16 showed that TL16 has a poly(A) tail. The rest of
LLT is encoded by three overlapping cDNA clones: AC33,
TL161, and TL181. The terminal nucleotide sequences of all
of the cDNA clones were determined, and the predicted
sizes of the DNA inserts correspond to the sizes obtained
from agarose gel estimates. The results are schematically
outlined in Fig. 1E. The DNA sequences of PRV-InFh
BamHI-G, -J, and -I and PRV-Ka BamHI-E were used as
references.

Localization of the termini of LLT. To investigate the 5’
end of the LLT, the LP1 nucleotide sequence was aligned
with PRV-InFh and -Becker genomic sequences. It was
noted that LP1 starts 135 nucleotides downstream of a
TATATA sequence (see Fig. 6). The transcription initiation
site of LLT was determined by primer extension with a
19-mer oligonucleotide (5'-TCTTCTATGGCTGAGGGAG-
3’) complementary to the DNA nucleotides from 150 to 132.
The extended product was 117 nucleotides (Fig. 4), which
placed the LLT cap site 34 nucleotides downstream of the
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FIG. 5. Evidence that the 3’ end of LLT is colinear with the
genomic sequence. Restriction enzyme analyses were carried out on
genomic (Becker-27) and cDNA (TL16) sequences. Becker-27 DNA
(lanes 1) or TL16 DNA (lanes 2) was digested with BamHI and Kpnl
to give the BamHI-Kpnl fragment (A). The digested products of
panel A were further cleaved with either HindIII (B) or Xhol (C) and
analyzed on a 1% agarose gel. Fragments of similar size present in
both Becker-27 and TL16 DNAs are indicated by dots. Sizes of
molecular weight markers are shown on the left.

TATATA sequence present in the BamHI-G fragment (Fig.
1E and Fig. 6). A smaller primer extension product was also
observed 57 nucleotides 3’ of this TATATA sequence (Fig.
4). Since this product extended past the TATA sequence at
nucleotide 180 (Fig. 6), it is considered an incomplete
product that failed to reach 117 nucleotides in the reaction.

The LLT 3’ terminus was determined from cDNA clone
TL16, which contains 14 A bases after nucleotide 13061 in
the BamHI-E fragment of the PRV-Ka genome (Fig. 1E).
DNA sequence analysis on both PRV-Becker genomic and
cDNA clones showed that a consensus polyadenylation
signal (AATAAA) was present 27 nucleotides upstream of
the actual poly(A) addition site. The PRV-specific sequence
present in TL16 and PRV-Becker BamHI-E was further
examined by restriction enzyme analysis. Becker-27 is a
Kpnl-E genomic clone that contains part of BamHI-J, all of
BamHI-1, and a portion of BamHI-E (Fig. 1B). The BamHI-
E-specific sequences were excised from Becker-27 and TL16
with BamHI and Kpnl and analyzed with additional restric-
tion enzymes. The results showed that DNA fragments of
identical size could be generated from both the genomic and
cDNA clones (Fig. 5), indicating that the 3’ portion of LLT
is colinear with the viral genome for at least 1,400 nucleo-
tides.

Sequence analysis of the latency gene. The composite
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FIG. 6. Nucleotide sequence of the complete PRV LLT and predicted amino acid sequence of ORF-2. The basic sequence is derived from

PRV-InFh (from nucleotides 1 to 7013) and PRV-Ka (from nucleotides 7014 to 8425). PRV-Becker nucleotides that differ from the prototype
are indicated in small letters above the basic sequence, the corresponding amino acid residue changes are presented at the third position of

the codon, deletions are indicated by parentheses with dots on top, and insertions are indicated above the basic sequence in brackets.
Nucleotide coordinates after the splice junction at nucleotide 1511 apply only to LLT. DNA nucleotide sequences of the TATA box and the

poly(A) signal and the amino acid sequences of the histidine-rich, acidic residue-rich, and cysteine-rich regions of the polypeptide are

underlined. The RNA cap site, poly(A) addition site, and termination codon are indicated by asterisks.
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FIG. 7. EP0 5’ end. A 17-mer oligonucleotide (5'-AGGCAGATG
GGGCAGTC-3") complementary to the DNA sequences from 1486
to 1503 (Fig. 3) was 32P labeled at the 5’ end (23) and used in a primer
extension experiment with oligo(dT)-selected RNAs (10 pg each)
from uninfected (lane 2), PRV-InFh-infected (4 h) (lane 3), and
PRV-Becker-infected (4 h) (lane 4) Madin-Darby bovine kidney cell
cultures. Lane 1 contained only the input labeled primer. The dried
gel was exposed to X-ray film for 12 h at —80°C. Sizes of the extended
products were determined from a known DNA sequencing ladder.

PRV-InFh/Ka LLT is 8,404 nucleotides plus a poly(A) tail
(Fig. 6). The transcription initiation site is 34 nucleotides
downstream from a TATATA sequence. Another TATA
sequence was also noted at nucleotide 180. The fact that LP1
starts at nucleotide 145, which is 5’ of the second TATA
sequence, indicates that the TATA sequence at nucleotide 1
is functional. Whether the TATA sequence at nucleotide 180
is also functional has not been determined. Clones that start
3’ of both TATA sequences (e.g., LP8, which starts at
nucleotide 615) could be the result of partial cDNA cloning.

J. VIROL.

Minor variations between the composite prototype and
PRV-Becker DNA sequences that have been determined
include four single base changes (three of which resulted in
amino acid residue changes), two three-nucleotide deletions
(one in ORF-2 at nucleotide 1613 and one in the 3’ noncoding
region at nucleotide 8374), and a six-nucleotide insertion in
the 5’ noncoding region at nucleotide 283. The mRNA splice
junction occurs after nucleotide 1510. The polyadenylation
signal AATAAA is located at nucleotide 8382, and the
poly(A) addition site is after nucleotide 8408. Another
AATAAA sequence was also noted at nucleotide 1978 of
PRV-InFh and -Becker, but this sequence has mutated to
AACAAA in the PRV-Ka genome (7-9, 49, 50). On the basis
of this information and the data compiled from the cDNA
clones, it was concluded that this AATAAA sequence did
not function as a polyadenylation signal for the synthesis of
PRV LLT.

At the 5’ end of LLT, three AUG codons at nucleotides
428, 622, and 651 (one in each of the three ORFs) could yield
a potential polypeptide of 17, 200, and 15-kDa, respectively
(Fig. 6). Although the initiation codon at nucleotide 622 is
the third one encountered from the 5’ end (the first two at
nucleotides 428 and 434 are in the same ORF), this ORF-2
arrangement confers on PRV LLT the general features that
best resemble a conventional eukaryotic mRNA. With
ORF-2, the 5’ and 3’ noncoding regions of LLT are 621 and
1,940 nucleotides, respectively. The ORF-2 deduced amino
acid sequence is presented because homology was detected
in the amino acid sequence of the predicted HSV-1 LLT (see
below).

ORF-2, from nucleotides 622 to 6495, is capable of encod-
ing a predicted 1,958-amino-acid polypeptide of 200 kDa.
Nucleotide variations between PRV-InFh and -Becker that
resulted in amino acid residue changes occurred at residues
160, 216, and 254. The deleted codon of PRV-Becker at
nucleotide 1613 resulted in one less histidine residue among
a series of six (residues 330 to 335). This cluster of histidine
residues is one of three clusters present in this region of the
molecule; the other two clusters occur at residues 363 and
381. A highly acidic region is noted from residues 547 to 573.
Toward the 3’ end, from residues 1830 to 1840 there is a
cysteine-rich region Cys-X,-Cys-X;-Cys-X,-Cys, where X
can be any amino acid residue. This sequence arrangement
resembles the zinc finger motif of many nucleic acid-binding
proteins (5).

Localization of EP0. The cDNA library constructed in the
lambda Zapll vector system with RNAs isolated from Ma-
din-Darby bovine kidney cells infected with PRV-InFh was
screened with nick-translated (35), cloned PRV-InFh
BamHI-P, -J, or -1 DNA or LP8 cloned DNA (Fig. 1).
Several independent cDNA clones with poly(A) tails were
identified with BamHI-P or LP8 cloned DNA. The clone
with the largest EPO DNA insert was Zap28. The nucleotide
sequence of Zap28 was determined and aligned with the
genomic sequence (Fig. 1G). In Zap28, a poly(A) track was
observed 26 nucleotides downstream from a polyadenylation
signal (AATAAA), which indicates that EP0 is transcribed in
the same orientation as IE180 but in the opposite polarity
with respect to PRV LLT. Zap28 starts at nucleotide 1633, 2
nucleotides short of the proposed initiation codon, and ends
with 18 A nucleotides.

Mapping the cap site of the EP0 mRNA. To locate the 5’
end of the EPO transcript, a 17-mer oligonucleotide (5'-
AGGCAGATGGGGCAGTC-3’) from nucleotides 1486 to
1503 was used in a prime extension experiment. Oligo(dT)-
selected RNAs from cultures infected with PRV-InFh or
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FIG. 8. (A) Nucleotide and deduced amino acid sequences of
EP0O. The DNA nucleotide sequence was determined by the dide-
oxy-chain termination method (41). The first six nucleotides of this
sequence constitute a BamHI restriction site, which is located
between BamHI-P and BamHI-J in Fig. 1; transcription is leftward,
as indicated by the arrow. The potential cap site and the termination
codon are indicated by asterisks. The cysteine-rich zinc finger motif
and the polyadenylation signal are underlined. The actual poly(A)
addition site is located at the last nucleotide of the sequence. (B)
Comparison of the deduced homologous protein domain of PRV
EPO with the protein domains of HSV-1 ICPO and varicella-zoster
gene 61. The coordinates indicate the positions of the amino acid
residues in their respective polypeptides. Gaps are introduced into
the sequence (in dashes) for best alignment. Identical residues are
indicated by asterisks between the sequences. Cysteine residues
that are part of the zinc finger motif are overlined.
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-Becker for 4 h were used. Several groups of extension
products were detected (Fig. 7). Those larger than 190 bases
were present in both PRV-infected and mock-infected cul-
tures, and they are considered background noises. Those
smaller than 190 bases are likely to be incompletely extended
products. The 190-base bands were taken as fully extended
products for both RNA samples and therefore placed the
potential cap site at nucleotide 1675. DNA sequence analysis
showed that the EPO RNA is 1,513 nucleotides plus a
poly(A) tail, in agreement with the RNA blotting results (see
below). Based on these data, the 5’ and 3’ noncoding regions
are 40 and 236 nucleotides, respectively. However, genomic
sequence analysis did not reveal a TATA box in the imme-
diate area. The closest TATA sequence is located at nucle-
otide 4789, 3,114 bases upstream of this potential cap site.
Therefore, it is possible that this mRNA is spliced at the 5’
end.

Deduced amino acid sequence of EP0. The EPO transcript
has an ORF of 1,230 nucleotides, capable of coding for a
410-amino-acid residue polypeptide of 45 kDa. The DNA
nucleotide sequence and its deduced amino acid sequence
are presented in Fig. 8A. The most noticeable feature of the
encoded protein product is a cysteine-rich region. The
Cys-X,-Cys-X;6-Cys-X,-Cys-X,,-Cys configuration, from
amino acid residues 46 to 84, mimics the zinc finger motif of
many DNA-binding proteins (5). Computer search on the
National Institutes of Health data base (Bethesda, Md.) for
homologous sequences yielded two proteins: ICP0 of HSV-1
and the gene 61 product of varicella-zoster virus (31). In
addition to the zinc finger motif, EPO, gene 61, and ICPO
share many identical amino acid residues in the same re-
stricted region of the polypeptides (Fig. 8B).

Biosynthesis of the EP0 mRNA during a productive infec-
tion. Conventionally, herpesvirus genes are divided into
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0 2 01 246281012 4612

Kb
44—
24— ,
*e @ « =175
14—
A B c

FIG. 9. Northern blot analysis. Equal amounts (10 pg each) of
poly(A) RNAs from PRV-InFh-infected, cycloheximide-treated (A),
untreated (B), and PAA-treated (C) cultures at the indicated times
postinfection were prepared for Northern blot analysis. Nick-trans-
lated BamHI-P probes were used and exposed to X-ray film for 18 h
at —80°C. Positions of molecular weight markers are indicated on
the left; the position of the detected EPO RNA is indicated on the
right.



5268 CHEUNG J. VIROL.
- 0 2000 4000 6000 8000 10,000 12,000 13,400
Nucleotide 1 1 ] | 1 1 1]
G p J 1 E
BamHI 1 'y s
AATAAA
£PO (6631)
. IE180
Productive Infection AWEEEH A— N
PRV (6594) 11716)
TATA e AATAAA
LLT - (==—>=- ; - AN~
1) LAT (13035)
Latent Infection | ORF-1 &=
ORF-2 [c= 3 O\ .
ORF-3 [c 3]
_ ut:.ooo 12?.000 12?,000 12«:,000 1216.000 12:;.000 mi.ooo nﬁooo
Nucleotide T
AATAAA
(127143)
. ) ) PN 1CP4
Productive Infection MMEIDD M A H
HSV (127189) (131429)
Latent Infection :
TATA LAT
e S D e
Hypothetical (1§74
| ORF(?) [ ===z zZ=-Zss=-=-=-=-=ZI)

FIG. 10. PRV and HSV-1 transcripts during a latent or productive infection. The coordinates for PRV are indicated by BamHI fragments
(sizes are indicated in nucleotides), and the coordinates for HSV are indicated by the nucleotide positions of the genome (24, 25).
Polyadenylated RNAs are denoted by squiggles, and the numbers in parentheses represent coordinates for the cap site or poly(A) signal,
which is indicated by a dot. Transcripts synthesized during a productive infection for PRV are EP0 and 1E180; those for HSV are ICPO and
ICP4. The conserved protein domains present in EP0 versus ICP0 and IE180 versus ICP4 are shaded. The directions of transcription for PRV
LATs and for LLT and its possible ORFs are indicated by arrows. Splicing is indicated by dotted lines. The proposed 3’ end and ORF of HSV
LLT are shown within brackets. The protein regions homologous between the ORFs of PRV LLT and HSV LLT are cross-hatched.

three classes. (i) Immediate-early genes are expressed with-
out de novo protein synthesis, and protein synthesis can be
blocked by the addition of an inhibitor such as cyclohexi-
mide; (ii) early genes are expressed before viral DNA
synthesis, and DNA synthesis can be inhibited by the
addition of DNA polymerase inhibitor such as phosphono-
acetic acid (PAA); and (iii) late genes are expressed after
viral protein synthesis and DNA replication. To determine
the time of EP0 mRNA expression during the replicative
cycle, oligo(dT)-selected RNAs isolated from cyclohexim-
ide-treated, PAA-treated, or nontreated cultures were
probed with nick-translated BamHI-P fragments in Northern
blot experiments (Fig. 9). A 1.75-kb mRNA was detected
starting at 2 h postinfection (Fig. 9B). This RNA was not
synthesized in the presence of cycloheximide or inhibited by
PAA at 4 h postinfection. The results indicated that EP0 is an
early gene. Identical results have been obtained with PRV-
Becker-infected cultures probed with the BamHI-P fragment
or an 18-mer oligonucleotide (5'-GGTGCTCGTCAGGGTC
CA-3’) complementary to the mRNA at nucleotides 1399 to
1416 (data not shown).

Comparative analysis of the PRV and HSV-1 LLTs. Figure
10 is a schematic diagram illustrating the transcription activ-
ities of PRV and HSV-1 during a latent or productive
infection. The spatial arrangements of PRV LLT, EP0, and

IE180 are very similar to those of HSV-1 LLT, ICP0, and
ICP4. Since conserved protein domains are present in re-
spective homologous proteins (ICPO versus EP0 and ICP4
versus IE180), it is expected that they exhibit similar bio-
chemical functions. One would also predict that the protein
products of PRV LLT and HSV-1 LLT share some common
protein domains. To examine this possibility, all three
frames of the HSV-1 DNA sequence from nucleotides
118000 to 132000 (24, 25) were translated. The sequence of
each of these translation products was compared with the
deduced amino acid sequence of PRV LLT ORF-2. Striking
homologous sequences, 39% amino acid residue identity,
were detected over a stretch of 400 amino acid residues
between the deduced PRV LLT polypeptide and one of the
deduced translation products of HSV-1 LLT (Fig. 11). The
conserved protein domains are similarly located in their
respective LLTs, which are complementary to the con-
served region 4 of ICP4 and IE180. Homologous amino acid
sequences were not observed in the vicinity complementary
to the zinc finger region of EPO and ICPO or the conserved
region 2 of IE180 and ICP4. Thus, the homologous protein
domain presented in Fig. 11 appeared to be specific. The
data suggest that HSV-1 LLT extends from the currently
proposed 3’ end (13, 55) and overlaps ICP4 in the antiparallel
orientation indicated in Fig. 10.



VoL. 65, 1991

668

PRV GGADAGIIGRRVPAHGRRGAMRBGAMH LGVG[QQRMABGAQIERQAIGNL
R . RARARE  ARARE Ak
HSV GWMPMNWMWVMHQMWVGIQOGAGAKVPP--RPAPPGMG

40

728
PRV GuPAMGDBMWPPAVGRAW!G@ARVMVPBMGAMGHVWVHGGEHAL

ARRE * "k .k
HSV AHR!APQRHVHGPQRRAQAPARAGGVRVGLMVRRAGRHGVGGPRGRRPAVQRRQHGP
90 100 110
788
PRV AVGARRQRDRGPGPGAGAHRVAHVVLAAEAQRLGPGVQAGEGGLHAGEAGRAHDGARVQD
"k hh * AR WARA *h b -k
HSV AVLARGHGI mvmnmmvmvmoaomvcvmkmmzomzmmqn
120 130 140 150 160 170
848
PRV GRAELAALGPAHGALGGRVQAGADVDVVVPHGRAVRGPY -~ LOGVQHDEPAPRRAEPRAE
AR Ah & * * * RAR *E RRAR
HSV muv L numvrvwmmcwecwmmevonozpwmacmm
180 190 200 210 220 230
906
PRV VLDGAGEAEVPRREQQHPLGVEAADVGAPGPVPGPGVRVRRAEAVGEGGEQRREAAAARV
* & A hh ik *h h *h hhh & h * - ek
HSV KLHGPGEGQYPRGQQQHALCAQRRIVGGAGPIARPGGRVRPAQPVGQGROOAGOPAKLGG
240 25 270 280 290
966
PRV PGRARGALGGLGAELLVGQRVVEHHHAHVLGVGY LPHPGGAAAERGARGPAARGDVRQGG
- k& AR ARANAS & AR R R Ak
HSV Pm—umruoovmomomﬂvmvcnmmmon-chmm
310 320 330 34
1026
PRV RVEGERRAPEFGEDLLVHEGAGHLGRAVGGEGRGGGPRRVGLAGROAAEAAVGRGVLGHG
- . ® RAAR
HSV wcvcv:vwnmcmcccapmmcnmmvmzc-nspcocaonwm: LGHG
360 370 380 390 400 410
1086
PRV PERAPEPVVLGGGGGGGGGH
- - Ak *
HSV A-RG--AVGLQGGGRGRRRV
420 430

FIG. 11. Comparison of the deduced amino acid sequences of
PRV LLT ORF-2 and an ORF of HSV-1 LLT. The coordinates for
the PRV sequence correspond to the amino acid residue of the
deduced amino acid sequence of PRV LLT ORF-2; the coordinates
for the HSV sequence are arbitrary. Gaps (dashes) were introduced
into the sequence for maximum homology. Identical residues be-
tween the two sequences are indicated by asterisks.

DISCUSSION

The results presented above show that PRV LLT is
present in the cDNA library generated from RNAs of a
latently infected animal and not detectable in productively
infected cultures. The latency gene conforms to the well-
established structure of a eukaryotic gene. LLT is tran-
scribed 34 nucleotides downstream of a TATA promoter
sequence. At the splice junction, consensus dinucleotides
are present at the intron boundaries. At the 3’ terminus, a
polyadenylation signal is present 27 nucleotides prior to the
poly(A) addition site. These features together with the large
ORF-2 suggest that LLT codes for a polypeptide, possibly
by ORF-2, although there is no evidence to exclude potential
translation from the other two ORFs. The presence of
another TATA sequence in the 5’ noncoding region of the
latency gene poses some intriguing possibilities about the
regulation of this latency gene in different tissues or various
stages of viral latency. As to the conflicting reports (6, 33)
concerning the poly(A) nature of the RNAs expressed during
latency, a possible explanation is that Northern blot analysis
detected the abundant nonpoly(A) LATs (0.95, 2.0, and 5.0
kb) and S1 analysis detected the poly(A) LLT. Alternatively,
there may be multiple processed forms of the RNAs not
identified yet.

This work also showed that the PRV EP0, HSV-1 ICPO,
and varicella-zoster virus gene 61 proteins contain a highly
conserved region. Among the amino acid residues in this
homologous region, there exists a cysteine-rich zinc finger
similar to that of many DNA-binding proteins (5). Since this
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domain is conserved among three different viruses of the
same family, it is likely an important element for each virus.
Interestingly, by conventional classification, EPO is an early
protein whereas ICPO is an immediate-early polypeptide.
Although antibodies to EPO have been detected in PRV-
infected pig serum (unpublished data), the function(s) of EP0
has not been elucidated. However, by analogy, EP0 may
possess functions similar to those associated with ICPO.
ICPO is nonessential for virus replication, but mutants de-
fective in this gene exhibit impaired growth in tissue culture
(40, 46). In vitro experiments have shown that ICPO is a
general transactivator of all three classes of HSV genes and
functions synergistically with ICP4 (14-16, 30, 31, 34). The
ICPO zinc finger domain is essential for the transactivation
activities (54). ICP4 is a transactivator of HSV early and late
genes (38) and an inhibitor of HSV immediate-early gene
promoters (29). Recent reports demonstrated that ICP0 may
play a role in the reactivation of latent HSV (19, 54).

With HSV-1, other than the smaller LATs, recent reports
suggest that there may be an 8.5-kb latency transcript that
contains the entire ICPO sequence in the antiparallel orien-
tation but does not overlap ICP4 (13, 55). On the basis of the
similarities of the biological functions and genome organiza-
tion of HSV-1 and PRV, particularly within the area of
latency transcription, it is expected that any functionally
important domain(s) of the latency protein would be con-
served between the two viruses. None of the amino acid
sequences deduced from all three frames of the HSV-1 DNA
sequences encoded by the previously proposed 8.5-kb la-
tency RNA has any obvious homology with the deduced
amino acid sequence of PRV LLT ORF-2. Since PRV LLT
traverses the entire length of IE180, a homolog of HSV-1
ICP4, it is possible that the same situation occurs in HSV-1.
If that is the case, the AATAAA sequence at the 3’ end of
ICP4 would not function as a polyadenylation signal in
HSV-1 LLT synthesis, a situation similar to that in PRV, in
which the AATAAA sequence 3’ of IE180 does not function
in PRV LLT synthesis. When the antiparallel DNA se-
quence of ICP4 is incorporated into the hypothetical HSV-1
latency gene, one of the ORFs shows significant amino acid
sequence homology with the ORF-2 of PRV LLT. Whether
this speculative situation occurs in HSV-1 remains to be
seen. However, recent evidence from in situ hybridization
experiments with both HSV-1 and HSV-2 showed that some
HSV latency transcripts may extend halfway through their
respective ICP4 genes (27, 28), a region that includes the
coding sequence for the protein domain homologous to PRV
LLT noted in my computer analysis.

Since PRV LLT is the only gene transcribed during
latency, it is expected to play an important role in the
establishment, maintenance, or reactivation of the latent
virus. The spatial arrangements of the genes discussed and
the conserved protein domains observed suggest that PRV
and HSV homologous polypeptides, i.e., PRV LLT versus
HSV-1 LLT, IE180 versus ICP4, and EPO versus ICPO, are
involved in a common pathway of herpesvirus latency. It is
possible that the balance between a productive and latent
infection depends on the molecular interactions of these viral
genes and certain cellular factors.
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