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Previously, we sequenced the HSV-1 Ul39-Ul40 homologue genes of
Aujeszky’s disease virus (ADV), also designated as pseudorabies virus (Kaliman
et al., 1994a, b). Now we report the nucleotide sequence of the adjacent DNA that
encodes UI38, the 5’-region (750 bp) of Ul37, and the promoter regions between
these divergently arranged two genes. The ADV UI38 gene encodes a protein of
368 amino acids. Amino acid sequence comparison of ADV Ul38 with that of
other herpesviruses revealed significant structural homology. In a transcription
study using RNase protection assay and Northern blot hybridization, we found that
the UI38 gene had one initiation site, but the Ul37 gene was initiated at two tran-
scription sites with two potential initiator AUGs, one of which was dominant.
Comparison of ADV Ul37, Ul38 and ribonucleotide reductase gene expression
showed that these genes belong to the same temporal class with early kinetics.
Data of structural and transcriptional studies suggest that regulation of the expres-
sion of these two ADV genes could differ from that of the HSV-1 virus.
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Aujeszky’s disease virus (ADV) is a herpesvirus which belongs to the sub-
family of Alphaherpesvirinae. Aujeszky’s disease is an important pig disease re-
sulting in severe economic losses throughout the world. Although pigs are the
natural host of the virus, many mammals can be infected by ADV. The genome of
ADV is composed of a 142 kb linear double-stranded DNA molecule which con-
tains two components, Ul (unique long) and Us (unique short), and two internal
(IR) and terminal (TR) inverted repeats. ADV encodes at least 70 proteins, many
of which have been sequenced. The gene arrangement of ADV and the prototype
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herpesvirus, herpes simplex virus type 1 (HSV-1), is highly colinear. Amino acid
sequence homology between ADV and HSV-1 proteins suggests that they share
identical or similar functions in the biology of both viruses.

Analysis of the expression kinetics of HSV-1 mRNA species from each of
the major temporal classes (a, B, v) has indicated that gene expression is regulated
primarily at the level of transcription (Honess and Roizman, 1974; Roizman and
Sears, 1990). Most HSV-1 promoters have a recognizable TATA homology at
approximately —25 to —30 relative to the cap site. For full levels of expression,
promoters of the o, B and Py (leaky-late) classes have demonstrated a requirement
for upstream sequence elements (Coen et al., 1986; Blair and Snowden, 1991;
Wagner, 1991). These cis-acting sites are typically binding sites for cellular tran-
scription factors, e.g., Spl and the CAAT-binding protein. For expression of 8
and y genes the HSV-1 o (immediate-early) genes are required (Wagner, 1991).
The expression of Ul37 and UI38 genes located near 0.55 map units on the
HSV-1 genome is driven by two divergent promoters which belong to different
kinetic classes (Flanagan et al., 1991). The promoter of the Ul 38 contains an im-
portant regulatory downstream activation sequence (DAS) (Guzowski et al.,
1994). The Ul38 gene product is a DNA-binding protein which is involved in the
packaging of the viral DNA into the viral particle (Braun et al., 1984), and in cap-
sid assembly (Tatman et al., 1994; Thomsen et al., 1994). The Ul37 gene product
is associated with the viral tegument (McLauchlan et al., 1994; Schmitz et al.,
1995). Adjacent genes, rrl and 112, encode large (RR1) and small (RR2) subunits
of the ribonucleotide reductase (Wagner, 1991).

The DNA sequences specifying the two subunits of the ADV ribonucleo-
tide reductase have been determined and characterized earlier in our laboratory
(Kaliman et al., 1994a, b). In the current study, we have extended the sequencing
of this region of the ADV genome to the adjacent genes homologous to HSV
Ul37 and Ul38, and have studied the expression of these genes at the transcrip-
tional level.

Materials and methods

Cells and viruses

Strain Ka (Kaplan and Watter, 1959) of ADV was cultured in confluent
monolayers of the porcine kidney (PK15) cell line. Cells were grown in Dul-
becco’s modified minimum essential medium (DMEM) supplemented with 5%
fetal calf serum, 0.5 mg/l gentamicin, and 0.25 mg/l amphotericin-B at 37 °C with
5% CO,. ADV from the medium of infected cells showing total cytopathic effect
was purified by isopyknic centrifugation in a discontinuous gradient, as described
previously (Kaliman et al., 1994aq).
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RNA isolation and Northern blot analysis

Total RNA was isolated from ADV-infected PK15 cells using guanidium
isothiocyanate caesium chloride (Gilman, 1989). Cells were infected with ADV at a
multiplicity of infection (MOI) of 1 or 10 plaque forming units (PFU) per cell. For
Northern blot analysis, 10 pg of total RNA was fractionated by gel electrophoresis;
blotting and hybridization were performed as described (Sambrook et al., 1989).
Multiprime system (Amersham) and a-[’P]JdATP were used for DNA labelling. For
the detection of mRNA transcribed from U138, the No#l-Sall DNA fragment (Fig. 1)
of plasmid pSP1was used as probe. The Pstl-X#hol fragment of p79P/28, containing
the 12 gene (Kaliman et al., 1994a), was used for detection and expression of 77-2.

A

HincII
1 GTTGACCTCGCCCACGGGCACCAGCGCCGCCTCGTCCACGGCCCGCGCCGCCTCGGCGAA 60

61 CTGCTCGCGCAGCGTCGGGTTCTGGCGGTCGTGGAAGAACTCGTCGGCGATCGTGAGGGC 120
121 AAAGAGCGCGCGCGTCAGCGGCTTCAGGCCCTCGTTCTGCATCTGGCGCACCGCCAACGC 180
181 CAGCGGCAGCGCCCAGTTGGTGTGCTGCGCCACGTAGCGCAGGCCGTCCTGCACAAAGTC 240
241 CATGTCGTAGAGCGTCGCGAAGCGGGGCTGCACGAGCGCGCGCGCCGTCTGCTCCGGGGG 300
301 CACGACGCGGGGCGCGGCCAGGACGTCGTCGGCGGAGCGCGCGCCCGCCAGGGCCTCGTC 360

361 GAAGGCGGCGCACCACTCGCTCACGAGGCGGAACATGGCGTCGGGGCCGAACTCGGCCGA 420
HincII
421 GGTGCGCAGCCCGGCCTCGGTGAGGGCGGCCGTGGTGTCGTCGCCGTTGACGACCCCCAG 480
SacI
481 GAGCTCCAGCAGCGGGGCCGTGCCCTCGTCCCAGTCGTGGCGCAGGCGCCACAGCGCCAG 540

541 GCCGGCCAGGTTCTCGGCGAGCACGGCCGCCTCGCAGGTGCCCGTCTCGACGTAGGCGCG 600
601 GCAGGCCAGGCGCAGCGCGCGCGCCCAGAGCCCGCGCACGCCCGCGGGCGTCTCGCGGCC 660
661 CGCGGCCATGAAGAACTCCAGGATGCGCGACTGCACCACCGTGGCGACGGCGTGGTCGGC 720
721 CTCCTCGAGCGCGCGCACGAGCGCCTCCATTATAAGAGGGTCCGCGCGCGGGCGCCGLCG 780

781 CGCACTCGACCCCGCGCGGCGCGACGATGAGCGTGCAGATCGGCAACGGGCTGCTGATGG 840
M s v 9 I G N G L L M V

841 TGGTCGCGCCGGGCACACTAACCGTGGGCTCGGCGCGCGCGCGCCTTATACGCCAGGTGA 900
v A P G T L T V G S A R A R L I R Q V T
Smal
901 CGCTGGCGGACTTTTGCGAGCCCCAGGCCGAGCGCCCGGGGCTGGTGGTGCTCGCGCTGC 960
L A D F C E P Q A E R P G L V V L A L R

961 GCCACCCCGCGGACCTGGCCGGCGCCGCCTACGCGGCCACGCCGCCCGGCAAGAACCACC 1020
H p A DL A G A A Y A A T P P G K N H R
1021 GCGACCTGGAGGAGGCGTGGCTCGCCCTCGACGAGGGCGGGCGCGGCCTCGGCGGCGACG 1080
b L EEA WL A L D E G G R G L G G D G
NotI
1081 GCATCCGCGCCTCCGTCGTCTCGCTCAACTTCCTGGTGGCGGCCGCCGAGAACGCGGACG 1140
I R A S VvV Vv s L N F L V A A A E N A D D
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ACGCGCTGCGCGCGCACGTGACGACCAACTACCGCGACCGGCGCACGGCCGCGLGLCCTCG
AL R A H V T T N Y R D R R T A A R L E

AGCGCTTCGCGACCGTGCTGCGCGCCATGATCCGGAGCCACGTGTTCCCGCACCGCGCGL
R F A TV L RAMTIUR S HV F P HUR A L

TGCACGTCCTCGGGGGGCTCCTGGGCCACGTGACGCAAGACCGGCTGGCCAGCGTCACGT
H v L G G L L G H V T Q D R L A S V T C

GCGTGGCCCGCGGCGACCAGGAGGCGGCGCGCACCAACGACATGGCCGCGCGCCGLCTCGL
vV AR G D Q E A A R TN DM AA AR R S Q

AGGTGCACGTGCCCGCGTGCGCGCTGATGGACGTGGACCGCGAGCTGCGCCTCGGCGGCG
v H v p A C A L M D V D R E L R L G G D

ACGACGGCCTCCGCTTCGCGTACCTGGTCTTTGTCTACACGCAGCGCCACCGCCGCGAGG
bp 6 L R F A Y L V F VY T Q R H R R E A

CGCTGCGCGTCCACGTGGCGGTGAGCCGCCTGCCCGAGCTCGGCGACGCCCTCAGCTTCC
L R VvV H V A V S R L P E L G D A L S F L
Sall
TCCTGGCCGGCACGCGCGTCGACAACGCGATCCACGGCACGGACGAGGCCGACGCCCCCG
L A G T R V DN A I H G T D E A D A P A
CCGCGCCCGCCGCCGCCGCGGCCTTCCCCGCGTACCTGTTCAACGACCCGCGCAGCGCGC
A P A A A A A F P A Y L F N D P R S A R

GCTGCCCGACGGGCCGGCTCAACACGCCCGCCGCCGAGGCGCTGCCCGTGTGGGCCCCCG
c p T GR L N T P A A E A L P V W A P D

ACATGCGCGGCCGCGCCACCCGGAACTCGTGCATGTACGCCGCCTACGTGCGCCTCGGCA
M R G R A T RN S C M Y A A Y V R L G T

CCGTCGAGCGCGTCGTGCGCCGGGCCGAGCGCTGCGGCTCGGTGGACCTGCCGCTGGCCC
vV ER V V R R A E R C G s V DL P L A H

ACATGGAGCGCTTCACCTGGGACGTGGGGGCGTGGGAGGAGTGTTTCTTCTGAAAAAACC
M E R F T W DV G A W E E C F F *

GGGGGCGGGTGTGTGAGACGGATGTGATGTTGCTGACGAGGCTAATAAAAAGGCGGGCAC
ACGCGCGCGTGTCCCCCCGCTGACCCTCCGTGCCGCGTCCGCGTCGTGTGTGACTCACCC
CATCGTCTCTCCCGCCCGCGATCCCGGCCCGTCCCGGCTTGTCCCGCCCCGCCCAGACAC

ATCCCATCATG 2111

B

TCACCTGGCGTATAAGGCGCGCGCGCGCCGAGCCCACGGTTAGTGTGCCCGGCGCGACCA

CCATCAGCAGCCCGTTGCCGATCTGCACGCTCATCGTCGCGCCGCGCGGGGTCGAGTGCG

CGGCGGCGCCCGCGCGCGGACCCTCTTATAATGGAGGCGCTCGTGCGCGCGCTCGAGGAG
M E A L V R A L E E

GCCGACCACGCCGTCGCCACGGTGGTGCAGTCGCGCATCCTGGAGTTCTTCATGGCCGCG
A D H AV AT VYV Q S R I L E F F M A A
GGCCGCGAGACGCCCGCGGGCGTGCGCGGGCTCTGGGCGCGCGCGCTGCGCCTGGCCTGC
G R E T P A G V R G L W A R AL R L A C

CGCGCCTACGTCGAGACGGGCACCTGCGAGGCGGCCGTGCTCGCCGAGAACCTGGCCGGC
R A Y Vv E T G T CE A A V L A E N L A G
SacI
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540 CTGGCGCTGTGGCGCCTGCGCCACGACTGGGACGAGGGCACGGCCCCGCTGCTGGAGCTC 481
L A L W R L R H D W D E G T A P L L E L
HincII
480 CTGGGGGTCGTCAACGGCGACGACACCACGGCCGCCCTCACCGAGGCCGGGCTGCGCACC 421
L G vvVv N G D DT T A AL T E A G L R T

420 TCGGCCGAGTTCGGCCCCGACGCCATGTTCCGCCTCGTGAGCGAGTGGTGCGCCGCCTTC 361
S A E F G P DAMVF R L V S E W C A A F

360 GACGAGGCCCTGGCGGGCGCGCGCTCCGCCGACGACGTCCTGGCCGCGCCCCGCGTCGTG 301
Db E AL A GAUR S A DDV L A A P R V V

300 CCCCCGGAGCAGACGGCGCGCGCGCTCGTGCAGCCCCGCTTCGCGACGCTCTACGACATG 241
P P E Q T A R A L V Q P R F A T L Y D M

240 GACTTTGTGCAGGACGGCCTGCGCTACGTGGCGCAGCACACCAACTGGGCGCTGCCGCTG 181
Db F V Q DG L R Y V A Q H T N W A L P L

180 GCGTTGGCGGTGCGCCAGATGCAGAACGAGGGCCTGAAGCCGCTGACGCGCGCGCTCTTT 121
AL AV R QM QN E G L K P L T R A L F

120 GCCCTCACGATCGCCGACGAGTTCTTCCACGACCGCCAGAACCCGACGCTGCGCGAGCAG 61
A L T I A D E F F H D R Q N P T L R E Q
HincII
60 TTCGCCGAGGCGGCGCGGGCCGTGGACGAGGCGGCGCTGGTGCCCGTGGGCGAGGTCAAC 1
F A E A A R AV D EA A L V P V G E V N

Fig. 1. Nucleotide and deduced amino acid sequences of divergent U137 and UI38 genes of ADV.

A. DNA and complete amino acid sequences of the UL38 gene. B. The DNA sequences from nucleotide 1
to 900 shown in A, encoding the N-terminal portion of the open reading frames homologous to Ul37. The
DNA sequence is shown as the rightward 5’ to 3’ strand and its nucleotides are numbered. Encoded protein
sequences are shown below the DNA sequence. The UI38 ORF extends from nucleotide 807 to 1910. The
coding sequence of UI37 extends from nucleotide 750 to 1 on the complementary DNA strand. The tran-
scription start sites of the UI38 and Ul37 homologues identified in this study are in bold and underlined in
A and B, respectively. Putative TATA boxes upstream from each coding sequence are in bold. Relevant re-
striction sites are designated above the DNA sequence. The nucleotide sequence data have been submitted
to the EMBL nucleotide sequence database and have been assigned Accession No. X80797

Sequencing and computer analysis

DNA sequences were isolated from pRL425 carrying the Kpnl-A fragment of
ADV using subcloning strategy (Kaliman et al., 1994a). Both DNA strands of sub-
clones were sequenced by the dideoxynucleotide chain termination method using T7
and Taq DNA polymerases, as described earlier (Kaliman et al., 1994a). In order to
resolve band compression due to the high G+C content of the ADV genome (74%),
deaza C-7 dGTP or dITP were also used as substrates. DNA sequences were ana-
lyzed using the sequence analysis software package GCG version 7.1 of the Univer-
sity of Wisconsin Genetics Computer Group (Devereux et al., 1985).

RNase protection assays

USB Ribonuclease Protection Kit was used for the RNase protection assays
according to the protocol provided by the manufacturer. Labelled *P-RNA probes
of Ul38 and UlI37 were prepared in vitro using the pCPrib vector. The vector con-
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tained the ADV Sacl-Smal fragment carrying the 5°- end fragments of both genes
(Fig. 1). After hybridization with total RNA, excess single-stranded RNA probe and
unhybridized sample RNA were removed by digestion with a mixture of RNases,
and the products were separated on a denaturing 6% polyacrylamide gel, then visu-
alized by autoradiography.

Results and discussion

Previously, we described the restriction map of the Kpnl-A fragment
(29 kb) of ADV and determined the nucleotide sequence of the r»/ (Ul39) and
rr2 (Ul40) genes (Kaliman et al., 1994a). In this report, we present the structure
of the adjacent 2,118 bp sequence encoding the UI37 and UI38 homologue genes
of ADV. Similar to other alphaherpesviruses, these two genes have a divergent ar-
rangement. Computer analysis identified the UI138 ORF extending from ATGgo; to
TGA 913 and encoding a polypeptide of 368 amino acids (Fig. 1A). The 250 N-
terminal amino acids of a Ul37 ORF (1-750 bp) have also been determined
(Fig. 1B). The intergenic region located between 750 (or 669) and 807 bp con-
tains putative promoters for both genes. Multiple sequence alignment of the ADV
Ul38 ORF and various herpesvirus homologues revealed high similarity in the
121-368 aa part of the protein, and high variability in the N-terminal part (Fig. 2).
Similarly, alignment of the ADV Ul37 ORF and various herpesvirus homologues
(data not shown) revealed high similarity in the corresponding proteins of alpha-
herpesviruses. Recent studies indicate that HSV-1 Ul38 and Ul37 are associated
with virions: the U138 protein is involved in capsid assembly (Tatman et al., 1994;
Thomsen et al., 1994) and the Ul37 protein is associated with the viral tegument
(Schmitz et al., 1995). The functions of the UI37 and Ul38 homologues of ADV are
not known; however, due to high similarity between the proteins of both viruses, we
anticipate that both ADV gene products are also associated with virions.

To characterize the expression of the sequenced genes in cells infected with
ADV, Northern blot hybridization was applied for analysis of total RNA isolated from
cells infected with the virus at a MOI of 1 PFU/cell. We found that both Ul38 and
UI37 genes were templates for monocistronic mRNAs (Fig. 3). We were not able to
find a large readthrough mRNA encoding U138 and U139, as described for the HSV-1
(Flanagan et al., 1991), using either U138- (Fig. 3A, B) or Ul39-specific probe (data
not shown), which implied that the expression regulation of the respective genes of the
two viruses could be different. The determined size of the mRNA, 1.1kb (Fig. 3A), is
consistent with the one predicted from the DNA sequence of the UI38 gene of ADV
(see Fig. 1). The mRNAs of the homologous gene of HSV-1 and bovine herpesvirus 1
are longer (1.6—1.7 kb, Flanagan et al., 1991; Simard et al., 1995). The exact size of
the UlI37 mRNA was not determined, but our estimate is 3.5-4.0, which is in accor-
dance with the 3.6 kb found for HSV-1 Ul37 (Flanagan et al., 1991).
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Temporal accumulation of the UI38 and UI37 gene products of ADV was
analyzed by Northern blot hybridization of RNA isolated from cells infected with
virus at a high MOI: 10 PFU/cell. The Ul38 and UI37 mRNAs were detectable as
soon as 2 h postinfection (Fig. 3B, C), indicating that they were expressed simi-
larly, early in infection. In contrast, both the Ul37 and Ul38 gene products of
HSV-1 are expressed with significantly different kinetics in productive infection:
the HSV-1 Ul37 gene has been classified as a gene of the early kinetic class
(Flanagan et al., 1991), while the HSV-1 U138 gene is regulated with late kinetics
(Flanagan et al., 1991; Guzowski et al., 1994), suggesting that tegument proteins
of HSV-1 function both in early and late events (packing and cleavage of the viral
DNA) during virus development.

In view of the discrepancy observed in kinetics of ADV and HSV-1 UI38
transcriptions, we compared the transcription kinetics of the ADV UI38 with that
of the 7 genes (U139 and Ul40) regulated with early kinetics in all herpesviruses.
Total RNA isolated from cells infected with low (1) and high (10) MOI of ADV
was analyzed in Northern blot experiments using rr2-specific probe. Our experi-
ments indicate two RNA transcripts of 3.6 and 1.1 kb, encoding both large (RR1)
and small (RR2) subunits of RR, and only the small subunit (RR2), respectively
(Fig. 4A). Both transcripts (RR1+RR2 and RR2) appear at the early stage of in-
fection and accumulate during virus replication. Interestingly, at higher MOI the
RR2 transcript appears at the very early stage of infection (Fig. 4B), and then the
intensity of the RNA band decreases sharply. At lower MOI, the accumulation of
the RR2 transcript is similar to that of RR1. Comparing the kinetics of RR2, U138
and Ul37 gene expressions, we conclude that they belong to the early viral genes
of ADV. Additional studies will be performed to confirm this.

POSTINFECTION (h)
6 1224 KB 01 246 81012 01246 81012
e z ‘ ul37
Sk ul3s 4 8B
= -’_,ﬁo . |.'"<; i
"ﬁ
A B C

Fig. 3. Northern blot analysis of UI38- and Ul37-specific RNAs of ADV. Positions of molecular
weight markers are indicated on the right (A). RNA was purified from the virus-infected cells at the
times postinfection (hours, h) indicated on the top. The multiplicity of infection (MOI) was 1
PFU/cell (A) or 10 PFU/cell (B, C). For further details see the text
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POSTINFECTION (h)
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Fig. 4. Northern blot analysis of UI39 (RR1)- and Ul40 (RR2)-specific RNAs of ADV. Positions
of molecular weight markers are indicated on the right (A). RNA was purified at the times posti n-
fection (h) indicated on the top. The MOI was 1 (A) or 10 (B) PFU/cell

To characterize the transcription of the UI37 and Ul38 in more detail, RNase
protection assays were used which allowed us to localize the 5’-end of the mRNAs.
Labelled Ul38- and Ul37-specific probes were separately hybridized with the total
RNA of ADV-infected cells followed by RNase treatment. The transcription site
was deduced from the size of RNase-protected RNA fragment. For the UI38, we
obtained a 150—155-base RNase protected fragment, which allowed us to identify
the transcription initiation site within the 5’-CCGCGCACTCGAC-3’ sequence of
the gene, at 16-29 base upstream from the closest ATG (Fig. 1A and 5A). Using a
Ul37-specific probe, we obtained two truncated RNase protected fragments of 370—
380 (minor) and 260 (major) bases (Fig. 5B). These fragments indicated that the
UI37 gene has two transcription initiation sites: a minor site within the sequence
5’-CGAGCCCACGGTTAGTGTGC-3’, and a major site within the sequence
5’-GAGGCGCTCGTGCGCGCGCT-3’ (Fig. 1B). Sequence analysis showed that the
intergenic region contains two TATA-boxes, each of which could be linked to the
separate translation (ATG) and transcription initiation sites of UI37 (Fig. 1). Similarly
to HSV-1 Ul38 promoter (Flanagan et al., 1991), the major start of ADV Ul37 is lo-
cated only several bases downstream of the TATA-box. The distance between the two
ATGs is 27 amino acid residues, which allows us to hypothesize that two polypeptides
are translated from two overlapping alternate mRNAs. It is worthwhile to note that
analysing the transcription site of the HSV-1 Ul37 the authors also observed a domi-
nant (shorter) and a minor (larger) mRNA (Flanagan et al., 1991). We believe that
these mRNAs of both viruses could be derived from alternate start sites and could play
an important role in the regulation of the U137 gene.
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Fig. 5. Mapping of the 5’ end transcripts encoding the U138 (A) and U137 (B) analogues of ADV
by RNase protection assay. RNase protected RNA fragments are shown by arrows. In lane M, mo-
lecular weight standards are presented with the sizes in base pairs (bp). In lane P, the initial size of
the labelled probe is shown. RNase protection assay was performed with the total RNA isolated
from infected cells at 6, 12 and 24 h postinfection. The analyzed products in the corresponding
lanes are designated as 6-12-24. Due to the close distance and identical patterns of the probes, the
radioactive bands in these three lanes look confluent. For further details see the text
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