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We have determined the nucleotide sequence and transcription pattern of a group of open reading frames of
pseudorabies virus (PRV), which are located at the right end of the BamHI-G fragment from 0.664 to 0.695
map units in the unique long region of the genome. Nucleotide sequence analysis revealed four open reading
frames. The first three correspond in genome location to the herpes simplex virus type 1 (HSV-1) open reading
frames ULI, which codes for glycoprotein L (gL); UL2, which codes for a uracil-DNA glycosylase; and UL3,
which codes for a polypeptide of unknown function. The fourth open reading frame, U13.5, is not present in
the HSV-1 genome. Northern (RNA) blot analysis with oligonucleotide and cDNA probes revealed four
abundant mRNA species of 3.3, 2.7, 1.8, and 0.9 kb, which are likely to yield polypeptides encoded by the ULl,
-2, -3, and -3.5 open reading frames, respectively. All four transcripts were of the early-late kinetic class,
transcribed in the same direction, and 3' coterminal. The UL2 and UL3 genes of PRV and HSV-1 have
significant amino acid sequence homology, while the ULl genes are positional homologs and the UL3.5 gene
is unique to PRV.

Pseudorabies virus (PRV) is a member of the Alpha-
herpesvirus subfamily, which includes the human viruses
herpes simplex virus (HSV) types 1 (HSV-1) and 2 (HSV-2)
and varicella-zoster virus (VZV). The natural host for PRV
is swine, although some other animal species are susceptible
to infection as well (26). PRV is similar to HSV-1 in genome
size, structure, and arrangement (2). Both genomes are
divided into unique long (UL) and unique short (Us) regions.
However, only the Us region is invertible in PRV, while
both the UL and Us regions are invertible in HSV-1.
Genomic differences reported for PRV relative to the HSV-1
genome include contraction of the PRV US region (24) and a
large inversion from approximately 0.1 to 0.4 map units in
the PRV genome (2, 8).
The entire 152-kb HSV-1 genome has been sequenced and

reported to contain at least 72 genes (14). The complete
nucleotide sequence of the estimated 140-kb PRV genome
has not yet been determined. Approximately 30 PRV genes
have been sequenced and mapped to date. While many PRV
genes are homologous in position and sequence to their
HSV-1 counterparts, some genes present in HSV-1 are
absent in PRV. The kinetics of expression of some PRV and
HSV-1 homologous genes also differs (2, 13).

Previous studies identified a complex pattern of transcrip-
tion in the PRV BamHI-G fragment (2). In this study, we
present the DNA sequence, arrangement, and predicted
amino acid sequence of a group of four PRV open reading
frames located from 0.664 to 0.695 map units in the
BamHI-G fragment of the UL region. We designated these
PRV open reading frames UL1, UL2, UL3, and UL3.5, to
reflect organizational and sequence similarities between
PRV and HSV-1. Northern (RNA) blot analysis was per-
formed to map and identify the kinetic class of the UL1,
UL2, UL3, and UL3.5 transcripts. The results revealed a
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complex pattern of overlapping and possibly spliced tran-
scripts which have similar transcription termination se-
quences and may also have common promoter sequences.

MATERIALS AND METHODS

Cells and virus. The Indiana-Funkhauser (InFh) strain of
PRV was grown on Madin-Darby bovine kidney (MDBK)
cells cultivated in Eagle's minimal essential medium supple-
mented with 10% fetal bovine serum.

Nucleotide sequencing and analysis. The BamHI-G frag-
ment was cloned into the Bluescript SK+ plasmid, and the
nucleotide sequence of both strands was determined by the
dideoxy chain-termination method with a series of oligonu-
cleotide primers (23). Searches of the GenBank version 72
and Swiss-Protein version 22 data bases were performed
with the program FASTA from the University of Wisconsin
Genetics Computing Group (19). Multiple protein sequence
alignments were computed with the Alignment program from
GeneWorks (Intelligenetics).
RNA isolation and Northern blot analysis. Total cellular

RNA was isolated as described previously (5). Glyoxal-
treated total-RNA samples were subjected to electrophore-
sis and transferred to nylon membranes by using positive
pressure in lOx SSC (lx SSC is 0.15 M NaCl with sodium
citrate at 0.015 M). Hybridizations with nick-translated
probes were done as described previously (6). Hybridiza-
tions with 32P-end-labeled 18-mer oligonucleotide probes
were performed at 45°C in the presence of 5x SSC-5x
Denhardt's solution (lx Denhardt's solution is 0.2% each
bovine serum albumin, Ficoll, and polyvinylpyrrolidone).
The blots were washed at 50°C with 5 x SSC-5 x Denhardt's
solution for 30 min, then at 51°C with 3.2 M tetramethylam-
monium chloride containing 1% sodium dodecyl sulfate for
30 min, and then twice for 15 min each in 2x SSC at room
temperature.

Nucleotide sequence accession number. The DNA sequence
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0,1 0,2 013 014 Ol 06 017 08 MQ9 110 stream of UL1, from nucleotides 912 to 999, is a region of
UL Il US TR eight direct repeats, consisting of the sequence CCCCCC

M CGACT. ULl has the capacity to code for a 217-amino-acid
pF A B KJR D1 C IGICPRlEILH¶IILO protein with a predicted molecular mass of 23 kDa and an

isoelectric point of 6.5. Examination of the arrangement of
PRV genes in the vicinity of ULl suggested that PRV ULl is
equivalent in genome location to the VZV gene 60 (7) and the

A T T T HSV-1 ULl gene (14), which codes for the glycoprotein gL
i i4029 1651 451 274 (11). Both the HSV-1 and PRV ULl open reading frames are

located upstream of and partially overlap their respective
An UL2 open reading frames (see below). Immediately up-

,_____ , stream of the ULl open reading frame is the early protein 0
___ ^ (EPO) gene in PRV and the homologous ICPO gene in HSV-1

(6, 14). Thus, the ULl open reading frames in PRV and
HSV-1 are flanked by homologous genes. The predicted

F3 -9 F93 F39 -13 PRV ULl translation product has limited sequence homol-
F3 F9 F93 F39 F13 ogy to the translated VZV gene 60 (Fig. 3) and to HSV-1

am of the PRV genome and BamHI ULl. As computed by the Alignment program from Gene-
enome is organized into the unique Works, PRV ULl has 21% identity with VZV gene 60 and

ixpanded diagram of the BamHI-G 13% identity with HSV-1 ULl. The identity between HSV-1
box; A, polyadenylation signal. (C) ULl and the VZV gene 60 is 12%.(Ao;) cDNA clone GZ2. The A ZAP UL2. The PRV UL2 open reading frame is located from
ted with polyadenylated RNAs iso- nucleotides 1586 to 2602. Examination of the sequence
-ted with PRV InFh, as described revealed no TATA box elements immediately upstream of
fragment, 32P labeled by nick trans- UL2. The closest upstream TATA box is located 5' to ULl.
Or BamHI-G-specific clones. DNA UL2 has the capacity to code for a 339-amino-acid basic
ued, and the DNA sequences were protein with a predicted molecular mass of 36 kDa and an
hain-termina2tiounL methdod(23). (D) isoelectric point of 10.2. The predicted translation product
es UL1, UL2, UL3, and UL3.5. The
rated by an arrow. (E) Location and contains a consensus uracil-DNA glycosylase signature se-
Irobes. quence (WARRGVLLLN) (17, 18, 22) from amino acids 232

to 241. A comparison of the PRV UL2 translated sequence
with known and predicted viral, bacterial, and eukaryotic
uracil-DNA glycosylase sequences is shown in Fig. 4 (1, 4, 7,

submittedLtothe GenBankdata 14, 17, 25, 27). PRV UL2 is 48% homologous with the
er L13855. 335-amino acid HSV-1 UL2 and 55.8% homologous with the

295-amino-acid HSV-2 UL2, both of which have been shown
SULTS to have uracil-DNA glycosylase activity (16, 27). The great-

est divergence among these sequences occurs at the 5' end.
the BamHI-G region. We have The overall homology among the eight uracil-DNA glycosy-
sequence of the right-hand por- lase sequences shown in Fig. 4 is 12.8%.
nent of PRV strain InFh, from UL3. The PRV UL3 open reading frame is located from
l the conventional PRV genome nucleotides 2661 to 3371. A potential TATA box is located
with the entire PRV genome (2), upstream of UL3 at nucleotide 1651 (TATAAT), within the
'3% G+C. Figure 2 shows the UL2 coding sequence. With the first potential methionine
red from right to left with respect codon at nucleotide 2661, UL3 has the capacity to code for
,enome map, beginning with the a 237-amino-acid protein with a predicted molecular mass of
a of the BamHI-G and -P frag- 26 kDa and an isoelectric point of 5.8. UL3 contains two
quence analysis revealed four additional in-frame ATG codons at nucleotides 2679 and
es, named UL1, UL2, UL3, and 2682, which, if used, would yield protein products of 231 and
.h the corresponding HSV open 230 amino acids, respectively. Figure 5 shows that the
open reading frames were all deduced PRV UL3 product has homology with the deduced
tion. The locations and the pre- products of HSV-1 UL3 (14) and VZV gene 58 (7). All three
es of these open reading frames predicted proteins are similar in size. The greatest sequence

divergence occurs at the 5' end of the proteins. No protein
TATA boxes in the UL1, -2, -3, product or function has been described for HSV-1 UL3 or
d at nucleotides 274 (TATATT), VZV gene 58 to date.
rATAAT) (Fig. 2). The first two UL3.5. The PRV UL3.5 open reading frame is located
of UL1, and the third is within from nucleotides 3371 to 4030. The only potential polyade-
upstream of UL3. The only nylation signal for the entire ULl to UL3.5 gene cluster is

signal for this gene cluster located immediately downstream of the UL3.5 open reading
the UL3.5 open reading frame at frame. The closest TATA box for UL3.5 is located upstream
[denylation signal 5' of the gene of UL3. UL3.5 has the capacity to code for a 220-amino-acid
tilized by the EPO gene (6). basic protein with a predicted molecular mass of 24 kDa and
ding frame (nucleotides 1024 to an isoelectric point of 12. The amino acid composition of
ng frame downstream of the two UL3.5 includes 17% alanine and 16% arginine residues. In
s 274 and 451. Immediately up- addition, the amino acid sequence contains a histidine- and

J. VIROL.
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101

GGA,TCCCCCCGCTCCGCTACTCATCTCCCGACCTCACCCAGCGACGACTGACTCCTCTTCCTCTCCGTTCCTGGCGACCCTGTTGCTGCTGCGGCCGCCGCCGCTCCTGCCCCCACTTCGGCTCCCGCTCCTGCTCCTGCTCCCGGCCCCACTCCTGTTCCTGTTCCTGTTCCTGTTCCTGTTCCCGGTCCT

201 GCTCCGGCTCCCGGCCCCGACCCACCTCCGCTCCTGCTGCGGGTCT_CAGTCCGTCTCTCCCGC
301 CCGGTGTCTTCTATGGCTGAGGGAGTCTGGCTCTCGGGGCTCTCGGGTCGG CGGCTGGTTGGCTGGCTGGCGAGATGGCICCCGGCG
401 GCGTCCGCGGCTGCTGTGATGGGTGGGCGGAGCGCGGACCGGGATTATATACACGATGTGCATCCTAATTGATGTTGTGAGACAAAGT
501 CATAAAGTGGCACTCAGUAACACTTTGGCCTGGCGCCCGGCCACCATCTGAGTGCCCAACCGGGCCCGGCGGTTACATCACCCCCACATGGACCATCAC
601 GGCCCATTACACAATTGGCCAGAGTGTCGGGAGCCCCGCTAATTGCAGTAAGC CAGACTGCAATTTACCGCGCGATACTGCAGTTTAC
701 TGQGCCGCGGTAAACTGQGTGTAGTATTTGGCGGCGGCGCGCGGTGCAI GTAGTAAACTGTAGCTGCA
801 GTAGAGTTACTGCAGCCATCGGGCCGGTGTGGCCGCCAGGGTAACTGCACCCGCAGTAAATTTACTGCAOCCGGACTTTGTGCGCTGTGGAGACCGCG
901 CCGAACTGGGACCCCCCCGACTCCCCCCCGACTCCCCCCCGACTCCCCCCCGACTCCCCCCCGACTCCCCCCCGACTCCCCCCCGACTCCCCCCCGACTC

ULl M R P I A P R S A S P R S S C P A P G T W H V F P P
1001 CCCCGGGCGCGTC_GC_CTCGATGCCCCCATCGCGCCCCGTTCCGCTTCGCCACGCTCCAGTTGCCCCGCCC CGTGGCGTATTTCCCCC

27 R K S R G I M R M S S L C L N F L F P E I K A G T P A P K K D T P
1101 CCGTAAATCAAGGGATTATGCGGATGTCTAGTTTATGTCTCAATTTCCTCTTTCCGGAGATAAAAGCCGGGACCGCGCCGlAAAAAGG:ATACACCA
60A A M S P L V A V L V F F S A A L G V P G P G V A G N P R G L D A I

1201 GCCGCGATGTCGCCGCTCGTGGCGGTGCTGGTGTTTTTTTCGGCGGCGCTGGGGGTTCCTGGCCCCGGCGTCGCGGGACCCCGTGGGCTCGATGCCA
94 F E A P V T P A P P T R H P R R E E L E W D D E D H P L L D L E P

1301 TCTTCGCCCCGGTCACGCC CGCCATCCTCGGCG CGGAGTGGGACGATGAGGATCACCCGCTGCTGGACTCGAGCC

127 P V G S R C H P Y I A Y S L P P D M N A V T S V V V K P Y C S P P
1401 GCCCGTGGGATCACGCTGCCATCCCTACATCGCGTACTCGCTGCCGCCGGACATGAACGCCGTCACGAGCGTGGTCGTGAAGCCCTACTGCTCGCCGCCG
160E V I L W A S G T A Y L V N P F V A I Q A L A V G E P L N E A A L K

UL2 M R R P s
1501 GAGGTCTCCTGTGGGCGTCTGCGCCTACCTGGTACCCCTTTGTCGCC TCCAGGCCCTGGCG CT TCGCCCA
194 E L G E V A V H K D S L P P L R Y N G G P P A E
6R S S E R W P C T R T P C R R C A I M E G P P P S K R P C G L P P G

1601 AGGAGCTCGGAGAGGTGGCCGTGCACAAGGACTCCCTGCCGCCGCTGCGCTATAATGGAOGGCCCCCCGCGAGTAAGAGACCTGCGGCCTGCCGCCCG
40 V R L V V P A A A A A S A S N A A T A A A A A A P A G A G A G A S

1701 GGGTGCGCCTCGTCGTGCCTGCCGCCGCCGCCGCTTCTGCCTCT GCCGCTG CGCCCGCCGGGGCC
73 K P A R P P A A A R P A K G T P A A S A A T T A T G A D A S A P A

1801 GAAGCCGGCCCGACCCCCCGCCGCCGCCCGGCCCGCGWGGGCCCGCGGCGTCGGCGGCAA CACGGGGGCCGACGCCTCCGCCCCGGCC
106 P D P G A P T N D A F A A E F D V A P S w R A L L E P E I A K P Y A

1901 CCCGACCCCGGGGCGCCCCGTGGGACGCCTTCGCCGCCGAGTTCGACGTGGCCCCCTCGTGGCGCGCGCTGCTGGAGCCCGAGATCGCCAGCCGTACG
140 R L L L A E Y R G R C L T E E V L P A R E D V F A W T R L T A P E

2001 CGCGCCTGCTGCTGGCCGAGTACCGCGGCCGCTGCCTGACCGAGGAGGTGCTGCCCGCGCGCGAGGACGTGTTCGCCTGGACGCGCCTCACGGCGCCCGA

173 D V K V V I I G Q D P Y H G P G Q A H G L A F S V R R G V P I P P

2101 GGACGTCAAGGTGGTCQTCATCGGCCQGGACCCGTACCQCGGGCCGGGCCQGGCCCACGGGCTGGCCTTCAGCGTCCGGCGCGGGGTGCCGATCCCCCCG
206S L A N I F A A V R A T Y P T L P A P A H G C L E A W A R R G V L L

2201 AGCCTGGCCQACATCTTCGCGGCGGTCCGGGCGACGTACCCGACGCTGCCCGCGCCCGCCCACGGCTGCCTGGAGGCCTGGCGCGCGGGGGTGCTGC
240 L N T T L T V R R G V P G S H A P L G W A R L V R A V V Q R L C E
2301 TGCTGA GACCGTGCGGCGCGGGGTCCCCGGCTCCCACGCCCCGCTCGGCTG GCTTGCGCGCCGTCGTC CTCGCGA
273 T R P K L V F M L W G A H A Q K A C A P D P R R H K V L T F S H P
201GACCCGCCCCAAGCTGGTGTTCATGCTCTGGGGCGCCCA CGCTCAGG=GCGCGCCGGACCCGCGCGCCAGGCTCACCTTCAGCCATCCG

306 S P L A R T P F R T C P H F G E A N A Y L V Q T G R A P V D N S V D
2501 TCGCCGCTGGCCCGCACGCCCTTCAGGACCTGCCCGCACTTTGGAGAGGCGAACGCGTACCTCGTCCAGACGGCCGGGCCCCG GTCACTGGAGCGTGG

UL3 M D G G E R M M E P A L A G
2601 ACTGAGTCGGGCGTGTGATGGAGCCCGCGCTCGCCG

15 A P A S A L P V L A V L R E N G W A V E E V E P S G P C P E D A D
2701 GCGCCCCGGCCAGCGCGCTGCCGGTCCTGGCGGTGCTGCGCGAGTGGGGATGGGCCGT TCGAGCCCT TGCCCGGAGGACGCGGA

48 A P R E S A P P P R E G V R G S E D G E G G V E D G E E G K A T E
2801 CGCG CCCCTCCCGGCGT GACGGAG

81 K E E T E D E E D G G D E G T T T A A A G P R R A Q H V E F D T L F
2901 AGACGAC G C GCCGTGGAGTTTGAQ CGCTGT
115 M V A S V D E L G R R R L T D T I R R D L A A A L A G L P V A C T

3001 TTATGGTCGCGTCCGTGGACGAGCTCGGGCGCCGGTGACGGACACGATCCGCCGGGACTGGCCCCTGGCCGGCCTCCCCGTCGCCTGCAC
148 K T S A F A R G A R G P R G A P G R G H K S L Q M F IL *C R R A H

3101 CAAGACGTCCGCGTTTGCGCGCGGCGCGCGCGGCCCGCGGCCTGQGATGTTTATCCTGTGCC C
181A A R V R D Q L R S A V R A R R P R E P R A R P T S G R A R P A A P

3201 GCGGCGCGCGTACGGATCAGCTCCGGTCCGCGGTGCGCGCCCGACGCCCACGCGAGCCCCGCGCGCGCCCGACGAGCGGACGGCGCGGCCGGCCGCGC
215 V F I H E F I T P E P V R L H R D N V F A A P

UL3. 5 M S T F G R A S V A
3301 CGGTGTTCATCCACGAGTTCATCACCCCCGAGCCGGTGCGGCTGCACCGGGACAACGTGTTTGCGGCGCCATGAGCACCTTCGGACGCGCGTCCGTGGCC

11 T V D D Y H R F L Q A N E T A A R R L A A A S RR V S T G G G E T R
3401 ACGGTCGATGACTACCACCGGTTCCTGCAGGC QACGAGACGGCCGCCCGGCGCCTGGCCGCGGCCTCCCGCCGCGTCT CGC

45 A P R S S R G P H D D E A P L R A G G L G T A R G R S R Q R G A T
3501 GGGCCCCGCGGTCCTCGCGCGGCCCCCACGACGATGAGGCGCCCCTGCGCGCCGGCGGCCTGGGCACC GGCCGcGGCTCGCQCAGCGCGGCGAC

78 E P D P V Y A T V V Q P T H H H H Q Q H H H R S Q H P Q Q Q Q Q Q
3601 CGAGCCGGACCCCGTCTACGCQCCGTCGTCQGCCTACCCACC C CC CCGCTCTCAGCATCCGCAG ACAG
111 Q R A P R R R G S V H A S A T A A D G P E S C A A A P P R R R G S V

3701 CCACGCCGCC GCACGCCTCGGCGACGGCCGCGGA TCGTGCACCCCCGCGCCGC
145 H A S A T A A P A V Q L P R P R Q R S I N A S T T A A P T P Q L P

3801 TGCACGCCTCGGCGACGGCCGCCCCGGCGGTCCQGCTGCCCCGGCCCCGGCAACGGAGCATCAACGCTQC GCC
F3

178 R P R Q R S V N A S A R A A V P S T A T L P R P R T P S R G R R A
3901 GAGACCCCGCCAGCGQCGCGTCAACGCCTCGGCCCGCGCCGCCGTCCCCTCGACGGCCACCCTCCCGCGCCCCCGGACCCCGTCCCGGGGCCGGCGCGCG
211 P P A S C C Y R D Q

4001 CCCCCCGCCTCATGCTGTTATCGCGATCAATAGGCGACGCCCCGGACAGAAAAAGACACACCGGTTCGGTCTCTCTGTCCGCG_CACGC__

FIG. 2. Nucleotide sequence of the right end of the BamHI-G fragment of PRV InFh. Numbering is from right to left with respect to the
conventional PRV genome arrangement. Numbering starts with the BamHI site at the junction of the BamHI-G and -P fragments. The
predicted amino acid sequences of UL1, UL2, UL3, and UL3.5 are indicated. Putative TATA boxes, polyadenylation site, and translation
initiation ATG codons are indicated by a single underline. The 18-mer oligonucleotide probes are complementary to the nucleotide sequences
indicated by a double underline. The starting and ending coordinates of cDNA clone GZ2 are indicated by asterisks.

glutamine-rich domain from amino acids 91 to 111. The
beginning of this domain consists mainly of histidine, and it
ends with seven glutamines. The PRV UL3.5 open reading
frame does not have a counterpart in HSV-1. A search of the
Swiss Protein data base with the UL3.5 translated sequence
revealed no detectable sequence homology to any herpesvi-
rus or other protein sequences.

Kinetic class of ULl to UI3.5 transcripts. To determine the
transcriptional activity of the BamHI-G region, Northern
blot analysis was conducted on mRNA isolated from PRV-
infected MDBK cells at various times postinfection (p.i.). As
shown in Fig. 6, the 32P-labeled BamHI-G probe hybridized
to four abundant transcripts of 3.3, 2.7, 1.8, and 0.9 kb. A
minor RNA species of 3.6 kb, derived from the left end of
BamHI-G (unpublished data), was also detected. All four
major transcripts were detected at 4 h p.i. and did not

PRV FPIAPR49i} RSSCPAPGT 0VFPPRKSR SSFLFPEIKAG 50
VZV --------- LLQIVFLK _5-TIA* .L-------- 24

PRV TPAPKM6Tik AMSPLVAVLV LGVPG PGVAGNPRGL DAI2PfE'VTP 100
VZV ----Ql:* ---------L -PLSD VSLIITEPCV SSVY--- 55

PRV APPTRHPRRE ELEDEfDP LLDLEf;S RCHPYIAY S}PDH0VTSV
vzv ---------- --A ---- P ------- --- SLSGI 150

73

PRV _LPCSlP :VL--ASGT A N _ IQAL__P LNEAALKE--
VZV IVYE T1 CPPE 00VILW FKDKQM AY 'INP_ TL KG LAIQS HKSGDIRDAL 194vzv t2+ ~~~~~~~~~~~~~123
PRV j-3EV- ---LRY ---- ---PAE
VZV LfALS STNIPE EPjDRL FQRVCQ 217

FIG. 3. Comparison of the predicted amino acid sequences of
PRV ULl and VZV gene 60 (7). Gaps (dashes) were introduced for
best alignment. Identical residues are boxed; similar amino acids are
shaded. The 217-amino-acid PRV ULl and the 159-amino-acid VZV
gene 60 products show 21% sequence identity.
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MRRPSRSSER WPCTRTPCRR CAIMEGPPPS KRPCGLPPGV RLVVPAAAAA

MKRACSRSPS -PRRRPSSPR RTPPRDGTPP QKADADDPTP GASNDASTET

H--------A -MKRNPSRVF CAYSKNGT-- HRSAA--PT- ---------T

M-------- --DVSGEPTV CSNAYANE-- MKLSDSKDIY VLAHPVTKKT
A--------- -------NEL ---------- TW-------- ----------

M--------- -------GVF C-------LG PW-------- GLGRKLRTPG

--------- -------ASR GLD------- LW-------- ----------

H--------- -------ALK ---------- QW-------- ----------

SASNAATAAA AAAPAGAGAG ASKPARPPAA ARPAKGTPAA SAATTATGAD

RPGSGGEPAA CRSSGPAALL AALEAGPAGV TFSSSAPPDP PMDLTNGGVS

HR-------- CIAGGGR--- GALDAGAE-- --NTQGHPE- SRCFPGGRPP

RK-------- -RPRGLP--- LGVKLDPPTF KLNNMSHHYD TETFTPVSSQ
---------- ---------- -HDV------ ---------- ---LAEE---

KGPLQLLSRL C------GDH LQAIPAKKAP AGQEEPGTPP SSPLSAEQLD
---------- ---------- LDEHVWKR-- ---------- KQEIGVKGEN
---------- ---------M LANIADNK-- ---------- GSLLTPDEQA

ASAPAPDPGA PTWDAFAAEF DVAPSWRALL EPEIAKPYAR LLLAEYRG-R

PAATSA---P LDWTTFRRVF LIDDAWRPLM EPELANPLTA HLLAEYNR-R
QTGPSW---C LG-AAFRRAF LIDDAWRPLL EPELANPLTA RLLAEYDR-R

LDSV------ ---EVFSK-F NISPEWYDLL SDELKEPYAK GIFLEYNRLL
---------- ---------- ------KQQ- --PY---FLN TLQTVASE-R
RIQRNKAAAL LRLAARNVPV GFGESWKKHL SGEFGKPYFI KLMGFVAE-E

LL-------- --LPDLWLDF ------LQL- -SPIFQRKLA AVIACVRR-L

RV-------- FCLSADWIR- -F-LSLPDH- -DTV---LLR DTVAAVEG-A

CLTEEVIE{R EDVFAWTRLT APED'' I PHGPGQ. VRR

CQTEEVIP R EDVFSWTRYC TPDEWVVT I jGQ1PY qHPG_Q, A. GL F VRA

CQTEEVIP R EDVFSWTRYC TPDOWVEV .I GODMPY HPCQQ LGLIVRA
NSGEE,IIP. T GDIFAWTRFC GPOSI. , , .GQP4YTAH CG VER

QSGVTrIl1P Q KDVFNAFRFT ELGDV:,1VVQVI PY iGPGQ VRP

RKHYTSY pP HQVFTWTQMC DIKD I LGPY GPN:Q, VR

RTQATLV PE DMCMAWARFC DPQS I
L

-S TGVAY
RQLEM.V)Y EHVHRWSYLC PPROVI V}V OODP.Y Mi-0S A G. Z TLA

i-~~~~~~~~~rr-.
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PRV GVy. P SV N- tFAAVRATYP TLPAPA.-JLW LN Ts RG 249
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VZV TV4S VY GW oRLVQE R tCENRTG Y,F, LW A 2K- TTQPNSRC H 264
ECOLI QA SiGAS] TFTDI ISNQHREG KK GAIIDKQ 180
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HCMV GP § RH W TLSN RR LSERREHI LW C EYLIDRR 207

HSV1 t1 KF HPSP L ---S-KVP-- - ITCCH VNYLETRS ISPIDWSV-- 334
HSV2 V KF HPSPL ---S-KVP-- --3TCCH A NZYLETRD IMPIT-VV-- 294
VZV 9t THIP:P| --'.-V- C iNYPTRKG EPE-IDWS-VI 305
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EBV S HPSP AQNSTRKSAQ Q0GNHFH N FLREKG LGEIIDWRL-- 255
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PRV ----- 339
HSV1 ----- 334
HSV2 ----- 294
VZV ----- 305
ECOLI PAESE 228
HUMAN ----- 304
EBV ----- 255
HCMV ---CG 250

FIG. 4. Comparison of the predicted amino acid sequences of
PRV UL2 with those of known and predicted HSV-1 (15), HSV-2
(27), VZV (7), Escherichia coli (25), human (17), EBV (1), and
HCMV (4) uracil-DNA glycosylases. The uracil-DNA glycosylase
signature sequence (heavy overline) was identified by the Prosite
program in PC Gene (Intelligenetics), based on data in references 17,
18, and 22. Gaps (dashes) were introduced for best alignment.
Identical residues are boxed; similar amino acids are shaded.

decrease in abundance for the remaining course of the
infection (Fig. 6A). The increase in RNA levels at 12 h p.i. is
likely due to second-round virus replication, since the repli-
cative cycle of InFh in MDBK cells is approximately 8 h (5).
The high-molecular-weight RNA species which appeared in
the 12-h sample has not been identified.
To determine whether viral DNA replication was required

for transcription, parallel cultures were treated before and

PRV _ DGGERMMEP ALAGAPASAL H-VLA VEEVEPS GPCPEDADAP
HSV WKPLVSYGS VMSGVGGEGV SALAI FD--TPN ----HESGIS
VZV ----- -FSELP-PSV Ej__-T LH----- --------RG

PRV RESA PREG VRGSEDGEGG VEDGEEGKAT EKEETEDEED GGDEGTTTAA
HSV PDTqP --DS IRGA--AVAS PDOPLHG-GP EREATAPSFS PTRADDGPPC
VZV PC$I P ---N FK----QVAS QHSVQNDFTE NSVDANEKFP IGHAGCIEKT

49
44
23

99
89
65

PRV AGPRRAQI E L AGLP ACTKI 149

HSV TD---GP TSLT I LII AKFSI ACTK 136
VZV KD D ACEIT%ACTKT 111

PRV FRGA- --RGP--RGA PG-RGIKSSQR IA 191
HSV Sa FSGNAPRH HRRGAFQRGT RAPRS ESLO L RV vI 186
VZV A?F $GRGVSR QKHVTLSKNK FNPSS LC QK R II ES 161

PRV V P PR FPT RAF 4P1E-I TPEPVFV FA------ 235
HSV TQ p YY 8FSEV SSEPmFLH0U 230
VZV YY S1PESTFr ALDRVIIKS 8LTDQPINT 211

PRV AP---
HSV ----- ASGAE

vzV ENSGHGRTRT

237
235
221

FIG. 5. Comparison of the predicted amino acid sequence of
PRV UL3 with the predicted amino acid sequences of the HSV-1
UL3 (14) and VZV gene 58 (7) products. Identical residues are
boxed; similar amino acids are shaded. The three amino acid
sequences shown 24.2% identity and 27.7% similarity.

during infection with a viral DNA synthesis inhibitor. The
abundance of all four transcripts was reduced but not
eliminated in the presence of phosphonoacetic acid (Fig.
6B). Therefore, these transcripts are all of the early-late or
y-1 kinetic class. In comparison, the EPO transcript, which is
of the early kinetic class, was not inhibited by phospho-
noacetic acid in a previous experiment with the same blot
(6).
Mapping of ULl to UL3.5 transcripts. The BamHI-G

fragment was used to screen a cDNA library from InFh-
infected MDBK cells (6). All positive clones were se-
quenced, and one cDNA clone, GZ2, was selected for
further analysis because it was found to contain a poly(A)
tract. Comparison of the GZ2 sequence with the genomic
sequence revealed that GZ2 starts at nucleotide 3186 and
contains a poly(A) tract after nucleotide 4063, 34 nucleotides

Postinfectdion (h)
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FIG. 6. Kinetics of ULl, UL2, UL3, and UL3.5 mRNA synthe-
sis. Northern blots of RNA from PRV-infected MDBK cells were
hybridized to the BamHI-G fragment of PRV InFh, 32p labeled by
nick translation as described in Materials and Methods. (A) Total
mRNA was isolated at 0.3, 2, 4, 6, 8, 10, or 12 h p.i. and from
mock-infected cells. (B) Cells were treated with phosphonoacetic
acid at 0.1 mg/ml for 1 h prior to and during infection. Ten
micrograms of total mRNA isolated at 4, 6, or 12 h p.i. was

electrophoresed. The transcripts of 3.6, 3.3, 2.7, 1.8, and 0.9 kb are
indicated at right. The positions RNA molecular size markers
(GIBCO BRL) (in kilobases) are indicated at the left.
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FIG. 7. Mapping of ULl to UL3.5 transcripts by Northern blot
analysis. Northern blots of total RNA from PRV-infected MDBK
cells were hybridized to cDNA clone GZ2 or to 18-mer oligonucle-
otide probe F3, F9, F93, or F13 as described in Materials and
Methods. The complementary sequences and locations of the
probes are shown in Fig. 1 and 2. The positions of the transcripts of
3.3, 2.7, 1.8, and 0.9 kb from ULl to UL3.5 are indicated.

downstream of the polyadenylation signal at nucleotide 4029
(Fig. 1 and 2). In Northern blot analysis, GZ2 hybridized to
four transcripts of 3.3, 2.7, 1.8, and 0.9 kb (Fig. 7). To
determine the orientations of the four transcripts, Northern
blots were probed with oligonucleotides derived from the
GZ2 sequence. Oligonucleotide F3, complementary to the
sequence shown in Fig. 2, hybridized to all four transcripts
(Fig. 7), while an oligonucleotide complementary to the
opposite strand did not. Therefore, all four mRNA species
are transcribed in the same direction and have some com-
mon sequences. Oligonucleotide and nick-translated probes
downstream of the polyadenylation site did not hybridize to
any of the four transcripts, indicating that the four mRNA
species all terminate at the polyadenylation site at nucleotide
4029.
To determine the coding potential of each transcript,

Northern blots were probed with oligonucleotides predicted
to hybridize to transcripts containing open reading frames
UL1, UL2, UL3, and UL3.5. The complementary se-
quences and locations of selected oligonucleotides are indi-
cated in Fig. 1 and 2, and the hybridization results are shown
in Fig. 7. Probe F39, which is located within the ULl open
reading frame, hybridized to a single transcript of 3.3 kb.
Probe F93, which is located within the UL2 open reading
frame, hybridized to the 3.3-kb transcript and an additional
transcript of 2.7 kb. Probe F9, located within the UL2 ORF
and 150 nucleotides upstream of the first UL3 ATG, hybrid-
ized to three transcripts of 3.3, 2.7, and 1.8 kb. As mentioned
above, probe F3, which is located within the UL3.5 open
reading frame, hybridized to all four transcripts of 3.3, 2.7,
1.8, and 0.9 kb. Oligonucleotide probe F13, located imme-
diately upstream of the two TATA boxes at nucleotides 279
and 471, hybridized only to the 1.7-kb EPO transcript and not
to any of the ULl to UL3.5 gene cluster transcripts. There-
fore, the 3.3-kb transcript contains sequences for UL1, UL2,
UL3, and UL3.5, the 2.7-kb transcript contains sequences
for UL2, UL3, and UL3.5, the 1.8-kb transcript contains
sequences for UL3 and UL3.5, and the 0.9-kb transcript
contains only sequences for UL3.5. The 1.8-kb mRNA
hybridized with probe F9 and not with probe F93, indicating
that this transcript contains UL3 and UL3.5 sequences and
some 5' sequence that extends into the UL2 open reading
frame.

61
__M

0 2 4 6 8 10

Kb

FIG. 8. Comparison of gene arrangement in PRV, HSV-1 (14),
and VZV (7) in the region of the UL1, UL2, and UL3 gene cluster.
For comparison, the HSV-1 sequence is inverted from the conven-
tional representation. Genes with significant amino acid sequence
homology are indicated by the same fill pattern. The direction of
transcription is indicated by an arrow. The 5' end of the PRV EPO
gene and the sequences 3' to the UL3.5 gene have not been
determined.

DISCUSSION

Previous studies showed that transcription in the
BamHI-G region of PRV, where the ULl to UL3.5 genes are
located, includes four early transcripts of 1.9, 3.0, 3.5, and
3.7 kb and one 1.2-kb early-late transcript (2). Early tran-
scripts are generally defined as those which appear at and
accumulate for up to 3 to 4 h p.i. and are not sensitive to
phosphonoacetic acid, while early-late transcripts accumu-
late between 3 and 9 h p.i. and are less abundant in the
presence of phosphonoacetic acid (2). The 3.5-, 3.0-, and
1.9-kb early transcripts and the 1.2-kb early-late transcript
reported previously likely correspond to the 3.3-kb UL1,
2.7-kb UL2, 1.8-kb UL3, and 0.9-kb UL3.5 transcripts
shown in this work. Our data indicated that all four tran-
scripts are early-late mRNAs, as they continue to accumu-
late after 4 h p.i. and their levels are sharply reduced by
treatment with phosphonoacetic acid (Fig. 6).
The arrangement of homologous genes in the ULl to UL3

cluster of selected alphaherpesviruses is shown in Fig. 8.
Previous studies showed that the BamHI-G fragment of PRV
cross-hybridizes with restriction fragments from the same
relative genome location in HSV-1 (2, 3, 8). In HSV-1, the
region contains three genes, while in PRV and VZV there are
four open reading frames. Of the four PRV open reading
frames, UL2 and UL3 are conserved in both genome loca-
tion and sequence relative to the genes in HSV and VZV.
The ULl open reading frame is conserved in genome loca-
tion but not sequence, and the UL3.5 open reading frame is
unique to PRV. The 71-amino-acid-coding VZV gene 57 is
located comparably to PRV UL3.5 but is in the opposite
orientation and does not have sequence homology with
UL3.5. The genes immediately upstream of UL1, EPO in
PRV, ICPO in HSV-1, and gene 61 in VZV, are homologs (6,
7, 14, 15, 20). However, HSV ICPO is located in the inverted
repeat, while EPO and gene 61 are located in the UL region.
PRV and HSV-1 ULl are both preceded by a stretch of

direct repeat sequences. In the case of HSV-1 UL1, the
repeats (GGGGGGGAGAGGGGAGA) are part of the ter-
minal repeat of the UL (14). It is possible that the repeat
sequences upstream of PRV ULl (CCCCCCCGACT) repre-

(Z2 F3 F9 F93 F39 FH3
PRV

3.3- .
2.7- t.;

1.8-f@

0.94-
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sent part of a vestigial UL terminal repeat sequence, as has
been suggested previously for UL sequences adjacent to the
IR region (9).
The PRV ULl open reading frame does not show signifi-

cant sequence homology with the HSV-1 ULl open reading
frame. However, the genome location and orientation of
ULl are equivalent for both viruses (14). In addition, the
ULl open reading frame is flanked by and partially overlaps
genes which are equivalent between HSV-1 and PRV. Hu-
man cytomegalovirus (HCMV) and Epstein-Barr virus
(EBV) also contain positional homologs of the HSV-1 ULl
open reading frame, HCMV UL115 (4) and EBV BKRF2 (1).
The product of the HSV-1 ULl gene is the essential glyco-
protein gL (11, 21). HSV-1 gL has been shown to complex
with the viral glycoprotein gH and is required for processing
and cell surface expression of gH (11). Despite the lack of
significant sequence homology, UL115 and BKRF2 have
been shown to be functionally equivalent to gL, as each is
required for cell surface expression of their respective gH
homologs (12, 28). Therefore, variation in ULl sequence
could be one determinant of cell tropism between these
herpesviruses. Additional experiments will be required to
determine whether the product of PRV ULl interacts with
PRV gH.
PRV UL2 is a homolog of HSV UL2, which codes for a

nonessential enzyme with uracil-DNA glycosylase activity
(16, 27). The translated PRV UL2 open reading frame is 48%
homologous to HSV-1 UL2 and 55.8% homologous to
HSV-2 UL2. PRV UL2 also has homology with the putative
EBV and HCMV uracil-DNA glycosylase genes, which are
equivalent in genome location to UL2 (1, 4). The proteins are
similar in size and have the uracil-DNA glycosylase signa-
ture sequence (WARRGVLLLN), as well as an overall basic
character. In vitro transcription and translation of HSV-2
UL2 yields uracil-DNA glycosylase activity (27). In HSV-1,
interrupting the UL2 open reading frame by lacZ insertion
mutagenesis results in a virus which grows normally in tissue
culture yet is negative for uracil-DNA glycosylase activity
(16).
PRV UL3 has significant homology with HSV-1 UL3 and

VZV gene 58 (7, 14). Both the HSV-1 and PRV UL3 open
reading frames contain multiple in-frame methionine resi-
dues at the amino terminus, followed by a pronounced
hydrophobic region. The function of the UL3 family mem-
bers is unknown at this time. It has been suggested that
HSV-1 UL3 might be a membrane-associated protein (14).
The UL3.5 open reading frame appears to be unique to

PRV. The predicted translated sequence has no detectable
homology to herpesvirus or other known proteins in the
Swiss Protein data base. The sequence contains a basic
region rich in histidine, glutamine, and arginine residues,
which could possibly participate in protein-DNA interac-
tions.

In general, most HSV genes studied to date are simple in
structure. Most open reading frames are unspliced and are
preceded by separate promoter elements, including a TATA
box (13). Many HSV open reading frames are followed by a
polyadenylation signal; however, families of HSV genes
which share a polyadenylation site are common (13). For
both HSV-1 and HSV-2, the UL1, UL2, and UL3 open
reading frames are each preceded by a TATA box, and there
are polyadenylation signals downstream of UL2 and UL3
(14, 27). The transcription of HSV-2 UL1, -2, and -3 is
complex and has not been fully elucidated. Five overlapping
transcripts encompassing all or part of the UL1, -2, and -3
gene cluster have been detected (27).

In contrast, in the PRV ULl to UL3.5 gene cluster, only
ULl and UL3 are preceded by A+T-rich eukaryotic pro-
moter-like elements, and only one polyadenylation signal is
present, downstream of the UL3.5 open reading frame. The
oligonucleotide probe hybridization results indicated that the
larger transcripts contain multiple open reading frames of the
gene cluster. It is likely that only the first open reading frame
in each transcript is translated, as ULl, UL2, and UL3 each
lie in a different reading frame. An examination of previously
sequenced PRV genes revealed that there is at least one
other group of genes, the UL12 to UL14 gene cluster, in
which no TATA-like sequences are present between sequen-
tial open reading frames (10). The PRV genome has a marked
bias for guanine and cytosine, with a G+C content of 73%,
compared with 68% for the HSV-1 genome (2, 14). Conse-
quently, in PRV there is a low frequency of A+T-rich
regions, including potential TATA and polyadenylation sig-
nals. Thus, some PRV genes may have a transcription
strategy different from that commonly observed for HSV
genes.
The lack of a TATA box before each gene and the

overlapping nature of the open reading frames suggest that
either the genes in the ULl to UL3.5 cluster share a single
promoter or they do not use a TATA box. Alternatively,
ULl and UL2 may use the first promoter sequence upstream
of UL1, while UL3 and UL3.5 originate from a second
promoter sequence upstream of UL3. A common promoter
for all four PRV genes is consistent with the observation that
all of the transcripts are of the same kinetic class. Compar-
ison of the size of each transcript with the nucleotide
sequence shows that each transcript is roughly 300 to 400
bases longer than the size calculated from the first ATG to
the polyadenylation site. Assuming similar degrees of poly-
adenylation, each transcript would contain approximately
100 to 200 bases of additional 5' untranslated sequence. The
closest TATA sequence upstream of any individual open
reading frame varies from 600 to 1,700 nucleotides away,
suggesting that the transcripts may be spliced, perhaps to a
100- to 200-base leader sequence. We are currently investi-
gating the promoter sequences of this gene cluster.
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