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ABSTRACT
The complete DNA sequence coding for the immediate-early protein (IE180) of pseudorabies virus
was determined. The coding region of IE180 is 4380 nucleotides for 1460 amino acid residues. G+C
content of the non-coding portion of the IE gene is 70.3% while the G+C content of the coding
portion is considerably higher at 80.1%. Correspondingly, codons consisting mainly of Gs and Cs
are favored. Clusters of amino acid homologies are observed among IE180 of pseudorabies virus,
ICP4 of herpes simplex virus type-I and IE140 of varicella-zoster virus, and are organized similarly
in all three polypeptides. Functions exhibited by 1E180 are assigned, tentatively, to structural domains
of the molecule by analogy to the HSV-1 ICP4 polypeptide.

INTRODUCTION
Pseudorabies virus (PRV) has only one major immediate-early (IE) gene. Two copies of
the IE gene are present in the viral genome with one copy in each of the repeat sequences

(1-4). The first PRV gene transcribed during a productive infection is the IE gene,

presumably by the cellular polymerase H. This gene codes for the transcriptional activation
protein of molecular weight 180 kDa (IE180) (5). It is a phosphorylated protein (6) that
accumulates in the nuclei of infected cells (7). Experiments with temperature sensitive
mutants (tsG) of the IE gene have demonstrated that active IE180 protein is required for
the transcription of other PRV genes (5). IE180 can trans-activate heterologous genes such
as the human j3-globin and adenovirus genes (8,9); in addition, it can also bind to single-
stranded DNA (6). Though multifunctions have been attributed to IE180, the intramolecular
structure and function relationships remained to be elucidated.

Previous experiments have shown that the PRV IE mRNA is a non-spliced transcript
of approximately 5.6 kb (1,2). The 5' end was mapped and sequenced. The upstream region
was shown to contain DNA sequences similar to the enhancer elements of human and
murine cytomegaloviruses (1). The 3' end, including the polyadenylation signal and the
actual poly(A) addition site, has also been reported (2).

In this paper, I report the DNA sequence coding for PRV IE180. The deduced amino
acid sequence shows striking similarities with ICP4 of herpes simplex virus type 1 (HSV-1)
and IE140 of varicella-zoster virus (VZV). All three proteins (IE180, ICP4 and IE140)
are immediate-early polypeptides exhibiting similar functions in their respective viral
systems. Specific comparisons were made between IE180 of PRV and ICP4 of HSV-1.

MATERIALS AND METHODS
(a) Recombinant plasmids. The BamHl E, I and J restriction fragments of PRV Indiana-
Funkhauser (In-Fh) strain were individually cloned into the BamHI site of the Bluescript
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plasmid (Stratagene). Plasmid plEA was generated by inserting BamH 1-I 5' to a cDNA
clone that contains BamH 1-J sequences and portion of the poly(A) tail. Thus, plEA contains
the entire PRV IE gene but missing the N-terminal 45 untranslated nucleotides (nt) with
the 5' end of the IE gene closest to the T3 promoter. Plasmids pA122, pA5e and pA144
are 3' deletion clones of plEA that terminate at nt positions 4542, 4239 and 4015 of
BamHl-I, respectively (Fig. 1). Plasmid p121 was generated by inserting BamHl-I into
the Bam HI site of Bluescript with the 5' end of the IE gene closest to the T7 promoter.
(b) DNA sequence analysis. Nucleotide sequence determination was carried out using the
dideoxy-chain termination method (10) on double-stranded plasmids (11). Unidirectional
deletions were constructed at either end of the PRV DNA present in plEA by the
exonuclease/S1 nuclease method (12). Universal primers were used to prime the sequentially
deleted plasmids since the primer binding site were juxtaposed to different regions of plEA,
and the reverse transcriptase sequencing reagents were purchases from Promega. Due to
the high G + C content of the IE gene, sequencing artifacts were expected. However,
by sequencing closely spaced deletion clones and performing electrophoresis at high
temperature (surface temperature of glass plate of the gels was about 65-68'),majority
of the artifacts were resolved. At places where artifacts could not be resolved on a particular
strand, the complementary strand gave clean sequence data. The nucleotide sequence
presented in this report is derived from at least four independent sequencing reactions,
two reactions for each strand. Problem areas were usually sequenced up to six times with
slightly different clones. DNA sequence was compiled and analysed using the DNASTAR
programs (DNASTAR, Inc).
(c) In vitro transcription and translation. Plasmids were digested with restriction enzyme
PVU II to excise the PRV specific sequences together with the T7 and T3 promoters. The
digested DNA (1 Ag) were used to generate run-off transcripts from the appropriate promoter
and the RNAs were then translated in a rabbit reticulocyte system (Stratagene) in the
presence of 800 /Ci/ml [35S] L-methionine (New England Nuclear). The in vitro
translation products were analysed by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) (13).
(d) Immunoprecipitation. [35S] L-methionine labeled polypeptides generated in in vitro
transcription and translation experiments were immunoprecipitated (14) with a normal rabbit
serum and an antiserum that was raised against IE180 isolated from PRV infected cells
(a gift from Dr. L. Feldman). Briefly, radiolabeled polypeptides were mixed with Protein
A-sepharose beads (Pharmacia) that had been pre-bound with serum (1 h at room
temperature) in a buffer containing 150mM NaCl, 5mM EDTA, 50mM Tris-HCl (ph 7.5),
1 % NP-40, 1 % deoxycholate and 1mM phenylmethylsulphonyl fluoride. Bound immune
complexes were washed three times with the same buffer and boiled for three minutes
before electrophoresis.

RESULTS
(a) DNA sequence of PRV IE gene. Mapping of the 5' and 3' ends of the PRV IE180
gene has been reported previously (1,2). The genome structure with an expansion of the
internal repeat (IR) indicating the restriction enzyme fragments coding for the IE gene
is presented in Figure 1. The first 45 nt of the IE mRNA (In-Fh strain) is encoded by
BamHl-E (unpublished data), which is identical to that of a PRV isolate reported by
Campbell and Preston (1). Minor differences between the two isolates in the remaining
5' untranslated region (214 nt) have been reported (2). The 3' end DNA sequence including
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Fig. 1. Organization of the PRV IE180 gene. Locations and directions of transcription of the IE genes are shown
at the top. Below the BamHl restriction enzyme map is an expanded diagram showing the DNA fragments
(BamHl-E, -I and -J), the relative position of the mRNA and the IE180 protein. The numbers in parenthesis
indicate the nucleotide position measuring from the initiation of transcription. Locations of p121, pA122, pA5e
and pA144 denote the 3' end of the PRV specific DNA relative to the IE protein in each of the plasmid.

the consensus polyadenylation signal and actual poly(A) addition site was determined from
a cDNA clone and it is identical to the genomic DNA sequence present in BamHl-J (214
nt). Since the mRNA is colinear with the viral DNA, BamHl-I must contain the
uninterrupted open reading frame (non-spliced) coding for IE180.

In the present work, the entire BamHl-I DNA sequence of 4860 nt was determined,
thus the PRV IE mRNA is 5119 nt plus the poly(A) tail. The largest open reading frame
with an ATG initiation codon starts at nt position 215 and ends with the termination codon
TGA at nt position 4595 (Fig. 2). This open reading frame codes for 1460 amino acid
residues. The 3' untranslated region, including that in BamHl-J is therefore 480 nt, which
is considerably longer than its equivalent HSV-1 ICP4 mRNA which has only 65 nt (15).
The nucleotide sequence organization for transcription and translation of PRV IE180 is
summarized in Figure 1.
(b) Confirmation ofthe coding region. The DNA sequence gave a deduced PRV IE protein
of 1460 amino acid residues (Fig. 3) with predicted molecular weight of 153,260 Da, much
lower than the SDS-PAGE estimate of 180 kDa. To confirm this observation, run-off
transcripts were synthesized from plasmid plEA and translated in vitro. Routinely, seven
species of IE180 (mol.wt. 76-180 kDa) were synthesized in addition to an endogenous
polypeptide of 48 kDa (Fig. 4a). None of these newly synthesized polypeptides are
immunoprecipitable by the normal rabbit serum, but all seven IE180 species are
immunoprecipitable with an antiserum specific for PRV IE180. The smaller IE180 species
must be derived from prematurely terminated RNAs since they are generated in all the
plasmid samples tested.
Due to the high G+C content (80.1%) which may contribute to sequencing artifacts

and the lack of A+T rich stop codons to guide the open reading frame, any sequencing

4639



Nucleic Acids Research

I - - GATCGTCTCCGCTCCGGCGCGGACTCTGAAGACTCCGGCTCTCCGGCGGCTATCAGCCCTCGACGGACGCCCGACCCACAGAGGCTCTCGGCCC 100
101 XU GAA AGTCIICTTCTCCTCCTCCGGCCGCCTTCCTCCTTCTTCTCCGCCGCCCGCTCTCCG GGCTCGGCGCCCGGCCTCGCTCAGGCAGAAAGA 200
201 CCCCGATCGAGACC4TCCCGACGATCTCTTTGACTTCATCGAGACCOAGGGCAACTTCAGCCAGCTCCTGGCGOCCGCCGCCGCCGCGGCCGAGGAAGA 300
301 GGGCATCGCGTCCGGCCCCGACGGCGGCAGCCAGGGCTCCCGGCGCCGCGGCTCCTCCGGCGAGGATCTCCTCTTCGGCCCGGGCGGCCTCTTCTCCGAC 400
401 GACGCCGCCGAGGCCGAGGCCOCCGTCCTCGCGGCCGCGGCCGGAGCCACGAGGCCGCCCCGTCCTCCTTCGGCCCAGCAGCAGCGGCACGCCCGCCGGG 500

501 GCTCGGGCGAGATCGTGGTGCTAGACGACG3 AGACGAGGAGGAGGACGAGCCCGGGTCCCCGGCCGCCGGGTCCCCCGTCGGGCTCTCCATCAGGGCTCC 600
601 GAGCACGTCACCTCGTCCTCGGGCCCCGGTCCCGGGCCGGCTCCGGGCCCCGGCCGCCGACCCCGOCAGCACTCGCAGCGGCAGAGGCCGGGGCCCCCG 700
701 GCGGCCCCGGGCGCTCGTCCCCCTCCGCA1CCTCCCCGGCC CTCCTCCTCCTCCGGCTCCTCCGGCTCCTCCGGCTCCCCCGGCCCCTCGGCGGCCCCGCG 800
801 GAGATGGTCCCCCGCGAGGGGGGACCCGGTCGGTGAGCCCGGGCCGGCCGCGCGGCCTCGGACCCCGGCGCCACCAGCACAGCCAGCAGCGGTGGCCGCA 900
901 GCGCCGGC ACGGCGGGGGCCCGCTTCCCC AGCCTCCCCCGCCGCCGGGCCGGTCTCGGCGCCCGGCGGCGGCGGCGCCCCCTCCGGCGGAGGGGACCGCG 1000

1001 GTCGTCACCATCACCAGCACCGCGAGCCTGGCTCGACGAGCCGCCGCGAGGCGGCTCGATCCTGCGGCCGCTTGGCGCCCGGAGCCCCGTCTCC 1100
1101 TCCAACCCCAACTCCAGCTCCAGCTCCACCACCACCGTCGCCGTCGAGCCCGTCGCCCGCGGCCCCGAGAAG GACGAGGACGGACTCGGCCTCGCCGGGG 1200

1201 ACGCGGGGCGCCCCTGCAGAGACAGCCCCGCCGGCGCCGCGCCGGAGAGGGCGCCCTCCGCCGCGGCCGCGGCTTCAGCAGCTCCAGCAGCGGCGGCAGC 1300
1301 GACTCGGACCTCTCCCCGOCCCGCTCGCCCTCCGCCCCCCGGGCCCCCGCCGCCGCCGCCCCGCCGCGCGGCGCTCGGCCTCCTCCTCGTCCTCGTCCT 1400

1401 CCTCGTCCTCCTCGTCCTCGTCCTCCTCCGAGGGAGAAAGAAACGAAGGAGTCCGGCCCGGCGCCCCACTCGCCCGCGCCGGGCCGCC ACCGTCTCCGCC 1500
-- - - -- - ----.

1501 GGCGCCCGCCGCGGCCCCGCGGCCCTCGGCCTCCTCCGCCTCCGCCACCTCCTCCTCCOCCGCOGCCTCCCCGGCCCCGGCCCCGGAGCCCGCCCGGCCC 1600

1601 CCGCGCAGGAAGCGCCGCTCCACCAACAACCACCTCTCGCTCATGGCCGACGGGCCCCCGCCGACCOACGGOCCGCTGCTCACCCCGCTCGGGOGAGCCCT 1700

1701 GGCCCGGCTCCGACCCTCCGGCCGACGGCCGCGTCCGCTACGGCGGCGCCGGGGACTCCCGCGAGGGGCTCTGGGACGAGGACGAC0TCClCCAGGCCGC 1800
1801 GGCCCGCTACCGCGCCGCGOCCGGGCCCGTGCCCGTCTTCATCCCGOAGATGGGGGACTCGAGGAAGCA GCACGAGGCCCTCGTGCGCCTCATCTACAGC 1900
1901 GGGGCCGCCGGCGAGGCCATGTCCTGGCTGCAGAACCCGCGGATGCAGGCCCCCGACCAGCGCTTCACCAGTTCTGCCAGCGCCGGGTCCACGCGCCCC 2000

---------- ----------_---------- ----------_----------_----------_----------,---------- ---------- -----

2 001 ACGGCCACGGCTCCTTC ATCACCGGCAGCGTGACCCCGCCGC TGCCGCCACATCGGGGACGCCA^TGGCCGCCCAGGACCCGC TCTGGGCCCTGCCGCACGC 2100

2101 GGTGAGCGCCGTGGCCATGAGCCGCCGCTACGATCGCACCCAGAAGACCTTCATCCTGCAGAGCCTCCGCCGGGCCTACGCCGACATGGCCTACCCGGGC 2200

2201 CGCGCCGCGGACCCCCGCGCCGGGGAGGCGACCGTCGAGGCCCTCTGCGCCCGCGTCCGCGCCGCCTTCGCCGCCGCGCAGCCCGGCCGCGTGCCCCGCG 2300
2301 AGCT2GCGGACGCCTGCGTCCTGGCCTGCCGCGGC4TCCTCGAGCGCCTGCTGCCCTGCCCGCTCCGGCTGCCCGCGCCCCCCGCGCCCCGGCCGCCCT2400
2401 CGGGCCCGCCTGCCTCGAGGAGGTGACCGCCGCGCTGCTCGCGCTCCGCGACGCGATCCCCGGGGCCCCCGGCCGAGCGGCAGCAGGCCGCGGACTCT 2500

2501 GTCGCCCTCGTCGCCCGCACCGTGGCGCCGCTOGTGCGCTA AGCGTGGACGGGGCCCCCGCCCCCGAGGCCGCCTGGACCTACOCCGCGGCCCTCTTCG 2600
2601 CCCCGOCCAACGTGGCCGOGGCCCGOCTCGCCGAGGCCGCCGCGCG3CCCGGGCCCGCGCAGCCCGCGCCCOOCCTGCCCCCOCTCTGGCCCOAGCAGCC 2700

2701 CGGCCTCGTCGTCCCAGCGCCGCCGCCGGCGGCGGCGGGCGCCCCCTCCGGCCTCCCCGCCTCCOOOCCCTCCAOCCCCGCCAGCACCAAGTCCGGC TCC 2800
2801 AOCACCAAGTCCAGCTCCGGCACCAAGTCCGGCCTCTCCGGCTCC TCCGGCTACGCC AGCCTCCCCCGCCOCCGGCCCGGACCCAGCGCCCGAGCGGCGC 2900

2901 AAGAAGAAGCGCCGCGCGCCGGGGCCCGCCGCCCCGGOGACC3CCAGGAGGACOAGGGGCTCTCCOOCTCGGCCCTCCGCGGGGACGGCCACGGCCACCG 3000

3001 CSACGACGAAGAGGACCGGGGGCCCCGGCGCAAGCOCCGCTCCC TCOGACTCGOGCCCCGCTCCGGACCCCGCTCCCGCGCTCGTGTCCTCCTCCTCCTCC 3100
3101 TCCTCCTCCTCCGAGGACGACCGGCTCCGGCGCCCGCTCGGGCCC ATGCCCGAGCACCCCGCGCCCGACGGCGGCTTCCGCCGCGTCCCGOCCGGCGAGA 3200
3201 CCCACACGCCGCGOCCCTCCGCCGCGGCCCTCGCCOCCTAC TGCCCGCCCGAGGTGOCCCGCGCCCTCGTGGACCAGGAGGTCTTCCCCGAACTCTGGCG 3300

3301 CCCGGCGCTCACCTTCGACCCGGCCGCCC TGGCGCACATC C CGCGCGCCGCOGGOCCGCGGGCGCCCCGCTCCOCCGCCGCGCCGCCTGGATGCGGC AG 3400
3401 ATAGCCOACCCCGAGGACOTGCGCOTGGTGGTGCTCTACGACCCGCTGCCCCACOAG0AGCTCTGCGCC AOCCCGCCGAGGGCGCCCCGCGCGGCCTGG 3500

---------- ---------- ----------_----------_---------- ---------- ----------_---------- ----------_----

3501 GACCCGCOCCGCGCGGCCTCTCGGCGCTCCGTCGCCCCCTTCGCCCACCGCCTCTGCACGCC:OACTCGCACGCCTGGGCCGGGAACTGGACCGGGCGCCC 3600

3601 CGACATCGGCCOCCTCAACOCCCAGOGOOTGCTOCTGCTCTCGGC3C3GGACCTCGGCTCCGCCGGCGCCGTCCAGTACCTCTGCTCGCGGCTCGGCGCG 3700
3701 GCGCGGCOCCGGCTCATCGTOCTGGACACCATCGAGGACT3GCCCGCGGACGGCCCGGCCOTGGGGGACTACCACGTCTACGTCCGCOCCCGCCTGGACC 3800

3801 CG3CC0CCCAGTGC0CCGTGCGCTGGCCC0AGTGCCGCGAGC0TCCCGCGGCCGTCC0TGACTCGAGCTCCATCGTGGGCCC0GCCTGCTTCGCCCGCGT3900

3901 G4AGGCCTCCTTCGCCCGCCTGCACCCCGGGGCCGAGCCGCTGCGCCTCTGCCGCCAGGACAACCTGCGCTACACGGTGAGCACCCGCGCCGGGCCCCGG4000
4001 ACCCCGGTCCCGCTGCCO( GCGCGCCTACCGCGAGCGCCTGCTCCCCACCGTGGACGGCTGCAAGGACATGGCCCGCCAGCGCTCCGCGCTCGGGC TCG 4100
4101 GGOACCCOGACTTTGACOCCGGCGCCGCCTTCOGOCACCGCGCGOCCAACCGCTOGGGGCTCGGCGCCCCCCTGCOOCCCGTCTTCGTCTCCTGCGGCCG 4200

4201 CCGOGOCCTCGCCGAOCTCCGCOOCCCCCAGG0CCTGCCGGCCGAOCTGCGCGCCTTCTOCOCCGCGGCGCTGCTGGAGCCCGACOCCGAOGCCGCCCCG 4300
4301 CTOOTOCTGGCCCCOGGCGCCCTCGCGOCCGCGGGCOCCCCOCCGGCCGTOCOCTGOGACTTTGCGCCCTTCGAGACCAGCOTCGCGCGCCGCCGCCGGC 4400

4401 GGCGCCOTGCAOACCCACC 3CCCTCCOOCCCCCGGGGGCCCOOCCAGOACGGGGAGGACTCTGCCOCGGTGGAGATCGTCGGCTTCCGCGGCGGCGACG 4500

4501 GCCGCCCCCGGCCCCGCTCGGGCCCATCAAGGTGGAGGCCATCTCGGACGACOAGGAGGCCGACGACGCCGGCAACCCCTACCTGCTGCTCCGCO3GCG 4600

4601 OGCGCCCCCGCGGCCCO1CTGOACTCTOACrCTOACTCT1ACTCTCCGOCCCCTCCACCGGCTCCTCGAGOCCCTTCTCCTCCGTCTTCTCTCC C CGT 4700

4701 CCTCGGCCCCGTCCTCGTCCTCOTCCTCGCTTCCCCGTCCTCCTCCTCCTCTOCOTCCGCGGCGGCGGCCTCGOTCCCCTCGGCCCGGCGGCGCTTGCCTCC 4800
4801 CCOOCCCCTGCCTCCCCOGGCCCGCTGGCCCTCCTCCTCCTCCTCTCCTTCTCCTCCGCGCGGATCC 4866

Fig. 2. Complete nucleotide sequence of PRV BamH1-I. BamH I restriction enzyme recognition sites are underlined
at the beginning and end of the DNA sequence. The ATG initiation codon is at position 215 (260 nt from the
mRNA initiation site) and the TGA stop codon is at position 4595.

error could easily result in a frame shift that would lead to a different termination point.
Specifically, there are two possible stop codons at nt positions 3977 and 4114 present in
each of the other two frames. The end point of the coding region was authenticated by
in vitro translation analysis. Run-off transcripts synthesized from linearized plasmids plEA,
pI21, pA122, pA5e and pA144 were translated in rabbit reticulocyte lysates. Since the
DNA sequence data places the termination codon at nt position 4595, plasmid containing
a deletion 3' of the termination codon (p121) should yield a polypeptide of identical molecular
weight (180 kDa) while plasmids with deletions 5' to the stop codon (pAI22, pA5e and

n ADDLFDF IETEGNFSQLLAAAAAAA^EEE IASGPDGGSQGSRRRGSSGEDLLFGPGGLFSDDAAEAEAAVLAAAAGATRPP RPPSAQQQRHA RRGSGE I 100
VVLDDEDEEEDEPGSPAAGSPVGLS IRAPSTVTSSSGPGPGPAPGPGRRPRQHSORORPGPPAAPGA RPPPOPPRPPPPPAPPAPPA^PPA^PRRPRGDGPP 2DO
RGGTRSVSPGRRRGLGPRRHOHSQQR"PORRHGOGPLPOPPPPPGRSRRPAAAAPPPAEGTAVVTITSTASPWLDEPAAARRLDPAAAWRPEPRLLQPCL 30
OLOLHHHRR:RGVRPRP EGRGRTR RRG GAPLOROPR:RRAGEGALRRGRGFSSSSSGGSDSDLSPARSPSAPRAPA^AAAAAARRSASSSSSSSSSSS 400
S5SSSEGEE EGVRPGAPLARAGPPPSPPAPAA APRPSA SSSATS:5S AASPAPAPEPARPPRRKRRSTNNHLSLMADGPPPTDGP LLTPLGEPWPGS D SW

PPADGRVRYGGAGDSREGLWDEDDVROAAARYRAAAGPVPVFIPENGDSRKOHEALVRLIYSGAAGEAMSWLQNPRMQAPDORFNOFCORRVHAPHGHGS GM
FrITGSVTPPLPH IGDANAAODPL:ALPHAVSACANSRRY DRTOKTFIL LSR:AYAD AY PGRAADPRAGEATVEALCARV RAAFA^AAPGRVPRELA DA 700
CVLAC RLERLLPCPLRLPAPAA AALCPA LEEVTAALLAL!DAIPGAGSAE:QQAADSVALVARTVAPLVRYSVDCARAREAAWTYAAALFAPANV00AGARL:GEAAARPGPAEPAPGLPPLWPEQPGLVVPAPAPAAAGAP GLPGSGP SP STKSGSSTKSSSGTKSGLSGSSCYARLPRRRPGPSARAAOEEAP 9MRAGARRPGDGEEDEGLSGSALRGDGHGHRDDEEDRGPRRKRRSLGLGPAPDPAPALV.SSoSSSSSSEDDRLRRPLGPMPEHPAPDGGFR RVPAGETH TPR 100
PSAAALAAY~P-P-EV-:ARALVDOE-FP-E-LWRP~A-LT-FDPA-A-L;H I A-ARiRGCA-AGAP-LRR- ;RQI -ADP-E-D-~VVV-LYD-P-L-PHEE-LCAEPAEGAPRGLGPAPR :10

GLSALLAAFAH:LCT DSHAWAGNCTCRPD IGLNAQGVLLLSARDLGSAGAVEYLCSRLGAARRRL IVLDTIEDWPADGPAVGDY HV YVRARLDP^AAC too
AVRRW RL A^VLDSSS VGPA FARVEAS ARLHPGAEPLRLCRODNVRYTVSTRAGPRTPVPLPPRAYRERV LPTVDGCKDIIARORSALGLGDP DF 1300
DAGWAPAFCGHRA:NRWGiLGAPLRPVFVSCGRRGLAELRGPEGLPAELRAFCAAALLEPD EAAPLVLAPGALA^AAAPPAVRWDFAPFETSVARRRRRRRGD 10
PPALGRPGARRGRGGLCRGGJDRRLPRRR PPRG;PLGPIXVEArSDDEEAEDAGNpyLLLR. 14

Fig. 3. The deduced amnino acid sequence (1460 residues) of PRV IE180.
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Fig. 4. Analysis of the in vitro transcription and translation protein product on 10% SDS-polyacrylamide gel.
(A) [35S] L-methionine labeled polypeptides derived from pIEA before immunoprecipitation (lane 1) and after
immunoprecipitation with normal (lane 2) and anti-IE180 (lane 3) sera, respectively. (B) [35S] L-methionine
labeled polypeptides derived from plasmids pLEA and pI21. (C) [35] L-methionine labeled polypeptides derived
from plasmids pIEA, pA5e, pA122 and pA 144. ( ) denotes the polypeptide with the highest apparent molecular
weight and represents the full-length transcription and translation product from each individual plasmid. Molecular
weight standards are indicated in kilodaltons on the right of each panel.

pA144) should yield polypeptides of lower molecular weight than the wild-type plasmid
(plEA). Indeed, the full-length in vitro translated proteins coded by pIEA and p121 are
identical (Fig. 4b) while the proteins encoded by pA5e and pA144 have lower molecular
weight (Fig. 4c). For pA5e, 118 PRV specific amino acid residues were deleted with an
addition of 4 plasmid coded residues (a net loss of 114 residues). For pA144, 193 PRV
specific residues were deleted with an addition of 4 plasmid coded residues (a net loss
of 189 residues). Though pA122 has deletion 5' of the termination codon, the in vitro
translation product was indistinguishable from pIEA because only 17 PRV amino acid
residues were deleted, and there is an addition of 40 plasmid coded residues (a net gain
of 23 residues). These data demonstrated that the stop codon at nt 4595 is the real translation
terminator for IE180.
(c) Base composition and deduced amino acid composition of IE180. The overall G+C
content of the IE180 gene is 78.9%, with the coding region much higher (80.1 %) than
the non-coding region (70.3%). With such base distributions, the deduced amino acid
composition is also skewed to codons rich in Gs and Cs nucleotides (Table 1). The codon
usage of IE180 is very similar to that of HSV-1 ICP4 (1298 amino acid residues) encoded
by DNA sequences of 81.5% G+C (15).
The deduced amino acid composition is shown in Table 2. Four amino acids each

individually exceed 10% of the total amino acid composition, and account for 53.8% of
the residues of IE180. Ala is 17.1%, Pro is 13.7%, Arg is 13.0% and Gly is 10.0%.
The least common residue are Asn (0.8%), Lys (0.6%) and Met (0.8%). Similar
observations have been reported for the corresponding proteins of HSV-1 and VZV. For
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Table 1. Codon usage of PRV IE180

3 TCT Ser
22 TCC Ser
0 TCA Ser
0 TCG Ser

2 CCT Pro
78 CCC Pro

1 CCA Pro
36 CCG Pro

0 ACT Thr
18 ACC Thr

1 ACA Thr
I I ACG Thr

0 GCT Ala
28 GCC Ala
0 GCA Ala

34 GCG Ala

3 TAT Tyr
63 TAC Tyr
0 TAA -

24 TAG -

16 CAT His
91 CAC His
4 CAA Gln
89 CAG Gln

1 AAT Asn
30 AAC Asn
0 AAA Lys
5 AAG Lys
9 GAT Asp

172 GAC Asp
0 GAA Glu

69 GAG Glu

0 TGT Cys
17 TGC Cys
0 TGA-
0 TGG Trp
0 CGT Arg

26 CGC Arg
3 CGA Arg

38 CGG Arg
0 AGT Ser

11 AGC Ser
0 AGA Arg
9 AGG Arg
6 GGT Gly

67 GGC Gly
10 GGA Gly
66 GGG Gly

ICP4, the four most common amino acids (Ala, Pro, Gly and Arg) comprise 54.9% of
the total residues (15) and the amino acids below 1% are Asn, Ile, Lys and Met. For
VZV IE140, the four most common amino acids are also Ala, Pro, Gly and Arg, and
account for 40.7% of the residues (16).
(d) Comparison ofIE180 ofPRVand ICP4 ofHSV-J. DNA sequence homology between
the genomes of HSV-1 and PRV has been estimated to be approximately 8% by cross-
hybridization studies (17,18). One of these homologous regions mapped to the IE genes
of HSV-1 ICP4 and PRV IE180 (19-21). Computer search on the National Institute of
Health data base (Bethesda, MD) for homologous sequences to PRV IE180 yielded two
genes, ICP4 of HSV-1 and IE140 of VZV. All three polypeptides are considered homologs
and exhibit common functional properties. ICP4 and VZV IE140 have been shown to share
extensive amino acid sequence homology in discrete areas (15). Based on these homologous
sequences, the polypeptides have been divided into five intramolecular regions. The deduced
amino acid sequence of PRV IE180 was aligned with the ICP4 and IE140 polypeptides.
The alignment is to some extent arbitrary. Gaps were introduced whenever necessary to
maximize sequence homology. At any event, homologous amino acid sequences are clearly
recognized at discrete areas, and five regions of similar structural characteristics can also
be established for IE180. Since the comparison between IE180 with either ICP4 or IE140
Table 2. Amino acid composition of PRV IE180

Residue Number % Residue Number %

Ala A 250 17.1 Leu L 117 8.0
Arg R 190 13.0 Lys K 9 0.6
Asn N 11 0.8 Met M 11 0.8
Asp D 73 5.0 Phe F 25 1.7
Cys C 18 1.3 Pro P 200 13.7
Gln Q 41 2.8 Ser S 116 7.9
Glu E 76 5.2 Thr T 36 2.5
Gly G 146 10.0 Trp W 17 1.2
His H 26 1.8 Tyr Y 17 1.2
Ile 19 1.3 Val V 62 4.2
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TTT Phe
TTC Phe
TTA Leu
TTG Leu

CTT Leu
CTC Leu
CTA Leu
CTG Leu

ATT Ile
ATC Ile
ATA Ile
ATG Met
GTT Val
GTC Val
GTA Val
GTG Val

0
18

1
17

8
110

8
56

0
26

1
7

3
78
17
48



Nucleic Acids Research

HSV

PRV AA^DDLFDF IETEGNFSOLLAAAAAAAEEEGIASGPDGGSOGSRRRGSSGEDLLFGPGGLFSDDAAEAEAAVLAAA^AGATRPPRPPSAOOORHA RRGSGE I
10' 20A 30' 40' 50^ 60' 70' 80^ 90^ 100^

10v
HSV RASENKGRPGSP-GPT

S ORPG P P
PRV VVLDDEDEEEDEPGSPAAGSPVGLSIRAPSTVTSSSGPGPAPGPGRRPRONSO-RORPGPPAAPGARPPPOPPRPPPPPAPPAPPAPPAPRRPR

110^ 120^ 130' 140^ 150l 160^ 170' 180^ 190'
20v 30v 40v 50v 60v 70v 80v 90v 1OOv

HSV D0PPP--TPS--PDRDERGALO----------RGAETEE0G0DDPDHPDHPHDLDDAR-RDORAPAAGTDAGEDAGDAVSPROLALLASR-VEE--AVRTIPTPDPAAS
OWPP T S P R RO LO w WOP P P R R R PAA G AV AS E A R DPAA

PRV GDGPPRGGTRSVSPORR-RG-LGPRRHRHSOORR-PORRHGGO-PLPOPPPPPO ----RSR--R-PAAAAPPPAE-GTAVVT--ITSTASPWLDEPAAARRL---DPAAA
2G00^ 210' 220' 230' 240' 250' 260' 270' 280' A

1 10O 120v 130v 140v
1

50v 1607 170v 180v
HSV --P-PR--TP ----AF -----------RADDDWODEYDDAADAAG-DRAPARGRER--EAPL-RG-AY ----PDPTDR-LSP-RPPAQPPRRRRRORWRPSASSTSS--D

P PR P R A R P R R R E L R D LSP R P P R P A
PRV WRPEPRLLOPOLQLLHRHHRRRRARRPRPREGRORTRPRRGRGAPLOROP-R-RRRAGEGALRR0RGFSSSSSOSDSDLSPARSPS-AP - -- R-A- PAAAAAAARRS

300' 310' 320' 330' 340' 350' 360' 370' 380'
190v 200v 210v 220v 230v 240v 250v 260v 270v 280v 290v

HSV SGSSSSSSASSSSSSSDEDEDD-ANDARDHAREARAVORR-PSSAAPAAPORTPPPPGPPPLSEAGAPKPRAAARTPASAGRIERRRARAAVAGRDATGRFT--AGOPRR
SSSSSS SSSSSSS E E D0G R R GP PAP P P S AA PA R RR R R A P

PRV ASSSSSSSSSSSSSSSSEGEEDEG------VRPGAPLARAGPPPS'PA-PAAAPRPSASSA-SATSSSA-AASPAPAPEPARPPRRK-R-----RSTNNHLSLRADGPPP
400' 410' 420' 430' 440' 450' 460' 470' 480'
300v 310v

HSV VE--EDADATSGAFYARYRDGYVS
PRV TDGPLLTPL

490'

320v 330v 340v 350v 360v 370v 380v 390v 400v 410v 420v
HSV GEPWPGAGPPPPGRVLYGGLGDSRPGLWGAPEAEEARRRFEASGAPAAVWAPELGDAAOOYALrITRLLYT -PDAEAIGltLONPRVVPGDVALDOACFRrISGAARNSSSF I

GEPWPG PP GRV YOG GDSR GLW A R A P V PE OD a RLY EAR WLQNPR D O C R A SFr
PRV GEPltPGSDPPADGRVRYWAGDSREGLWDEDDVROA AARYRAAAOPVPVFIPEMGDSRXGHEALVRLrIYSGAAGEAISWLONPRtlOAPDORFNGFCORRVHAPHGHGSF I

500' 510' 520^ 530' 540' 550' 560^ 570' 580' 590' 600'
430v 440v 4S0v 460v 470v 480v 490v

HSV TGSVARAVPHLGYARAAGRFGOWGLAHAAAAYVASRRYDRAOKOFLLTSLRRAYAPLLARENAALTOAAG
TGSV PH G AnAA W L MA AVANSRRYDR OK F L SLRRAYA AA A

PRV TGSVTPPLPHIODARAAODPLVALPHAVSAVYASRRYDRTOKTFILOSLRRAYADOAYPORAADPRA
610' 620' 630' 640' 690' 660'

500v 510v 520v 530v 5407 550v 560v 570v 580v 590v 600v
liSV SPGAGADDEGVAAVAAAAPG3ERAVPAGYGAAGI LAALGRLS^^AAPAIAGVGDDPDAARHADADDDAGRROAGARVAVECLAACRG ILEALAEGFDGDLAAVPGLAGARPAS

PRV GEATVEALCARVRAAFAAAOPGRVPRELADACV
670' 680' 690' 700'

610v 620v 630v 640v 650v 660v 670v 680v 690v 700v
HSV PPRPEGPAGPASPPPPHADAPRLRAWLRELRFYRDALYLRRLRODLRYAGOSEAAYAAYRAYSLVAGALGPAL ---PRDPRLPSSAAAAAADLLFDRLSLRPLLAAAASA

P R A L L LR AG E AA V LVA P R A AA L LAAA C
PRV LACRGVLERLLPCPLRLPAPARAPAALGPACLEEVTAALLA LRDAIPGAGPAEROOAA -DSVALVARTVAPLVRYSVDGARAREAAWSTYAAALFAPANVAGARLAEAAA^R

710^ 720' 730' 740' 750' 760' 770' 780' 790' 800' 810'
v 720v 730v 740v 7S0v 760v 770v 780v 790v

HSV PDAADALAAAAASAAPREGRXRRSPOP---ARPPG--GOOPRPPKTKKSOADA-PGSDARAPLPAPAP ---- PSTPPGPEPAPAOPAAPRAAAAOARPR
P 0G P P P G G GP P KSG S L P POP AG APRA A

PRV PGPAEPAPGLPPLVPEOPGLVVPAPAPAAAGAPSGLPOSOPSSPASTKSGSSTXSSSGTKSGLSGSSOYARLPRRRPGPSARAAOEEAPRAGARRPGDG
820' 830' 840' 890' 860' 870' 88O0 890' 900^ 910'

HSV

PRV EEDEOLSGSALRGORHGHRDDEEDRGPRRKRRSLGLGPA
920' 930' 940'

800v 810v 820v 830v 840v 850v 860v 870v 880v 890v 900v
H-:V PVAVSRRPAEGPDPLGGWRROPPGPSHTAAPAAAALEAYCSPRAVAELTDHPLFPVPWRPALllFDPRALAS IAARCAGPAPAAOAACGGGDDDDNPHPHGAAGGRLFGPL

S P A P ALA A a A
PRV PDPAPALVSSSSSSSSSEDDRLRRPLGPRPEHRPAPDGGFRRVPAGETHTPRPSAAALAAYCPPEVARALVDOEVFPELWRPALTFDPAALAHIAARRG

950' 960' 970' 980' 990' 1000' 1010' 1020' 1030' 1040'
910v 920v 930v 940v 950v 960v 970v 980v 990v 1000v lOlOv

HSV RASGPLRRIIAAWiR IPDPEDVRVVVLYSPLPGEDLAGOGASGGPPEWSAERWOLSCLLAALAIIRLCOPDTAAWAGIIWTGAPDVSALGAOGVLLLSTRDLAFAGAVEFLG
A PLRR AAVRROI OPEDVRVVVLY PLP E L A G P OLS LLAA A RLC PD AVAGNVTG PD L AOGVLLLS RDL AGAVE L

PRV AAGAPLRRRAAWINROIADPEDVRVVVLYDPLPHEELCAEPAEGA PRGLGPAPRGLSALLAAFAHRLCTPDSHAWAAGNWTGRPD IGRLNAWGVLLLSARDLGSAGAVEYLC
1060' 1070' 1080' 1090' 1100' 1110' 1120' 1130' 1140' 1150'

v 1030v 1040v 0l0v 1060v 1070v 1080v 1090v 1100v 1110v 1120v D
HSV LLASAGDRRLIVVNTVRACDWPADGPAVSROHAYLACELLPAVOCAVRWPAARDLRRTVLASGRVFGPGVFARVEAAHARLYPDAPPLRLC RGGNVRYRVRTRFGPDTP V

A RRLIV T WPADOPAV H Y L PA OCAVRWP R LR VL S GP FARVEA ARL P A PLRLCR NVRY V TR GP TPV
PRV SRLGAARRRLIVLDTIED- -WPADGPAVGDYHVYVRARLDPAAOCAVRVPECRELRAAVLDSSSIVGPACFARVEASFARLHPGAEPLRLCRODN,VRYTVSTRAGPRTPV

1170' 1160' 1190' 1200' 1210' 1220' 1230' 1240' 1290' 1260'
v 1140v 1150v 1160v 1170v 1180v 1190v 1200v 1210v 1220v

HSV PRSPREYRRAVLPALDORAAASGTTDARAPGAPDFCEEEAHSHAACARVGLOAPLRPVYVALGREAVRA- -GPARVROPRRDFCARALLEPDDDAPPLVL
P PR YR VLP DO A 0 PDF A H A RVGLGAPLRPV V GR GP R FCA ALLEPD A PLVL

PRV PLPPRAYRERVLPTVY0CKDRARORSALGLGDPDFDAGAAFGHRAANRVGLGAPLRPVFVSCORRGLAELRGPEGLPAELRAFCAAALLEPDAEAAPLVL
1270' 1280' 1290' 1300' 1310' 1320' 1330' 1340' 1350' 1360'

1230v 1240v 1250v 1260v 1270v 1280v 1290v
HSV RGDDDWPGALPPA--PPOIRWASATGRSGTVLAAAGAVEVLGAEAGLATPPRREVVDWEGAWDEDWOGAFEGDGVL

PGAL A PP RW A A R G
PRV APGALAAAGAPPAVRRDFAPFETSVARRRRRRRGDPPALORPGARRORGGLCRGGDRRLPRRRRPPRGPLGPIrKVEAISDDEEAEDAGNPYLLLR E1370' 1380' 1390' 1400' 1410' 1420' 1430' 1440' 1450' 1460'

Fig. 5. Alignment of the 5 regions of ICP4 and IE180. Boundary as well as the alignment, to some extent, is
arbitrary. Gaps were introduced into the sequence to obtain maximum homology.
(A) Region 1 (ICP4:1-312 vs. IE180:1-492)
(B) Region 2 (ICP4:313-490 vs. IE180:493-699)
(C) Region 3 (ICP4:491-796 vs. IE180:670-949)
(D) Region 4 (ICP:797-1224 vs. IE180:950-1365)
(E) Region 5 (ICP4:1225-1298 vs. IE180: 1366-1460)
Identical amino acids present in the alignment are indicated by the residues between the two sequences.

yielded similar results, only the IE180/ICP4 study is presented (Fig. 5).
Region 1 is a non-homologous region between ICP4 (312 residues) and IE180 (492

residues). The only noticeable similarity is a stretch of serine residues at position 186 of
ICP4 and at position 390 of IE180 (Fig. 5a). The size of region 2 is similar for both
polypeptides, 177 residues for ICP4 and 176 residues for IE180. It is a highly conserved
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Fig. 6. Comparison of ICP4 and IE180. (A) Summary of the 5 regions established for ICP4 and VZV140 are
shown at the top. The PRV diagram is generated by aligning the deduced amino acid sequences of ICP4 and
IE180. Areas of homologous sequences are indicated by boxes and those with extensive identical residues are
filled in. (*) denotes cluster of positively charged amino acid residues. Numbers in parenthesis indicate the relative
amino acid residue position with respect to the polypeptide. (B) The intramolecular structure and function relationship
that has been described for ICP4 (22).

area with more than 50% identical residues in the alignment (Fig. Sb). The established
size of region 3 is 305 residues for ICP4; however, the IE180 amino acid sequence from
690 to 1051 (381 residues) is non-homologous to region 3 of ICP4. In order to match
a cluster of positively charged residues, RKRK at position 727, in region 3 of ICP4, it
is arbitrarily decided that IE180 region 3 is 270 residues (from 670 to 949) to include
a cluster of similar residues, RRKRR, at position 938 (Fig. 5c). In contrast to a single
highly homologous region 4 between ICP4 and VZV 140, region 4 of IE180 can be
subdivided into a non-homologous area (between residue 797 to 910 of ICP4 and 941 to
1051 of IE180) and a conserved domain (between residue 911 to 1224 of ICP4 and 1052
to 1365 of IE180) (Fig. Sd). Within the conserved domain, more than 50% of the residues
are identical in the alignment. Region 5 is relatively short (68 and 94 residues for ICP4
and IE180, respectively) and it is a non-conserved region (Fig. Se).

DISCUSSION
Based on the deduced amino acid sequences of ICP4 (1298 residues), IE180 (1460 residues)
and IE140 (1311 residues), the predicated molecular weights are 133, 153 and 140 kDa,
respectively; instead, the molecular weight estimates on SDS-PAGE are 175, 180, and
185 kDa, respectively. This discrepancy has been attributed to the inability of denaturing
gel electrophoresis to size proteins of unusual amino acid composition (15); notably, the
high percentage of Ala, Arg, Pro and Gly amino acids.

Striking similarities were observed between the immediate-arly genes of PRV, HSV-1
and VZV. Comparison of the deduced amino acid sequence of PRV IE180, HSV-1 ICP4
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and VZV IE140 demonstrated clearly that the three polypeptides are closely related. The
five-region designation observed between ICP4 and IE140 (15) is also applicable to IE180.
Regions 1, 3 and 5 are non-homologous and regions 2 and 4 are highly conserved. The
fact that the conserved regions 2 and 4 are separated by the non-homologous region 3,
suggests that the conserved domains are critical elements structurally and functionally;
and that the distance between these elements may be important. It is interesting to note
that short similarities can also be recognized in the largely non-homologous regions. These
observations include a stretch of serine residues in region 1 and a cluster of positively
charged residues in region 3. In addition, region 1 of VZV IE140 and PRV IE180 are

153 and 180 residues longer than region 1 of ICP4. It appears that a major deletion or

insertion occurred to the ancestral gene of these three polypeptides.
Recently, intramolecular structure and function analysis of HSV-1 ICP4 has been carried

out and certain properties have been assigned to specific domains of the polypeptide (22,23).
Since nothing is known about the correlation of structural domains and functional activities
of PRV IE180, comparative studies of ICP4 and IE180 should yield some insight into
this relationship. To this end, functional domains ascribed to ICP4 of HSV (22) were
incorporated in Fig. 6 for illustration.

Phosphorylation of ICP4 to generate multiple forms of the molecule has been associated
with a stretch of serine residues (13 out of 14) at position 185 of region 1. As shown
in Fig. 5a, a stretch of 16 serine residues is located at position 390 (region 1) of IE180
which may be involved in phosphorylation.

Functions such as DNA binding, trans-activation and autoregulation have been asssigned
to region 2 of ICP4 (22,23). These properties have also been observed with 1E180 (5,6,8,9).
Due to the extensive homology between this region of ICP4 and IE180 (Fig. Sb), it is
likely that the same functions also reside in domain 2 of the PRV polypeptide.
Both ICP4 and IE180 are localized predominantly in the nuclei of infected cells (7,24).

Nuclear localization of ICP4 has been attributed to a sequence that consists of a cluster
of four strongly positively charged arginine (R) and lysine (K) residues (RKRK) at position
727 of region 3 (15, 22, 23). By analogy, the cluster of RRKRR residues at position 930
of IE180 (region 3) is responsible for nuclear localization; even though, the same cluster
is also present at position 464 (region 1) of IE180.
The specific functions associated with regions 4 and 5 of HSV ICP4 have not been fully

established. It has been suggested that they may play a role in functions such as DNA
synthesis, late gene expression, subnuclear localization and transactivation (22,23). Region
4 of IE180 has a small non-homologous region (Fig. Sd) when compared to ICP4; however,
the extensive homology in the rest of the region may be responsible for some, if not all,
of the functions mentioned above.

Virtually nothing is known about the intramolecular structure and function relationship
of IE180. By analogy to ICP4, several functions can be assigned to various domains of
the polypeptide tentatively. Confirmation of these inferences awaits-future experimentations.
The fact that there is only one PRV IE gene but five HSV IE genes (24) suggests that
the IE180 protein may have additional functional domains not yet identified.
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