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A pseudorabies virus (Becker strain) glycoprotein gene was located in the UL region at map position 0.40.
The gene was identified by using open reading frame Esc)ierichia coli plasmid expression vectors and specific
antibody reagents. A 1.55-kilobase unspliced transcript from the gene was detected in pseudorabies
virus-infected tissue culture cells. The DNA sequence revealed a single open reading frame of 1,437 base pairs
encoding 479 amino acids. The predicted primary translation product has a molecular weight of 50,860 and
contains features of a typical herpesvirus glycoprotein. An E. coil expression plasmid was constructed that
contained essentially all of the open reading frame for this gene. Antibodies raised in rabbits against the protein
expressed in bacteria by this plasmid immunoprecipitated pseudorabies virus-specific glycoproteins of 92,000
and 74,000 daltons from infected cell extracts. It is likely that these two forms represent different glycosylation
states of the protein.

Pseudorabies virus (PRV; Suid herpesvirus 1) is a natu-
rally occurring herpesvirus of swine. The PRV genome
consists of a linear, double-stranded DNA duplex (approxi-
mately 90 x 106 daltors) with an estimated coding capacity
of 100 to 200 genes. The genome contains a short unique
sequence (Us) of 6 x 106 daltons bracketed by an inverted
repeat sequence of 10 x 106 daltons. The remainder of the
molecule is the long unique region (UL) that is not bracketed
by inverted repeat regions. Of interest for this report are the
genes encoding the envelope or structural glycoproteins.
After PRV infection of tissue culture cells, at least five
groups of structural glycoproteins (1, 14) and a secreted
glycoprotein (1, 25) are synthesized. The structural glyco-
proteins are found embedded in the nuclear and cellular
membranes of infected cells as well as on the surface of the
mnature, enveloped virions. These PRV glycoproteins play a
pivotal role in the life cycle of the virus and are likely to be
the major antigens that interact with the host immune system
eliciting both humoral and cell-mediated immune responses
(reviewed in references 9, 23, 28).

In general, the role of individual PRV glycoproteins in the
virus life cycle or in viral pathogenicity is poorly understood.
Only recently have genome locations of PRV-encoded gly-
coproteins begun to be described. A 90,000-dalton non-
structural PRV glycoprotein secreted into the medium of
infected cells was reported to be encoded by the Us region of
the PRV genome (25). Similarly, the tentative locations in
the Us region of genes encoding PRV glycoproteins of
130,000 and 50,000 daltons have been described (22, 31).
A. K. Robbins et al. (Herpesvirus Meeting, 1985, Ann
Arbor, Mich., p. 130) reported the localization of the gIl
glycoprotein gene in the UL region at map position 0.1. We
have previously localized a PRV glycoprotein gene in the UL
region through the use of Escherichia coli expression plas-
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mid libraries containing random fragments of PRV DNA
(27).
We now report the further characterization of this PRV

glycoprotein gene found in the UL region. Previously, we
described two different expression plasmids, designated
pDPR7 and pDPR123, carrying adjacent but nonoverlapping
PRV DNA segments that specified PRV- -galactosidase
fusion proteins. Antisera produced in rabbits against either
fusion protein immunoprecipitated the same two, apparently
related, PRV-encoded glycoproteins of 92,000 and 74,000
apparent molecular weight. Our hypothesis was that the
PRV DNA segments cloned in either expression plasmid
represented different regions of the same gene. In this
report, we confirm this hypothesis and describe the detailed
mapping, mRNA characterization, and complete nucleotide
sequence of this PRV glycoprotein gene.

MATERIALS AND METHODS

Animal cells and virus. The swine kidney cell line PK15 and
the Becker strain of PRV have been described previously
(27).
E. coli strains. Strain MC1000 has the genotype araD139

A(araABC-leu)7679 galU galK A(lac)X74 rpsL thi. Strain
NF1829 is MC1000 carrying an F' plasmid with the lacP
mutation which results in overproduction of the Lac repres-
sor. The F' also carries the lac operon with a TnS insertion
in lacZ. Both strains were obtained from T. Silhavy.

Bacterial plasmids. All plasmids were constructed by
standard recombinant DNA techniques. Plasmid polink26 is
a derivative of pBR328 (10). It was constructed by replacing
the 1,850-base-pair (bp) SalI-EcoRI fragment with a syn-
thetic 65-bp linker containing multiple restriction endonucle-
ase cleavage sites. Plasmids pDPR7 and pDPR123 express
open reading frame segments ofPRV DNA fused to the lacZ
gene under control of the E. coli lac promoter. These
P-galactosidase fusion vectors have been described else-
where (27). Plasmid pPRV49 contains the PRV BamHI 2
fragment inserted in the BamHI site of pBR322. Plasmid
p7-123 is a subclone of pPRV49, containing a 2.5-kilobase
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(kb) PRV SphI-BamHI fragment replacing the SphI-BamHI
fragment of pBR322. Plasmid pK64 contains the PRV KpnI
J fragment cloned into the KpnI site of polink26. Plasmid
p7-123AM is described in detail below.

Construction of expression plasmid p7-123AM. The basic
expression vector, ptc412, is derived from pJS413 (27). In
this vector, the first 23 amino acids of the bacteriophage
lambda cro gene are used as a "leader" for efficient trans-
lation. The DNA encoding this leader is joined in phase by a
synthetic polylinker sequence containing several restriction
enzyme cleavage sites to a sequence encoding an lacI-lacZ
hybrid gene. If a sequence containing an open reading frame
is inserted at the polylinker site in frame with the cro leader
and in frame with the lacI-lacZ sequences, a hybrid gene will
result encoding a cro-open reading frame-3-galactosidase
fusion protein. This protein is expected to have I-
galactosidase activity. To make ptc412, the lac promoter
was replaced with the stronger tac promoter obtained from
plasmid pDR540 (P-L Biochemicals, Inc., Milwaukee, Wis.).
In addition, the polylinker between the DNA encoding Cro
and ,-galactosidase of pJS413 was replaced with a synthetic
DNA linker containing BglII, HindIII, SmaI, and BamHI
restriction enzyme cleavage sites.
p7-123AM is designed to express either the Cro-PRV

fusion protein alone or both Cro-PRV and Cro-PRV-,B-
galactosidase fusion proteins concomitantly. This is accom-
plished by the insertion of a synthetic DNA sequence
containing an amber nonsense codon at the PRV-lacZ DNA
junction (see Fig. 5). When such a plasmid is carried by a
wild-type cell, translation terminates at the nonsense codon,
resulting in the production of only the Cro-PRV fusion
protein. However, when the plasmid is carried by a cell with
a nonsense suppressor mutation, the nonsense codon is
translated, and the entire Cro-PRV-3-galactosidase fusion
protein is made. In addition, however, the Cro-PRV fusion
protein is also produced because suppression of the non-
sense codon is less than 100% efficient. This concomitant
production of both fusion proteins has proven to be of value
for isolation of the Cro-PRV fusion protein since it will
coaggregate with the Cro-PRV-,-galactosidase protein in
large intracellular inclusions, simplifying purification (36). In
the case of p7-123AM, concomitant expression of both
fusion proteins was not necessary to stabilize the Cro-PRV
fusion protein, presumably because the Cro-PRV fusion
protein itself forms insoluble aggregates.
The construction of p7-123AM was accomplished in two

steps. First a Cro-PRV-p-galactosidase protein fusion was
made; second, a DNA linker containing an in-frame non-
sense codon was inserted at the PRV-lacZ junction.
A 2.5-kb SphI-BamHI fragment of PRV genomic DNA

(located from 0.0 to 2.5 kb in Fig. 1C) was cloned in pBR322.
This plasmid, designated p7-123, carries the PRV gene of
interest. p7-123 DNA was digested with NcoI, and the
cohesive ends were filled in by using the Klenow fragment of
DNA polymerase I and all four deoxyribonucleotides. The
DNA was then digested with BamHI, and a PRV DNA
fragment containing 1,380 bp of the putative PRV glycopro-
tein-coding sequence was isolated. By DNA sequence anal-
ysis (see Fig. 4), this fragment contains the coding sequence
from amino acid 1 through 460 or about 96% of the gene.
This 1.38-kb PRV DNA fragment was then inserted into the
expression vector ptc412 at the SmaI-BamHI sites between
the cro and lacZ gene sequences. Plasmids resulting from
this ligation were introduced into NF1829 by CaCI2 transfor-
mation followed by selection for ampicillin resistance. A
plasmid designated ptacNB expressed a Cro-PRV-,-

galactosidase fusion protein and was subsequently shown to
have the PRV DNA in the correct orientation.

Plasmid ptacNB DNA was then cleaved at the unique
BamHI restriction endonuclease site located at the junction
between the PRV gene and the lacZ gene. The cleaved
plasmid was religated by using T4 DNA ligase in the pres-
ence of the DNA linker:

5' G ATC TAG ATC TA 3'
3' ATC TAG ATC TAG 5'

This linker contains an amber nonsense codon, TAG. The
reading frame is indicated by spacing. The linker was syn-
thesized as described by Chow et al. (6). Introduction of the
linker sequence destroyed the BamHI site but introduced a
BglII and XbaI site as well as the in-frame nonsense codon.
The structure of the resulting plasmid, designated
p7-123AM, was verified by restriction enzyme mapping and
nucleotide sequence of the fusion joints (see Fig. 5). Immu-
nological analysis of the fusion protein produced by
p7-123AM is described in Results.

Production and isolation of Cro-PRV fusion proteins from
E. coli. The production and isolation methods were essen-
tially those described by Watson et al. (36). The Cro-PRV
fusion protein specified by p7-123AM was produced at
approximately 3% of total cellular E. coli protein as deter-
mined by Coomassie brilliant blue staining of sodium dode-
cyl sulfate-polyacrylamide gels (see Fig. 6).
Northern blot analysis of PRV RNA. Total cytoplasmic

RNA was extracted from uninfected or PRV-infected cells at
various time points as described previously (33) and frac-
tionated by electrophoresis on a 1% agarose gel containing 2
M formaldehyde-0.02 M morpholinepropanesulfonic acid-5
mM sodium acetate-1 mM EDTA, pH 7 (20). The RNA was
subsequently transferred to a nitrocellulose membrane (30)
and hybridized at 42°C for 16 h with DNA probes labeled
with 32P by nick translation (26). The hybridization solution
contained 50% formamide, 1 M sodium chloride, 50 mM
sodium phosphate, 5 mM EDTA, 0.1% sodium dodecyl
sulfate, 2x Denhardt solution (0.04% each of Ficoll 400
[Pharmacia Fine Chemicals], bovine serum albumin, and
polyvinylpyrollidone [Sigma Chemical Co.]), 400 ,ug of yeast
tRNA per ml, and 250 ,ug of sonicated calf thymus DNA per
ml. After hybridization, the membrane was washed four
times for 30 min each at 65°C with 0.25x SSC (1x SSC
contains 0.15 M sodium chloride and 0.015 M sodium citrate,
pH 7.0)-0.1% sodium dodecyl sulfate before the membrane
was analyzed by autoradiography.

Sl nuclease and ExoVII analysis of RNA. The protocols of
Berk and Sharp (2) were followed by using 5' or 3' end-
labeled fragments as probes (Fig. 1D, E, and F). Probes were
labeled at their 5' or 3' ends as described previously (3).
DNA sequencing. The method of Maxam and Gilbert (21)

was used for DNA sequence analysis.
Preparation of cell extracts and immunoprecipitations. The

techniques for making cell extracts for immunological anal-
ysis were described previously (27).

Preparation of Cro-PRV fusion proteins expressed in E.
coli. E. coli cells containing the plasmid p7-123AM were
grown overnight at 37°C with shaking in L-broth containing
100 ,ug of ampicillin per ml. The cells were subsequently
diluted 1:50 in similar fresh medium and shaken for 4 h at
37°C. The expression of the Cro-PRV fusion protein was
induced by adding isopropyl-,-D-thiogalactopyranoside
(IPTG) to 1 mM final concentration. At 4 h after IPTG
addition, the induced cells were collected by centrifugation,
the supernatant was decanted, and the cell pellets were
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1.5 0.6 0.7 0.8 0.9 1.0 DNA is contained within a 3.6-kb SphI-to-NcoI fragment of
UNITS PRV DNA.
15 614 10 12 Analysis of RNA from PRV-infected cells. If the PRV DNA
136 aZ1 sI I 7 5 8113 carried by pDPR7 and pDPR123 indeed is derived from the

same gene, then hybridization analysis using either plasmid
3ASES * as a probe should identify the same characteristic RNAspecies. RNA extracted from uninfected cells and cells

2.0 3.0 3.6 infected with PRV for 4, 8, and 16 h was fractionated by
electrophoresis on an agarose-formaldehyde gel. The sepa-

SicINp.I PW.H SHIa! l' NcoI rated RNA was subsequently transferred to nitrocellulose
I_%,El 'I M'N, paper for hybridization. Separate nitrocellulose filters on
SaI SoIXSboI" IS which the RNA had been immobilized were then incubated________SE under appropriate hybridization conditions (see Materials
uRNA 3and Methods) with plasmid DNA from either pDPR7 or

s'* pDPR123 that had been labeled with 32P by nick translation.
Bo*N The results are presented in Fig. 2 for pDPR7. Identical

results were found with pDPR123 (data not shown). Both
Sm.lS"e*311 , plasmids hybridized to a single RNA species of approxi-

XhoI NcoI mately 1.55 kb. No hybridization of plasmid DNA was
observed to RNA extracted from uninfected cells. These

the indicating relevant sites and data are consistent with the hypothesis that both pDPR7 and

L and UL regions as well as the pDPR123 carry segments of the same gene. The detailed
uences bracketing Us.(wRS and analysis of the RNA is presented below.
divided in map units as indicated. SI nuclease protection of labeled DNA by hybridization to
'for the PRV genome. The region RNA. The Sl endonuclease and ExoVII exonuclease proce-
and 9 is expanded and detailed in dures of Berk and Sharp (2, 3) were used to determine the
with relevant restriction enzyme direction of transcription, the approximate location of the 5'
esponds to the glll glycoprotein and 3' ends of the RNA transcript defined by the previous
Fig. 4. The mRNA transcript for hybridization experiments, and the presence or absence of~en below the line. (D, E, and F) RNA splicing.
to establish the 5' and 3' mRNA Plasmid p7-123 carries the SphI-BamHI fragment as pre-
each probe is indicated by an

viously described. The 1.6-kb XhoI fragment that contains
the DNA carried by both pDPR7 and pDPR123 was labeled
at the 5' or 3' end as described previously (34). The 5' or 3'

frozen at -70°C. The Cro-PRV fusion protein is produced as
an insoluble aggregate or inclusion body. Purification of the
aggregated protein was done essentially as described by
Watson et al. (36).

Production of rabbit antisera. A sample of Cro-PRV fusion
protein suspension was adjusted to 50 mM NaOH and
incubated at 60°C for 10 min. The suspension was then
neutralized with 1 M hydrochloric acid and then emulsified
with complete Freund adjuvant. Approximately 250 ,ug of
emulsified fusion protein was injected intramuscularly into
New Zealand White rabbits. Three weeks after the first
injection, the rabbits were given booster injections with 250
,ug of protein in incomplete Freund adjuvant. One week after
the second injection, the rabbits were bled from the marginal
ear vein, and the antisera were used for immunological
studies.

RESULTS
Previously, we had suggested that the PRV DNA se-

quences represented in pDPR7 and pDPR123 were likely to
come from a single PRV glycoprotein gene located in the UL
region (27). These plasmids carried DNA segments of 495
and 363 bp, respectively, that hybridized to the BamHI 2
fragment of PRV cloned in pPRV49. Further analyses indi-
cated that the cloned open reading frame segments were
adjacent, but not overlapping. To facilitate a more detailed
study, subclones of this region were constructed with the
vectors pBR322 and polink26 (see Materials and Methods).
The results of restriction enzyme analysis of these plasmids
with the enzymes NcoI, XhoI, Sall, SacI, SmaI, KpnI,
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FIG. 2. Northern blot analysis ofRNA from PRV-infected PK15
cells. Total cytoplasmic RNA was extracted from uninfected and
PRV-infected cells at various time points postinfection and fraction-
ated on an agarose-formaldehyde gel. The RNA was transferred to
a nitrocellulose membrane and hybridized with nick-translated DNA
from plasmid pDPR7. Lanes: 1, RNA extracted from uninfected
cells; 2, 3, and 4, RNA extracted from cells at 4, 8, and 16 h,
respectively, after infection with virus. The hybridized blots were
washed and autoradiographed at -70°C. The size of the fragments
hybridizing to the radioactive probe was estimated by using 32p_
labeled DNA markers as indicated.
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FIG. 3. Nuclease Si mapping of glycoprotein glll-specific RNA.
DNA probes of 2.1 and 2.5 kb uniquely labeled at a 5' end as

indicated in Fig. 1D and E were hybridized with total cytoplasmic
RNA extracted from either uninfected or virus-infected cells. After
hybridization, RNA-DNA hybrids were digested with either Si
endonuclease or ExoVII nuclease and fractionated by electrophore-
sis on an alkaline agarose gel as described in Materials and Methods.
Lanes: 1, hybrids formed with the 2.5-kb probe digested with S1
nuclease; 2, hybrids formed with the 2.5-kb probe digested with
ExoVII; 3, hybrids formed with the 2.1-kb probe digested with Si
nuclease; 4, hybrids formed with the 2.1-kb probe digested with
ExoVII. The sizes of 32P-labeled DNA markers are indicated. RNA
extracted from uninfected cells did not protect either DNA probe
from Si or ExoVII digestion (data not shown).

end-labeled DNA was then hybridized to total cytoplasmic
RNA extracted from PRV-infected cells 16 h postinfection
(late RNA). RNA-DNA hybrids were treated with S1 nucle-
ase and fractionated by electrophoresis on a 1.4%
alkaline-agarose gel. Only DNA with the 5'-end label was
protected from S1 digestion, and the size of the protected
DNA fragment was approximately 1.2 kb (data not shown).
From these experiments, we inferred that the direction of
transcription of the gene encoding this RNA is from the SphI
site toward the BamHI site (Fig. 1), the 5' terminus of the
RNA is located close to the Ncol site at 1.2 kb, and the 3'
end of the transcript is just beyond the BamHI site and is not
contained within the SphI-BamHI fragment.
The 5' end of the RNA was more precisely located as

follows. DNA from plasmid p7-123 carrying the SphI-
BamHI fragment (Fig. 1) cut with either BamHI or SmaI to
produce a linear fragment. Both 5' termini were labeled with
32P and polynucleotide kinase as described previously (34).
The labeled DNA was subsequently cut with SphI to yield
fragments of 2.5 kb (SphI to BamHI) and 2.1 kb (SphI to
SmaI). Each labeled fragment was then hybridized to total
cytoplasmic RNA from PRV-infected cells as described in
Materials and Methods. The RNA-DNA hybrids formed
were digested with Si nuclease or ExoVII exonuclease and
then fractionated by electrophoresis on a* 1.4% alka-
line-agarose gel. The results (Fig. 3) indicated that a 1.4-kb
fragment was protected with the 2.5-kb SphI-BamHI probe
and a 0.95-kb fragment was protected with the 2.1-kb SphI-
SmaI probe. From these results, we conclude that the 5' end

of the RNA is situated 1.4 kb from the BamHI site and 0.95
kb from the SmaI site close to the NcoI site at 1.1 kb (Fig. 1).
The sizes of the protected fragments when ExoVII was used
to digest the RNA-DNA hybrids were identical to those seen
for Si digestion (Fig. 3). Such results are consistent with the
absence of intervening sequences in this RNA.
A more precise location of the 3' end was done as follows.

Plasmid pK64 carries the 5.7-kb PRV KpnI J fragment that
overlaps the PRV BamHI 2 fragment, which, based on the
previous data (27), should encode the 3' terminus of the
transcript. Plasmid pK64 was cleaved with XhoI, and the 3'
termini were labeled with 32P as described previously (34).
The labeled DNA was subsequently digested with NcoI to
yield an XhoI-NcoI fragment of 1.1 kb (Fig. 1F). This
fragment was then hybridized to total cytoplasmic RNA
from PRV-infected cells as described previously (34). RNA-
DNA hybrids were digested with S1 or ExoVII and analyzed
as previously described. A 0.2-kb fragment was protected
from either S1 or ExoVII nuclease digestion (data not
shown). This establishes the location of the transcript's 3'
end at 0.2 kb from the XhoI site (Fig. 1C). In addition, these
experiments further indicate that the transcript is not
spliced. Preliminary S1 nuclease protection experiments
indicate that the 5' mRNA terminus is somewhat heterogen-
ous and located between positions 180 and 189 (Fig. 4) (data
not shown).
DNA sequence analysis. The entire nucleotide sequence

(both strands) of the region was determined (Fig. 4). A single
open reading frame of 1,437 bp was found that contained
both the sequences cloned in pDPR7 (bases 413 through 907)
and pDPR123 (bases 1127 through 1489) as well as those
sequences defined by RNA-DNA hybridization (Fig. 3). The
overall base composition of the open reading frame was
11.2% A, 13.6% T, 34.3% G, and 40.9% C. The codon usage
for the 479 amino acids is given in Table 1. Given the high
G+C content, it perhaps is not surprising that codon bias
exists. For example, 23 codons are not used at all. It is
remarkable that more than one-third of the amino acid
content is composed of only three amino acids: valine
(11.3%), alanine (14.4%), and proline (9.2%).
The DNA sequence for 196 bp upstream and 90 bp

downstream of the coding sequence was determined (Fig. 4).
The base composition of these regions was not markedly
different from that of the open reading frame. The TATA box
with the consensus sequence of 5'-TATAA/TAA/T-3' is
usually found 26 to 34 bp upstream of the site of initiation of
transcription in higher eucaryotes (8). The sequence TTTT
TAAAA (residues 151 through 159) may represent the TATA
sequence for this gene. In addition, the sequence
GCATTAAA (residues 111 through 118) may be analogous
to the CAT box motif characteristic of many eucaryotic
promoters (4, 8). The initiation codon of the gene is likely the
ATG at residue 196. It is the first ATG in the transcript and
is followed by an open reading frame of 478 codons. We note
that there is a subsequent ATG codon in the same reading
frame (residue 217). It has been predicted that efficient
translation initiation in eucaryotes depends on a purine
residue, usually an A, at position -3 relative to the initiating
ATG codon (15). The -3 position of either ATG (position
196 or 217) is a G. Downstream of the ATG, a purine at
position +4 (16) has been implicated in playing a role in the
efficiency of translation. By this argument, the first ATG
would be more efficient (+4 = G) than the second (+4 = C).
The proposed stop codon, TGA, is found at nucleotide

1,633. A potential polyadenylation signal, AATAAA, was
present downstream from the coding sequence beginning at
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nucleotide 1,666. This site would be consistent with the
observed size of the transcript localized to this region.
The predicted amino acid sequence for the polypeptide

encoded by this gene is also indicated in Fig. 4. The
molecular weight of the primary translation product would
be 50,860. The protein predicted from the DNA sequence
has features in common with envelope glycoproteins from
other herpesviruses (5, 11, 12, 24, 29, 32, 35). This can best
be seen by using the hydropathic analysis of Kyte and

AGO COO ACC ACC TCC OCT GCG CCA CAC CCG CGC GTA CCG OCT

CGC COO CGC GC COT GAC GCO GOC CCT OCT CCT CCA COC CTA

COT OAC COT CGC CAT GTG CGC CAC TAO CAT TAA ATC COT TTC

CT0 ATT CAC 0CC CAC OCT CGC GCM TTT TTA AAA CCG CGA TGO

CAC CCA TTC GCA CCC GCC ATG 0CC TCC CTC GCO
1 NET Ala Ser Lou Ala

CGT GAjCa T CTC C1yT CTG CTG G1C CTC 'SAC G1C C1 GCC ATC6 krg LouA Lou Lmu A La u -ryr A l l^I e

GCC 0C0 GCG CCG TCG ACC ACG AC GCA CTC CAC ACG ACG CCC
20 Ala Akl Ala Pro Ser Thr Thr Thr Lou Asp Thr Thr Pro

AIAC GIG TCc Gc Gs Gc AAC AGC AGC G^ GC CTCGSC
34 AnnGG y G?. CT

CCC TCT CCO CCC CCO ACC CCC OCC CCC CCC TOO CCC CAC
46 Pro Sar Pro Pro Pro Thr Pro Ala Pro Ala gOr Pro Glu Ala

GCC CC GT OCC ACG CCC CC GT CCO CCO CCC TCG CTO TCO
62 ATy a S-r Thr Pro ar Pro Pro Pro SOr Val Sor

CGC AGO AAG CCC CCO COO AAC AAC AAC COO ACC COC GTC CAC
76 Arg Arg Lys Pro Pro Arg Asn Aan Asn Ar Thr Arq Val His

GGC CAC AAG CCC ACC GAC CGC AAG CGC ATk CTC TCC
90 0ly Asp Lys Ala Thr AlaHG s klyAr; Lys Ar; iG Vol Cys

COO GAO COO CTG TTC TCO COO CTC CAC 0C0 GTC AOC
104 Arg Clu Arg Lou Pte Ser Ala Arq Val Cly Asp Ala Val S6r

TOO 0CC CTC TSC COOCOOCCC ccaOca ACC TIC CACaPl.yq Ala Val RIO Pro Ar;AC Ca CuTSM r Clu
GTC COC TTC TAC COCCOCC0 COC TTC COC TCO CCC CAC 0CC

132 Val Ar; Pho Tyr Ar; Ar; Cly Ar; Ph. Ar; SOr Pro Asp Ala

CAC CCC GAO TAC GCAC GaO CC COG COO COO caO OTO cOG
146 Asp Pro Giu TRAr P51 Asp GCu Pro Pro Arg Pro 1uCLou Pro

COG GAO COO CTC CTC TTC AOC TCC CCC AAC 0CC TCC CTC 0CC

160 Ar; Clu Ar; Lou Lou RIeSor SOr Ala fla Ser Lou Ala

174 H 'AT A p Al L Al P'ro RIT UT VTa GC. Cy GuG krg

216 C_ CGVI OT

accacC GC GGcaV TCC CTC CGC CVal123 AT hrVLoA1o A n EorGiny Glu RSo rklyArg

202 V&a AL. 01CH au AyVa Var CGAC

aG r c AOT COTG AGC

CTC CTG TCC acAAC& Gee ACC
Glu Val kCC SCCCACr T

216 Va LAru ASr ffrAC Ar;Cl aAr; au A;n GVT
TIC C0C GCA CGAO 0C COO CCC 00e TIC CLT ACC fCC230 Sr LAu XpLhu is r Pro la uSV r

CCG CCC CTC 0CC CTC CO COO AGO T OCGTC244 Pro Pro Val Ala Gb1 Lou oly P ArAa V CysVal

CTt OTC CG0

C COGcGC AGCC C COO
258 Ala Arp Alp AlaLor Arg SPr Vorl CrC LAu srg Tr

TTC eeae TcO TAC eCO GO AGOACTGC0 CCTOC TGC ACC AAC272 Clusr Pr RhI Shr
GAO A TCCCO CCCCAC CTOCT O0CC COC OTO TOO
GuO V 1 1Ala ; ClyAr; VaTy rgAHi Aar Aar Vol

GT aACC CCG0 CAC000 CCTO GCCC00c GCcT300 V AVr A;Rn Van uhr Arg AAp Va Pro Aly L0u Alo Ala

fTCeCC COO CTCGA0 ATC CTG COCTO Cc0
314 Val prGiup AlaA; lTaSPer su Arg Cys Al

GCC CO CTC TAC CGC cACC 0CC GAeT
Trp yr Arg Asp 01r erAln Ars Pr er

3T2 CTC CC CTC COO CAG C0 00COTac TCO GCA OTC TCC
342 rl Gu Ar;Po Ar; ProLou Ar, Asp vLo ser

csGceT s CTCTGCrs eeeeseec e r s
35, raf A'rg Va1 CluClyy Pb GAIa V'aC "CyCs ^ pC rWy Lou Cys

secccece eaeece eeeese ec seerTC Asp ctc ee OTC370 VIT PrCo P'ro Clu. MG A'rg La' ffC Sr TCC GCp H1 fC A a

ACCCsC SGAO TAOC CTC COO TGCGAG C0 CCC TGC
384 Asp Thr Val Tyr TALUCl Ala Cys a1^Clu Bigs Pro Gly

CTG CTC AAC esGT e eceeceCCSC a s a
394 tau Lou A n V Arg S-r a1 Arg Pro Lou S-r Asp LsuAp

Gec eCC ese Gac TAC ACC TGC CCC CTC Gcae ee ecT CCc Tee
412 Cly Pro Val Asp Tyr Thr Cy0 Ar; Lou Clu 1y Lou Pro O-r

426 Cln CLu Pro Va1 MC A pC
ccc

OTV
AGO TOG CCC VTe Va9Ael AGO ATO ATC GTS

440 Pro Ala 0r Vol *Or Trp Pro Vol Vol Oar SOr MIT 11 Vol

CSAS feeaC IeAC CL*'u GCF T X T S
454 Val AI1 GAa C y Aa Va-1 u 1 ZI1

ATO 0G0 AC TOOC 0sC TA CAOC0CAG cCo TGA coT
466 HT Al Thr Cys Vol Tyr Tyr Ar; Gin A

y Pro TE
CCC 0CO COT CCC CCC CC0 COT cca ATC AAT AAA CGA Coo CCA

GTO CGA CCC CCC TCO COC TO TOT CTO TOC COC
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FIG. 4. DNA sequence of the PRV glycoprotein gIII gene. The
nucleotide sequence was determined for both strands as described in
Materials and Methods. The sequence represented here is that of the
noncoding strand. Nucleotides are numbered at the right of the
sequence, which is transcribed from left to right. The deduced
amino acid sequence is indicated in the conventional three-letter
code, and the amino acids are numbered at the left of the sequence.
The underscored sequences are the Asn-X-Thr/Ser motif proposed
to be N-linked glycosylation sites.

TABLE 1. Codon usage in the glll gene of pseudorabies virus

Codon Frequency of % of Codon Frequency of % of
occurrence totala occurrence totala

TlT-Phe 1 0.2 TAT-Tyr 0 0.0
TTC-Phe 16 3.3 TAC-Tyr 14 2.9
TTA-Leu 0 0.0 TAA-TER 0 0.0
TTG-Leu 0 0.0 TAG-TER 0 0.0

CTT-Leu 0 0.0 CAT-His 0 0.0
CTC-Leu 22 4.6 CAC-His 9 1.9
CTA-Leu 0 0.0 CAA-Gln 0 0.0
CTG-Leu 15 3.1 CAG-Gln 5 1.0

ATT-Ile 0 0.0 AAT-Asn 0 0.0
ATC-Ile 8 1.7 AAC-Asn 12 2.5
ATA-Ile 0 0.0 AAA-Lys 0 0.0
ATG-MET 4 0.8 AAG-Lys 3 0.6

GTT-Val 0 0.0 GAT-Asp 0 0.0
GTC-Val 32 6.7 GAC-Asp 24 5.0
GTA-Val 0 0.0 GAA-Glu 1 0.2
GTG-Val 22 4.6 GAG-Glu 26 5.4

TCT-Ser 1 0.2 TGT-Cys 0 0.0
TCC-Ser 9 1.9 TGC-Cys 9 1.9
TCA-Ser 0 0.0 TGA-TER 0 0.0
TCG-Ser 15 3.1 TGG-Trp 5 1.0

CCT-Pro 0 0.0 CGT-Arg 1 0.2
CCC-Pro 24 5.0 CGC-Arg 32 6.7
CCA-Pro 0 0.0 CGA-Arg 0 0.0
CCG-Pro 20 4.2 CGG-Arg 11 2.3

ACT-Thr 0 0.0 AGT-Ser 0 0.0
ACC-Thr 11 2.3 AGC-Ser 15 3.1
ACA-Thr 0 0.0 AGA-Arg 0 0.0
ACG-Thr 11 2.3 AGG-Arg 1 0.2

GCT-Ala 1 0.2 GGT-Gly 1 0.2
GCC-Ala 33 6.9 GGC-Gly 18 3.8
GCA-Ala 0 0.0 GGA-Gly 1 0.2
GCG-Ala 36 7.5 i GGG-Gly 10 2.1

a Total = 479 amino acids.

Doolittle (17) and the empirically based secondary structure
analysis of Gamier et al. (13). The first 22 amino acids are

hydrophobic, with the exceptions of serine at position 3,
arginine at position 6, and tyrosine at position 15. The
hydrophobic core (amino acids 7 through 22) of the first 22
amino acids is predicted to be in an alpha-helical arrange-
ment. This sequence could correspond to a signal peptide for
membrane insertion and may well be removed during trans-
lation and transport. Amino acids present at positions 451
through 470 are also strongly hydrophobic and have the
characteristics of a membrane-spanning alpha-helical region.
The carboxy-terminal nine amino acids have a net basic
charge and may function as a cytoplasmic anchor sequence.
Eight potential glycosylation sites (Asn-X-Ser/Thr) are pre-
sent in the region between the putative signal sequence and
transmembrane sequence and are indicated in Fig. 4.

Expression of the open reading frame in E. coli. The
identity of the protein encoded by this open reading frame
was deduced by expression of the protein in E. coli, produc-
tion of antisera against the bacterially produced protein, and
by use of sera so obtained for immunoprecipitation of

specific PRV polypeptides. We had previously expressed
portions of this open reading frame in E. coli as 1B-
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FIG. 5. Diagram of the fusion protein-coding region of expres-
sion plasmid p7-123AM. Details of construction of this plasmid are
described in Materials and Methods. (A) tac p/o corresponds to the
tac promoter-operator region used for transcription of the fusion
protein gene. SDcro indicates the Shine-Dalgamo region or ribo-
some-binding site for translation initiation taken from the
bacteriophage lambda cro gene. The boxed-in region indicates the
three parts of the fusion protein gene. The solid shading corresponds
to the first 23 amino acids of the bacteriophage lambda cro gene (the
ATG initiator codon is shown). Next, in the unshaded box, is the
open reading frame from the glycoprotein glll gene (the NcoI-to-
BamHI fragment from the hatched region in Fig. 1C) fused in frame
with the upstream cro sequences. Next, a synthetic linker with
BamHI cohesive ends and an in-frame nonsense (amber) codon
(sequence is given in panel B) is indicated in the space between the
open box (viral sequences) and the hatched box (lacZ gene). This
linker is in frame with both the viral DNA sequence and the lacZ
sequences. The TAG and TAA translational terminators of the
linker and lacZ are indicated above the boxes. The two arrows
above the gene indicate the two types of protein expected to be
translated from the mRNA. One protein, Cro-PRV, results from
translation terminating at the synthetic TAG codon at the junction of
viral and lacZ sequences. The other, Cro-PRV-,-galactosidase,
results from translation terminating at the natural TAA codon at the
end of lacZ. Only one of the three TAA lacZ terminator codons is
indicated.

galactosidase fusion proteins from the expression plasmids
pDPR7 and pDPR123. We had demonstrated that antisera
made against either of these fusion proteins immunoprecip-
itated similar glucosamine-labeled PRV proteins of 92,000
and 74,000 apparent molecular weight. The problem with
these antisera was that they only reacted with denatured
protein; they did not react with native material. In addition,
major portions of the protein, particularly the amino-
terminal segments, were not represented in either fusion
protein. A further complication was that the majority of the
mass of each fusion protein was ,-galactosidase. These
shortcomings were eliminated as follows. By knowing the
complete DNA sequence, we were able to express better
than 96% of the open reading frame in E. coli as a Cro-PRV
protein unfused to 3-galactosidase as described by Watson
et al. (36) and in Materials and Methods.

This plasmid, p7-123AM, is diagrammed in Fig. 5. The
construction of this plasmid is described in Materials and
Methods. The hybrid trp-lac or tac promoter used was
regulated by the lac repressor, and IPTG was used as the
inducer. Upon induction in the suppressor-negative host,
NF1829, p7-123AM directs the production of only the Cro-
PRV fusion protein (Fig. 6). The Cro-PRV fusion protein is
produced in significant quantities and is found in large,
insoluble aggregates. Purification of the Cro-PRV fusion

protein is easily done by collecting the aggregates by cen-
trifugation as described in Materials and Methods.
The physiology of E. coli carrying p7-123AM was mark-

edly affected upon IPTG induction. Cell division rapidly
stopped, although the Cro-PRV fusion protein continued to
accumulate. The phenomenon was observed in both sup-
pressor-positive and -negative strains. We have not investi-
gated this phenomenon further to date, although similar
phenomena have been observed previously (36).

Analysis of antisera directed toward the Cro-PRV fusion
protein. The Cro-PRV fusion protein was partially purified
from a culture of E. coli carrying the plasmid p7-123AM as
described in Materials and Methods. The fusion protein was
then injected into rabbits to raise antibodies as detailed in
Materials and Methods. Extracts prepared from [3H]glu-
cosamine-labeled PRV-infected cells were reacted with anti-
PRV serum as a control or antisera raised in rabbits against
the Cro-PRV fusion protein. The anti-PRV serum specifi-
cally immunoprecipitated PRV glycoproteins of 110,000,
92,000, 74,000, and 55,000 apparent molecular weight as
described previously (27). Rabbit antisera raised against the
Cro-PRV fusion protein containing 96% of the open reading
frame specifically immunoprecipitated two PRV glycopro-
teins of 92,000 and 74,000 apparent molecular weight (Fig.
7). These results are similar if not identical to those obtained
previously with Cro-PRV-p-galactosidase fusion proteins
representing small segments of the open reading frame,
except that immunoprecipitations could be done without
prior denaturation. Although it is possible that these two
proteins result from differential processing or proteolytic
degradation products, we favor the hypothesis that the
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FIG. 6. Induction of fusion protein expressed by E. coli NF1829
carrying plasmid p7-123AM. Bacteria were grown at 37°C in L-broth
containing 100 pLg of ampicillin per ml. Synthesis of fusion protein
was induced by the addition of IPTG to a final concentration of 1
mM. Samples (3 ml) of culture from uninduced (-) or induced (+)
were harvested at 1 h, 2h, and 4 h and after overnight (O/N)
incubation with inducer. The Cro-PRV fusion proteins were found in
insoluble aggregates and were prepared as previously described
(36). The aggregated proteins were fractionated by electrophoresis
on a 10% polyacrylamide-sodium dodecyl sulfate gel followed by
staining with Coomassie blue. The position of the Cro-PRV fusion
protein is indicated by the arrow. The locations of molecular weight
standards are indicated (x 1,000).
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FIG. 7. Immunoprecipitation of PRV-specific proteins with anti-
sera raised against the Cro-PRV fusion protein produced in E. coli.
PRV-infected cells were labeled with [3H]glucosamine, and cell
extracts were reacted with either normal rabbit serum (lane 1),
rabbit anti Cro-PRV serum (lane 2), normal goat serum (lane 3), or
goat anti-PRV serum (lane 4). Immune complexes were collected by
adsorption to Staphylococcus aureus and fractionated by electro-
phoresis on a 10%o polyacrylamide-sodium dodecyl sulfate gel.
3H-labeled polypeptides were detected by fluorography. The posi-
tions of molecular weight standards (x 1,000) are indicated.

diffuse family of proteins migrating at about 92,000 apparent
molecular weight represents highly glycosylated forms of the
primary translation product. Similarly, the sharper band at
74,000 apparent molecular weight may be a less-glycosylated
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form of the same protein. A similar precursor-product rela-
tionship has been observed with herpes simplex virus type 1
glycoprotein C (7). We have observed that the 74,000-
molecular-weight protein does not appear to be present in
purified virions (data not shown). A test of this hypothesis
will come from experiments that inhibit glycosylation in
vivo, from in vitro translation of specific mRNA, or from
removal of the sugar modifications by enzymatic treatment
of purified proteins.

DISCUSSION

In this paper we expand our initial observations in which
we located a PRV glycoprotein gene within the PRV genome
(27). Since the two expression plasmids used to localize the
new PRV gene carried different DNA segments that did not
overlap, it was important to prove directly that they carried
DNA from the same PRV gene. We have proven this
unequivocally by DNA sequence analysis, mRNA analysis,
and immunological studies of bacterially produced fusion
proteins.

This PRV glycoprotein gene is defined by an open reading
frame of 1,437 bases or 479 codons. The 1.55-kb mRNA
transcript of this sequence is not spliced. The transcript was
observed as early as 4 h postinfection and seemed to be
present at increased levels at 8 h postinfection. Since the 4-h
time point was the earliest examined, it may well be that the
transcript is synthesized earlier in the cycle.

Analysis of the primary sequence and the predicted amino
acid sequence indicates that the protein has a structure with
some features in common with most herpesvirus glycopro-
teins. There is a hydrophobic sequence of about 22 amino

1' NASLAMA.LALLALYAAAIAAAPSTTTALOT

1" NPGRVLAWLWGLLULGAGVAGGSETASTGPTITAGAVTWASEAPTSGSPGSASPEV

32'

610"

T GGGGESLELSPSPPPTPAPASPEAGAVSTPPVPPPSVSRtltKPPRUt TRVNGD..... . . . . ..... ........ ..... .. ...... ............
TPTSTPNNVaTPTEPASPTTPK- -PTSTPK TSTPOKKTTPAK- SG

92' KATANGMRIVRERLFSAtVGDAVFGCAVFPfMETF- -EWFttGRFRSPDAPET

116" PT MYG IN- CRSFWItNFSTUEFRL0IWYS IAPAPDL

150' FDEPPtPELPLERLLFSSAKASLAAAL -APWVEGEtATVANVSGEV- - SVAAAD

176" EEVLTUITAPPGGLLVYDSALTDPNVL MEGAGPGADPPLYSTGPLPTRL1 IGEVYT

206' AETEGVYTWVLSCTEVRSANVSLLLYSGPEFGLSAPPVLFGEPFRAVCVRDYYPRR

236" PATITYLAMGDSPNEYGTWRVF3PPSLTLQPNAVNEGWFKATCTAAAYYPRN

266' SVELWFADEINAAFVTNSTVADELGRRTRVSVVWVTRADVPGLAAADAADALAPSLR
. ..:.......: .. ..... .... ....... ... :... .. .. .

296W PVEFDWFEDGOV- - - FNPOQIDTOTNEHPDGFTTVSTVTSEAVGGOVPTFTCUTWH
I

326' CEAWYWDSVASQRFSEALRPNVYNPAAVSVFVGFAVC- -DGLCWPEARLAUSDNAA

353" RDSVTFSRUATG-LALVL-PRPTITNEFGVRNVVCTAGCVEGVTFAWFLGE0PSPAAK

364 DTVYNLGACAENPGLLNVRSARPLSDLDDYTCG CRLEGLPSOLPVFEDTQRYDASP-AS

411" SAVTAQESC-DNPGLATVSTLPIS- -TDYSEYICWdLTGYPACIPVLEHNIGSNHPPRDP

43' VSWPWSSNIWIAGIGILAIVLVINATCVYYRQAGP

466" TEROVIEAIEWGIGIGVLAAGVLWTAIVYVVRTSSRQEIGGNARPPVTFLISI

FIG. 8. Protein similarity between herpes simplex virus type 1 glycoprotein C and the PRV glycoprotein glll. Shown to the left is a dot
matrix study with the deduced amino acid sequence of herpes simplex virus type 1 glycoprotein C (13, 29) on the Y-axis and the deduced
amino acid sequence of PRV gIII on the X-axis. The method was described previously (19). The window was 30 and the stringency was set
at 8. Shown to the right is the printout from an FASTP homology search of the Dayhoff protein sequence library by the method of Lipman
and Pearson (18). The ktup value was set at 1 for this search. The PRV glll amino acid sequence in single-letter code begins on the first line
and is numbered on the left as 1'. In a similar fashion, the herpes simplex virus type 1 glycoprotein C amino acid sequence begins on the
second line and is numbered on the left as 1". Identical amino acids (:), similar amino acids (.), and gaps introduced by the alignment algorithm
(--) are indicated. In this alignment, there was 23.3% identity in an overlap of 466 amino acids.
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acids at the amino terminus that may correspond to a signal
peptide that should be removed during protein localization in
the membranes of infected cells. Similarly, there is a hydro-
phobic sequence near the carboxy terminus that is predicted
to span the membrane of the virus envelope or infected cells.
Computer analysis revealed no significant DNA homology

to the known DNA sequences of other herpesvirus glyco-
proteins (data not shown). Homology at the amino acid level
was also very minimal with the exception of glycoprotein C
from herpes simplex virus type 1 and type 2. The homology
presented in Fig. 8 was detected by using the FASTP
homology search program of Lipman and Pearson (18),
scanning the Dayhoff protein data base. For herpes simplex
virus type 1 glycoprotein C, the 22.3% homology extends
over 466 amino acids. The majority of matches are for
similar, but not identical, amino acids. The similarity was
significant as judged by a Monte Carlo shuffle test with the
RDF program of Lipman and Pearson (18). The dot matrix
homology analysis of Maizel and Lenk (19) also provided
evidence of similarity (Fig. 8). The herpes simplex virus type
2 glycoprotein C gene (29) exhibited similar homology pat-
terns (19.0% homology over 458 amino acids; data not
shown). Although it may be that the PRV and herpes simplex
virus proteins have evolved portions of a common primary
protein structure, there is no evidence for immunological
cross-reaction (unpublished observations). Further work is
necessary to determine whether these proteins share any
common functions and indeed are analogs.
Hampl et al. (14) used monoclonal antibodies to define

specific PRV glycoproteins. The nomenclature proposed
would number them with roman numerals gI, gll, glll, gIV,
and gV. We have attempted to use these reagents to define
more precisely this new glycoprotein. Unfortunately these
monoclonal antibodies did not react with the protein ex-
pressed in E. coli, presumably because they recognize
conformational determinants not present in the bacterial
product. However, using recombinant DNA techniques we
have introduced defined mutations into the gene identified in
this paper and have demonstrated appropriately altered
glycoproteins that react with gIll-specific monoclonal anti-
bodies (A. K. Robbins, M. E. Whealy, R. J. Watson, and
L. W. Enquist, manuscript in preparation). Although our
estimated molecular weights differ slightly from those of
Hampl et al. (14), we suggest that the open reading frame at
0.4 map unit encodes the gIll glycoprotein gene.
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