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A library of pseudorabies virus (PRV) DNA fragments was constructed in the expression cloning vector
Agtll. The library was screened with antisera which reacted with mixtures of PRV proteins to isolate
recombinant bacteriophages expressing PRV proteins. By the nature of the Agtll vector, the cloned proteins
were expressed in Escherichia coli as I-galactosidase fusion proteins. The fusion proteins from 35 of these
phages were purified and injected into mice to raise antisera. The antisera were screened by several different
assays, including immunoprecipitation of [14C]glucosamine-labeled PRV proteins. This method identified
phages expressing three different PRV glycoproteins: the secreted glycoprotein, gX; gI; and a glycoprotein that
had not been previously identified, which we designate gp63. The gp63 and gI genes map adjacent to each other
in the small unique region of the PRV genome. The DNA sequence was determined for the region of the genome
encoding gp63 and gI. It was found that gp63 has a region of homology with a herpes simplex virus type 1

(HSV-1) protein, encoded by US7, and also with varicella-zoster virus (VZV) gpIV. The gI protein sequence has
a region of homology with HSV-1 gE and VZV gpl. It is concluded that PRV, HSV, and VZV all have a cluster
of homologous glycoprotein genes in the small unique components of their genomes and that the organization
of these genes is conserved.

The glycoproteins of herpesviruses are incorporated into
the membranes of infected cells and the viral envelope and
have a variety of functions. Herpesvirus glycoproteins are
best characterized in the prototype alphaherpesvirus, herpes
simplex virus (HSV) (for a review, see reference 44). The
functions of the HSV glycoproteins include binding the virus
to the surface of cells (16, 41) and fusing infected cells (34).
The glycoproteins are important in interactions with the host
immune system. They are not only the targets of the host
immune response (for a review, see reference 43), but
individual HSV glycoproteins have been shown to interact
with specific components of the immune system. HSV gE is
a receptor for the Fc portion of immunoglobulins (1), and gC
is a receptor for the C3b component of complement (15).
The structural and functional characterization of the HSV

glycoproteins has focused primarily on the major glycopro-
teins, gB, gD, gE, and gC of HSV type 1 (HSV-1) and gG of
HSV-2. Recent work has begun the characterization of
low-abundance glycoproteins such as gG (38) and gH (7) of
HSV-1. These minor glycoproteins were not discovered until
specific monoclonal antibodies were isolated. In the course
of sequencing large regions of the HSV genome, McGeoch et
al. (28) discovered open reading frames that could code for
unknown HSV glycoproteins. A detailed analysis of the
sequence data led McGeoch to conclude that there very
likely are additional HSV glycoproteins remaining to be
characterized (27).
The glycoproteins of the porcine herpesvirus pseudorabies

virus (PRV) are much less well characterized than those of
HSV. One PRV glycoprotein gene, that for gll, codes for
three PRV glycoproteins derived by posttranslational proc-
essing (19) and has been shown to have homology with the
HSV gB gene (A. K. Robbins, R. J. Watson, and L. W.
Enquist, European patent application 0162738). The gene for
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another major glycoprotein, glil, has been mapped (40) and
shown to have homology with the HSV gC gene (39). The
gene for a minor PRV glycoprotein, gp5O, was mapped by
marker rescue of a mutation conferring resistance to a
monoclonal antibody (48). The sequence of the gp5O gene
showed that gpSO has a region homologous to HSV gD (36).
It is not known whether gp5O is identical to gIV or gV
characterized by Hampl et al. by mobility on 2-dimensional
electrophoresis gels (19). The gene for the PRV secreted
glycoprotein, gX, has been sequenced (37), but no homology
with HSV glycoproteins has been noted. An additional PRV
glycoprotein gene, that for gI, has been mapped (30), but
homology to HSV glycoprotein genes has not been reported.

In view of the homology between the HSV and PRV
glycoproteins characterized to date and the number of
known and predicted glycoproteins in HSV, it seemed likely
that there would be additional PRV glycoproteins beyond
those already characterized. To isolate PRV glycoprotein
genes we have used the Xgtll vector system of Young and
Davis (50, 51). This system expresses inserted genes as
,B-galactosidase fusion proteins. This allows the isolation of
genes for which suitable antibodies are available. Since the
clones are isolated by expression of a protein in Escherichia
coli, once they are isolated it becomes possible to purify
these fusion proteins for use in raising monospecific antisera
against the proteins. Therefore, if PRV genes are isolated by
cloning in the expression cloning vector Xgtll, such antisera
could be raised to characterize the proteins coded by the
cloned genes by analysis of the reactive proteins in PRV-
infected cells. In particular, antisera raised against fusion
proteins containing PRV glycoprotein sequences could be
expected to react with ['4C]glucosamine-labeled proteins
from PRV-infected cells.

In this report we describe the use of Xgtll to isolate a
collection of PRV genes. By raising antibodies to the fusion
proteins, we identified three glycoprotein genes: the previ-
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ously characterized gene for gX (37); the gene for gl, which
on sequencing showed homology with the HSV gE gene; and
the gene for a previously unidentified glycoprotein with
homology to an HSV open reading frame for which no
protein product has been detected.

MATERIALS AND METHODS
Cells and viruses. PRV Rice was originally obtained from

D. P. Gustafson, Purdue University, West Lafayette, Ind. It
was propagated on Vero cells, as previously described (37).

Construction and screening of Xgtll library. PRV Rice
DNA was prepared as previously described (37). The DNA
was sheared to a size range of 0.5 to 3.0 kilobases by
sonication. After treatment with T4 DNA polymerase and
the addition of EcoRI linkers, fragments in this desired size
range were isolated by agarose gel electrophoresis. The
fragments were purified from the agarose slices by the
method of Vogelstein and Gillespie (46). The library was
constructed by ligation of approximately 500 ng of PRV
DNA fragments with 750 ng of EcoRl-digested Xgtll DNA in
a 10-Ed reaction mixture containing 50 mM Tris hydrochlo-
ride (pH 7.4), 10 mM MgCI2, 10 mM dithiothreitol, 1 mM
spermidine, 1 mM ATP, and 400 U of T4 DNA ligase (New
England BioLabs, Inc.). After the ligation reaction pro-
ceeded overnight at 15°C, the DNA was packaged in
bacteriophage lambda particles by using Packagene extract
(Promega Biotec). The result was a library of 300,000 ph-
ages, 20% of which gave white plaques on X-gal (5-bromo-
4-chloro-3-indolyl-3-D-galactoside) plates.
The library was screened by plating 20,000 plaques per

150-mm petri dish containing E. coli Y1090 by the procedure
of Young and Davis (50, 51). The only antisera that success-
fully detected expression of PRV genes in the Xgtll library
were the gel-slice antisera described previously (45). Posi-
tive plaques were picked, plaque purified, and rescreened
until homogeneously positive. High-titer stocks of each
positive phage were prepared by making plate lysates (25) on
E. coli Y1090.

Antisera. To raise antisera, 3-galactosidase fusion proteins
were prepared from the Xgtll-PRV recombinant phages. A
fresh overnight culture of E. (oli K95 (Sup- X- Gal- Strr
nusA; obtained from D. Friedman [14]) was diluted 1:50 in
250 ml of L broth and grown at 30°C to an A550 of 0.5. The
culture was then infected at a multiplicity of infection of 5
and incubated in a shaking water bath at 42°C for 25 min
followed by 37°C for 2 to 3 h. Before lysis began, the cells
were harvested by centrifugation and suspended in 1 ml of
0.1 M Tris hydrochloride (pH 7.8)-0.3 M NaCl. An equal
volume of 2x sodium dodecyl sulfate (SDS) electrophoresis
sample buffer (33) was added, and the sample was boiled for
10 min followed by brief sonication to reduce viscosity. The
extract was layered onto a 3-mm-thick 9%o SDS-polyacry-
lamide electrophoresis gel (33). The band containing the
3-galactosidase-PRV fusion protein was excised, and the

protein was eluted as previously described (37).
Approximately 50 to 75 pLg of fusion protein was sus-

pended in complete Freund adjuvant and injected subcuta-
neously and intraperitoneally in female CD-i mice. After 3
weeks and every 10 days thereafter the immunizations were
repeated with incomplete Freund adjuvant until im-
munoprecipitating antiserum was obtained. An average of
three to five immunizations with a fusion protein yielded a
precipitating antiserum. Once it was determined that a
mouse was producing a useful antiserum, an ascites tumor
was induced to collect 20 to 50 ml of polyclonal antibodies
per mouse (42).

Immunoprecipitations were performed with 10 to 20 pl of
mouse antiserum (or ascites fluid) mixed with a ["4C]glucos-
amine-labeled extract of PRV-infected cells. These proce-
dures were previously described (37), except for the follow-
ing. The extracts were incubated with normal mouse serum
and then with washed Staphylococcus aureus cells and
centrifuged for 30 min in a Beckman SW50.1 rotor at 40,000
rpm. After the extracts were incubated with monoclonal or
polyclonal antiserum plus S. aiir-eis cells, the cells were
washed three times in 10 mM Tris hydrochloride (pH 7.0)-i
mM EDTA-0.1 M NaCl-1% Nonidet P-40-0.5% deoxycho-
late. The immunoprecipitated proteins were analyzed on
11% SDS-polyacrylamide electrophoresis gels (33).
DNA analysis. The DNA cloning methods were standard

techniques (25). The genomic DNA used for sequencing was
plasmid pPR28, a clone of the BamHI 7 fragment of PRV
Rice (37), and subclones thereof. DNA sequencing was done
totally by the method of Maxam and Gilbert (26), with all
sequences determined at least twice on both strands. Be-
cause of the high G+C content of some regions of the
sequence, it was necessary to run sequencing gels as warm
as possible to obtain an unambiguous sequence.

RESULTS

Isolation of Xgtll recombinants expressing PRV glycopro-
tein genes. A library of PRV fragments cloned into Xgtll was
constructed as described in Materials and Methods. The
library was constructed to isolate genes for known glycopro-
teins and for minor glycoproteins that have not been char-
acterized. To retain all possibilities, appropriate antisera for
screening the library were polyclonal sera that reacted with
many PRV proteins. Screening with sera from pigs which
had recovered from PRV infection was unsuccessful because
of the high background of antibody binding to all plaques,
even after preadsorption with E. coli extracts. Sera from
mice immunized with purified PRV virions or from rabbits
immunized with PRV-infected cells detected no positive
plaques and were negative even on a specially constructed
Xgtll recombinant known to express a 3-galactosidase-gX
fusion protein. These negative results were presumed to be
due to the inability of antibodies raised against native PRV
proteins to recognize PRV proteins in the denatured form
produced in E. coli (45). The antisera used to successfully
detect Xgtll plaques producing 3-galactosidase-PRV fusion
proteins were the gel-slice antisera. These antisera were
produced against molecular weight fractions of the total
proteins from PRV-infected cells after the fractions were
eluted from SDS-polyacrylamide electrophoresis gels (45).
With the gel-slice sera, 43,000 Xgtll-PRV recombinants
were screened and 60 antibody-positive plaques were se-
lected and plaque purified for further analysis.
Because the gel-slice sera reacted with many if not most

PRV proteins, the positive plaques were identlfied only as
synthesizing PRV-specific proteins, with no information as
to which PRV proteins were being expressed. To identify the
genes cloned and being expressed, E. coli cells infected with
recombinant phages were used to produce fusion proteins.
Examples of 3-galactosidase-PRV fusion proteins are shown
in Fig. 1; fusion proteins of various molecular weights were
obtained depending on the size of the fused open reading
frame. To obtain the level of fusion protein expression
shown in Fig. 1, it was necessary to use an alternative E. coli
host other than strain Y1089 (50). We found that, for
unknown reasons, E. coli K95 (14) produced substantially
higher levels of fusion proteins than strain Y1089 did. The
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FIG. 1. SDS-polyacrylamide gel electrophoresis of E. (oli ex-

tracts containing PRV-,B-galactosidase fusion proteins. The first four
lanes contained samples of extracts prepared from phage-infected E.
coli, as described in Materials and Methods. The phages used to
prepare the extracts are indicated. The two lanes on the right
contained samples of fusion protein prepared for immunizations.
The position of the 116-kDa marker. 3-galactosidase. is indicated. A
Coomassie blue-stained 9.25% polyacrylamide gel is shown.

expression level was sufficient to allow convenient prepara-

tion by preparative gel electrophoresis of milligram amounts
of fusion proteins to immunize mice. Fusion proteins were
prepared from 35 of the recombinant phages that produced
substantial amounts of a fusion protein with a molecular
weight significantly greater than that of 3-galactosidase.
These gel-isolated fusion proteins were then used for immu-
nizations.
The antisera from the mice immunized with fusion pro-

teins were screened by several methods. None of the anti-
sera was capable of neutralizing PRV. The sera were used in
Western blots of proteins from PRV-infected cells and in

immunoprecipitation reactions with [35S]methionine- and
[14C]glucosamine-labeled PRV proteins. By these methods.
19 of the sera were shown to recognize specific PRV
proteins. Surprisingly, 15 of these 19 sera immunoprecipit-
ated ['4C]glucosamine-labeled PRV proteins, indicating that
most of the identified cloned genes coded for PRV glycopro-
teins.

Glycoproteins recognized by anti-fusion protein sera. The
antisera that showed distinct patterns of immunoprecipita-
tion of [r4C]glucosamine-labeled PRV proteins were selected
for further analysis (Fig. 2). The glycoproteins im-
munoprecipitated by serum raised against the X51 fusion
protein (anti-X51 serum) were similar to the various forms of
gX found in infected cells (Fig. 2) (L. M. Bennett, J. G.
Timmins, D. R. Thomsen, and L. E. Post, submitted for
publication). Southern blots with 32P-labeled X51 DNA hy-
bridized to PRV fragments showed that the DNA cloned into
this phage mapped to the BtwnHI and KptnI fragments that
include the gX gene (37). Because the gX gene was previ-
ously characterized, no further work was done with phages
giving this immunoprecipitation pattern.
The second pattern of glycoprotein immunoprecipitation

was that of anti-X23 serum, which precipitated 110- and
75-kilodalton (kDa) glycoproteins. The DNA cloned in X23
was mapped to BarlnHI-7 by Southern blots. More detailed
Southern blots showed that X23 contained DNA spanning
the Splil cleavage site in BamfHI-7 (Fig. 3). Because of the
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FIG. 2. Immunoprecipitation of PRV proteins with antisera
raised against PRV-p-galactosidase fusion proteins. PRV-infected
cells were labeled with ["C]glucosamine, and an extract of these
cells was used in the immunoprecipitaition reactions. he extract is
shown in the lane labeled 14C Ag. The lane labeled oPRV pig sera

shows the proteins immunoprecipitated with a mixture of sera from
pigs which had recovered from PRV infection. The lanes labeled X

followed by a number indicate immunoprecipitation with an anti-
serum raised against the fusion protein produced by a particular
Xgtll-PRV recombinant. In parenthesis below the phage number is
the name of the PRV protein recognized by the antiserum (if
known). The lane labeled anti-TI shows an immunoprecipitation
with serum against a piece of the gX gene expressed in E. coli (37).
The lane labeled GSA screening antisera shows an immunoprecipi-
tation with the gel-slice antiserai (45) used to screen the Xgtll library.
An autoradiogram of an 11% polyacrylamide gel is shown. The
positions of molecular size markers (in kilodaltons) are shown on
the left.

pattern of immunoprecipitation and the map location of the
cloned gene, it was concluded that X23 represented the gI
gene that was mapped by Mettenleiter et al. (30).
The third pattern of glycoprotein immunoprecipitation
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FIG. 3. Restriction enzyme cleavage sites in PRV genome region
including the gp63 and gl genes. The upper line shows the map of the
BomulHI cleavage sites of the PRV Rice genome (37). with the
inverted repeats of the genome indicated by boxes. The lower line
shows an expansion of the region of the genome which includes the
gp63 and gl genes. The hatched bars under the expanded map
indicate the regions of DNA cloned into the Xgtll-PRV recombi-
nants used to map and sequence the genes. The position of the gpSO
gene is from reference 36. bp. Base pairs.
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lac Z PRV
A36 CCGTCAGTATCGGCGGAATTCCCCGGGAGCGCCGTCCTCGTGCCCGGCGAC

p s v s a e f p g s a v 1 v p g d

45

A23 CCGTCAGTATCGGCGGAATTCCGGGCCCCGGGCACCCCGTGGGGCCCCGGC
p s v s a e f r a p g t p w g p g

389
FIG. 4. DNA sequences of lacZ-PRV junctions in Xgtll recom-

binants. The DNA sequence and predicted protein sequences are
shown, with the single-letter amino acid abbreviation shown be-
neath the first base of each codon. The reading frame is taken from
the known sequence of ,3-galactosidase (22). As described in the
text, X36 expresses a P-galactosidase-gp63 fusion protein and X23
expresses a ,-galactosidase-gl fusion protein. The arrowhead indi-
cates the first PRV amino acid in the fusion protein, and the number
beneath the arrowhead indicates the position in the amino acid
sequence of the PRV glycoprotein where this first PRV amino acid
is found.

was that shown with anti-X36 and anti-A37 sera. These sera

immunoprecipitated a glycoprotein of 63 kDa that is distinct
from known PRV glycoproteins. We refer to this glycopro-
tein as gp63. The PRV DNA in X36 and X37 also mapped to
the BamHI 7 fragment of the PRV genome. Detailed South-
ern blotting with 32P-labeled X36 DNA showed that X36
contained DNA from both sides of the StuI site (Fig. 3)
within BamHI-7. This placed the gp63 gene between the gI

and gX genes. Although the gp50 gene also is between the gX
and gI genes, the gp5O gene does not extend to the StuI
cleavage site (36).
DNA sequencing of the gp63 and gI genes. The SacI-KpnI

fragments of X23 and X36 containing the inserted PRV DNA
were subcloned into pUC18 (49) for convenient manipula-
tion. By labeling the NdeI cleavage site in the 3-galac-
tosidase gene (22) with 32p, we determined the sequence

across the lacZ-PRV DNA junction by the method of
Maxam and Gilbert (26). Since the reading frame of the lacZ
gene is known, the reading frames of the gp63 and gI genes

could be determined as the continuation of the lacZ frame.
The DNA sequences of the lacZ-PRV DNA junctions in X36
and X23 are shown in Fig. 4.
The DNA sequences of the gp63 and gI genes were

determined by sequencing the PRV genomic DNA surround-
ing the fragments that were cloned into X36 and X23 (Fig. 5).
The gp63 open reading frame codes for 350 amino acids
downstream from the first of a series of three possible
initiation codons. The open reading frame for gI codes for
577 amino acids downstream from an initiation codon.
The gp63 amino acid sequence includes a region homolo-

gous to the protein encoded by the US7 open reading frame
of HSV-1 (28) and to the gpIV glycoprotein of VZV (9, 10)
(Fig. 6). The gI amino acid sequence has a region homolo-
gous to HSV-1 gE (28) and to VZV gpl (9, 10) (Fig. 7).
Features of these homologies are discussed below.

DISCUSSION

The experiments presented in this report illustrate some of
the most important strengths and limitations of the Agtll
cloning system. The most striking limitation is the previously
reported importance of the quality of the screening antisera
(45), which must recognize the target protein in the dena-
tured form produced in E. coli. One of the strengths was the
ability to screen the library with a polyclonal antiserum that
reacted with many different PRV proteins. The use of such

complex antisera was probably crucial in cloning the gene
for a protein, gp63, that had not previously been recognized.
Once a plaque was isolated, the clone provided a mechanism
for producing the product of the cloned gene in milligram
amounts to raise a monospecific antiserum. This allowed the
straightforward identification of clones that were originally
isolated as reactive with an antiserum against many PRV
proteins.
The cloning procedure used did not isolate a random

collection of PRV genes. A surprising number of the clones
seemed to represent glycoprotein genes. Also, the gX and
gp63 genes seemed to be isolated preferentially over the
other glycoprotein genes since at least three independent
clones of each were obtained. However, the number of
identified clones may be too small to make a strong argument
for preferential isolation of some genes. There are many
reasons why the procedure might be expected to be
nonrandom. The relative titer of the gel-slice sera against
various proteins is not known. The study that led to the use
of gel-slice sera showed that all antibodies that recognize a
protein do not necessarily recognize antigen produced by a
Xgtll clone (45). Conversely, antisera raised against the
Xgtll fusion protein may not efficiently recognize the native
protein; this could have prevented identification of some of
the clones. Although there are many reasons why a given
gene might not be cloned by the approach described in this
paper, the method did allow cloning of a gene whose protein
product was previously unknown.
Another useful feature of the Xgtll cloning system for this

work was the identification of the reading frame in the DNA
sequence that codes for the gene product. This is not a trivial
problem in DNA such as that of PRV which is very G+C
rich (3), since the result is that out-of-frame termination
codons are rare (e.g., see references 36, 37, and 39 and
Robbins et al., European patent application 0162738). It has
been reported that a gene cloned and expressed in the Xgt1l
system oriented such that the P-galactosidase open reading
frame was not fused to the gene of interest (8). However, the
identification of the genes by raising antibodies to purified
fusion proteins ensures that the gene of interest is fused in
phase to the ,B-galactosidase reading frame.
Once the coding reading frames were identified, it was

possible to determine the sequence of the gp63 and gI genes
by sequencing PRV genomic DNA. In the gp63 gene, the
reading frame is free of termination codons until far up-
stream of the X36 inserted fragment. The ATG farthest
upstream in that reading frame, however, is that indicated in
Fig. 5. Interestingly, there are three consecutive ATG
codons at that point. There is no evidence indicating which
of these codons is used for initiation of gp63 translation.
Similarly, the initiation codon farthest upstream in the open
reading frame of the gI gene is indicated in Fig. 5. The
assignment of these reading frames as coding for the gp63
and gt proteins rests on the assumption that the coding
sequences for gp63 and gI are not produced by RNA
splicing. Although unspliced mammalian transcripts are, in
general, rare, most HSV mRNAs are unspliced (47). The
unspliced HSV mRNAs include those coding for proteins
with homology to gp63 and gI (discussed below), so the
assignment of these reading frames as the coding sequences
is most likely correct.
The predicted protein sequences for both gp63 and gI have

features in common with most membrane proteins. Both
have basic amino acids shortly after the initiator methiodine,
which are followed by hydrophobic amino acids, like typical
signal sequences of membrane proteins. Near the C-terminal
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TAGCCTCCGCAGTACCGGCGTCGATGATGATGGTGGCGCGCGACGTGACCCGGCTCCCCGCGGGGCTCCTCCTCGCCGCCCTGACCCTGGCCGCCCTGACCCCGCGCGTCGGGGGCGTCC 120
m m m v a r d v t r 1 D a q 1 1 1 a a 1 t 1 a a 1 t D r v g g v 1 33

TCTTCAGGGGCGCCGGCGTCAGCGTGCACGTCGCCGGGAGCGCCGTCCTCGTGCCCGGCGACGCGCCCAACCTGACGATCGACGGGACGCTGCTGTTT CTGGAGGGGCCCTCGCCGAGCA 240
f r g a g v s v h v a g s a v 1 v p g d a p n 1 t i d g t I I f I e g p s p s n 73

ACTACAGCGGGCGCGTGGAGCTGCTGCGCCTCGACCCCAAGCGCGCCTGCTACACGCGCGAGTACGCCGCCGAGTACGACCTCTGCCCCCGCGTGCACCACGAGGCCTTCCGCGGCTGTC 360
y s g r v e 1 1 r 1 d p k r a c y t r e y a a e y d 1 c p r v h h e a f r g c 1 113

TGCGCAAGCGCGAGCCGCTCGCCCGGCGCGCGTCCGCCGCGGTGGAGGCGCGCCGGCTGCTGTTCGTCTCGCGCCCGGCCCCGCCGGACGCGGGGTCGTACGTGCTGCGGGTCCGCGTGA 480
r k r e p 1 a r r a s a a v e a r r 1 1 f v s r p a p p d a g s y v 1 r v r v n 153

ACGGGACCACGGACCTCTTTGTGCTGACGGCCCTGGTGCCGCCCAGGGGGCGCCCCCACCACCCCACGCCGTCGTCCGCGGACGAGTGCCGGCCTGTCGTCGGATCGTGGCACGACAGCC 600
g t t d 1 f v 1 t a 1 v p p r g r p h h p t p s s a d e c r p v v g s w h d s 1 193

TGCGCGTCGTGGACCCCGCCGAGGACGCCGTGTTCACCACGCCGCCCCCGATCGAGCCAGAGCCGCCGACGACCCCCGCGCCCCCCCGGGGGACCGGCGCCACCCCCGAGCCCCGCTCCG 720
r v v d p a e d a v f t t p p p i e p e p p t t p a p p r g t g a t p e p r s d 233

ACGAAGAGGAGGAGGACGAGGAGGGGGCGACGACGGCGATGACCCCGGTGCCCGGGACCCTGGACGCGAACGGCACGATGGTGCTGAACGCCAGCGTCGTGTCGCGCGTCCTGCTCGCCG 840
e e e e d e e g a t t a m t p v p g t 1 d a ng t m v 1 n a s v v s r v 1 1 a a 273

* *

CCGCCAACGCCACGGCGGGCGCCCGGGGCCCCGGGAAGATAGCCATGGTGCTGGGGCCCACGATCGTCGTCCTCCTGATCTTCTTGGGCGGGGTCGCCTGCGCGGCCCGGCGCTGCGCGC 960
a n a t a g a r g p g k i a m 1 q D t i v v 1 1 i f 1 qc v a c a a r r c a r 313

GCGGAATCGCATCTACCGGCCGCGACCCGGGCGCGGCCCGGCGGTCCACGCGCCGCCCCCGCGGCGCCCGCCCCCCAMCCCCGTCGCCGGGGCGCCCGTCCCCCAGCCCAAGATGACGTT 1080
g i a s t g r d p g a a r r s t r r p r g a r p p t p S p g r p s p s p r -

GGCCGAGCTTCGCCAGAAGCTGGCCACCATCGCAGAGGAqA6~~GTGGTGTTTGCATAATTTTGTGGGTGGCGTTTTATCTCCGTCCGCGCCGTTTTAAACCTGGGCACCCCCG 1200

CGAGTCTCGCACACACCGGGGTTGAGACCATGCGGCCCTTTCTGCTGCGCGCCGCGCAGCTCCTGGCGCTGCTGGCCCTGGCGCTCTCCACCGAGGCCCCGAGCCTCTCCGCCGAGACGA 1 320
m r p f 1 1 r a a q a 11a 1 a 1 s t e a p s 1 s a e t t 31

CCCCGGGCCCCGTCACCGAGGTCCCGAGTCCCTCGGCCGAGGTCTGGGACCTCTCCACCGAGGCCGGCGACGATGACCTCGACGGCGACCTCAACGGCGACGACCGCCGCGCGGGCTTCG 1440
p g p v t e v p s p s a e v w d 1 s t e a g d d d 1 d g d I n g d d r r a g f g 71

GCTCGGCCCTCGCCTCCCTGAGGGAGGCACCCCCGGCCCATCTGGTGAACGTGTCCGAGGGCGCCAACTTCACCCTCGACGCGCGCGGCGACGGCGCCGTGGTGGCCGGGATCTGGACGT 1560
s a I a s 1 r e a p p a h I v n v s e g a n f t I d a r g d g a v v a g i w t f 111

TCCTGCCCGTCCGCGGCTGCGACGCCGTGGCGGTGACCATGGTGTGCTTCGAGACCGCCTGCCACCCGGACCTGGTGCTGGGCCGCGCCTGCGTCCCCGAGGCCCCGGAGCGGGGCATCG 1680
1p v r g c d a v a v t m v c f e t a c h p d 1 v 1 g r a c v p e a p e r g i g 151

GCGACTACCTGCCGCCCGAGGTGCCGCGGCTCCAGCGCGAGCCGCCCATCGTCACCCCGGAGCGGTGGTCGCCGCACCTGACCGTCCGGCGGGCCACGCCCAACGACACGGGCCTCTACA 1800
d y I p p e v p r 1 q r e p p i v t p e r w s p h 1 t v r r a t p n d t g I y t 191

CGCTGCACGACGCCTCGGGGCCGCGGGCCGTGTTCTTTGTGGCGGTGGGCGACCGGCCGCCCGCGCCGCTGGCCCCGGTGGGCCCCGCGCGCCACGAGCCCCGCTTCCACGCGCTCGGCT 1920
1 h d a s g p r a v f f v a v g d r p p a p 1 a p v g p a r h e p r f h a 1 g f 231

TCCACTCGCAGCTCTTCTCGCCCGGGGACACGTTCGACCTGATGCCGCGCGTGGTCTCGGACATGGGCGACTCGCGCGAGAACTTCACCGCCACGCTGGACTGGTACTACGCGCGCGCGC 2040
h s q 1 f s p g d t f d 1 m p r v v s d m g d s r e n f t a t 1 d w y y a r a p 271

CCCCGCGGTGCCTGCTGTACTACGTGTACGAGCCCTGCATCTACCACCCGCGCGCGCCCGAGTGCCTGCGCCCGGTGGACCCGGCGTGCAGCTTCACCTCGCCGGCGCGCGCGGCGCTGG 2 160
p r c I 1 y y v y e p c i y h p r a p e c 1 r p v d p a c s f t s p a r a a 1 v 311

TGGCGCGCCGCGCGTACGCCTCGTGCAGCCCGCTGCTCGGGGACCGGTGGCTGACCGCCTGCCCCTTCGACGCCTTCGGCGAGGAGGTGCACACGAACGCCACCGCGGACGAGTCGGGGC 2280
a r r a y a s c s p 1 1 g d r w I t a c p f d a f g e e v h t n a t a d e s g 1 351

TGTACGTGCTCGTGATGACCCACAACGGCCACGTCGCCACCTGGGACTACACGCTCGTCGCCACCGCGGCCGAGTACGTCACGGTCATCAAGGAGCTGACGGCCCCGGCCCGGGCCCCGG 2400
y v 1 v m t h n 9 h v a t w d y t 1 v a t a a e y v t v i k e 1 t a p a r a p g 391

GCACCCCGTGGGGCCCCGGCGGCGGCGACGACGCGATCTACGTGGACGGCGTCACGACGCCGGCGCCGCCCGCGCGCCCGTGGAACCCGTACGGCCGGACGACGCCCGGGCGGCTGTTTG 2520
t p w g p g g g d d a i y v d g v t t p a p p a r p w n p y g r t t p g r 1 f v 431

TGCTGGCGCTGGGCTCCTTCGTGATGACGTGCGTCGTCGGGGGGGCCGTCTGGCTCTGCGTGCTGTGCTCCCGCCGCCGGGCGGCCTCGCGGCCGTTCCGGGTGCCGACGCGGGCGGGGA 2640
1 a 1 q s f v m t c v v q q a v w 1 c v 1 c s r r r a a s r p f r v p t r a g t 471

CGCGCATGCTCTCGCCGGTGTACACCAGCCTGCCCACGCACGAGGACTACTACGACGGCGACGACGACGACGAGGAGGCGGGCGACGCCCGCCGGCGGCCCTCCTCCCCCGGCGGGGACA 27 60
r m 1 s p v y t s 1 p t h e d y y d g d d d d e e a g d a r r r p s s p g g d s 511

GCGGCTACGAGGGGCCGTACGTGAGCCTGGACGCCGAGGACGAGTTCAGCAGCGACGAGGACGACGGGCTGTACGTGCGCCCCGAGGAGGCGCCCCGCTCCGGCTTCGACGTCTGGTTCC 2880
g y e g p y v s 1 d a e d e f s s d e d d g 1 y v r p e e a p r s g f d v w f r 551

GCGATCCGGAGAAACCGGAAGTGACGAATGGGCCCAACTATGGCGTGACCGCCAGCCGCCTGTTGAATGCCCGCCCCGCTTAA 2963
d p e k p e v t n g p n y g v t a s r I I n a r p a - 577

FIG. 5. DNA sequence of the region of the PRV genome encoding gp63 and gl. The DNA sequence is shown with the predicted amino
acid sequence beneath it (the single-letter amino acid abbreviation is shown beneath the first base of each codon). The sequence begins with
the termination codon of the upstream gpS0 gene (36) and ends with the termination codon of the gl gene. Positions in the total DNA sequence
and within each amino acid sequence are shown at the right of each line. The hydrophobic amino acid sequences which may constitute signal
sequences or transmembrane domains of each protein are underlined. The asparagines which may be sites of N-linked glycosylation are
indicated by asterisks.

ends of both gp63 and gl are very hydrophobic sequences, acid, although this large number of acidic residues is par-
probably representing membrane-spanning segments, fol- tially balanced by 15 basic amino acids.
lowed by hydrophilic sequences which probably are cyto- As is true for the entire PRV genome (3), the gp63 and gl
plasmic domains. The cytoplasmic domain of gp63 is very genes are extremely rich in guanine and cytosine. The gp63
basic, with 12 of 42 amino acids being arginine and with no and gl genes have G+C contents of 77 and 75%c, respec-
acidic amino acids. The cytoplasmic domain of gI is long, tively. The codon usage in these genes is overwhelmingly .
consisting of 114 amino acids. In gI this domain is quite favor of codons with G or C in the third position. In the gp63
acidic, with 26 of 114 amino acids being aspartic or glutamic and gl genes 96 and 98% of the codons, respectively, have G
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HSV-1 US7 51 L L I L G E L R F V G D Q V P H T T Y Y D G G V E L W H Y PM G H K C P R V V H V V T V T A C P R R

I I I I 11 I I I1I
PRV gp63 57 LT I D GT L LF LEGPSPSNYSG VE R L DP KRA CY T R E Y A A E Y D L C P R V

lI I I 111 II I I I IIIII
VZV gpIV 49 TE IK GQ L V FI G E Q L PT G T N Y S G T L E L L Y A DIT V AF CF R S V Q V I R Y D G C P R I

US7 101 P A V A F A L C R A T D S T H S P A Y P T L E L N L A Q Q P L L R V Q R A T R D Y A G V Y V L RV

11 I 111i1 1111111
gp63 105 H H E A F R G C L R K R E P L A R R A S A A V E A R R L L F V S R P A P P D A G S Y V L R V

II I III II1 I
gpIv 99 R T S A F I S C R Y K H S W H Y G N S T D R I S T E P D A G V M L K I T K P G I N D A G V Y V L L V

100

104

98

149

150

148

US7 150 W V G D A P N A S L F V L G 163

1111
gp63 151 R V N G T T D L FV L T 162

11 1
gplV 149 R L D H S R S I D G FI L G 162

FIG. 6. Homology of gp63 with HSV-1 US7 and VZV gpIV. The sequences are aligned to illustrate the maximum homology, with dots
indicating small gaps introduced in the sequence for the purpose of alignment. The US7 sequence is from reference 28, and the gpIV sequence
is the 39-kDa sequence in reference 9. The numbers at the beginning and end of each line indicate the positions in the amino acid sequences.
A line between an amino acid in gp63 and one in one of the other sequences indicates homology. Potential N-linked glycosylation sites are
underlined, and cysteine residues are boxed.

or C in the third position. As observed for the gX (37) and
gp5O (36) sequences, the G+C content is high enough to be
reflected in more than the third position of the codon. Amino
acids with G+C-rich codons are very abundant in these
proteins. The predicted gp63 sequence has 13% alanine, 12%
proline, and 11% arginine. The predicted gI sequence has
12% alanine, 11% proline, 8% glycine, and 8% arginine.
The gp63 amino acid sequence has significant homology

with the protein product of an open reading frame, US7, in
the small unique region of the HSV-1 genome (28) (Fig. 6).
The US7 open reading frame does not code for any known
HSV proteins, but McGeoch predicted that it codes for a
glycoprotein which he designated 41K (27). gp63 is also
homologous to the protein encoded by an open reading
frame in the small unique region of the VZV genome (Fig. 6).
This open reading frame was designated 39 kDa by Davison
(9) and shown to encode a glycoprotein (11) that was named
gpIV in a new nomenclature system (10). Three cysteine
residues align in the region of homology (Fig. 6). In addition,
a fourth cysteine (residues 182 of gp63 and 41K) aligns in a
comparison of the PRV and HSV proteins; a fourth cysteine
(residue 200) is somewhat out of alignment in the case of
VZV gpIV. gp63 and 41K have two and three cysteines,
respectively, near the junction of the transmembrane and
cytoplasmic domains, although these are not present in
gpIV. Thus, the alignment of cysteines is not as complete as
that observed between PRV gpSO and HSV gD (36). The
positions of the N-linked glycosylation sites among the three
proteins are not closely conserved, although the asparagines
at positions 73 of gp63 and 67 of gIV fall in very close
alignment with each other, as do the sites at positions 153 of
gp63 and 156 of US7. It is important that the only region of
significant homology between gp63 and the other glycopro-
teins is that shown in Fig. 6. The conservation of this region
in three different viruses indicates that these sequences may

be important in some common function of the three glyco-
proteins.
There is a region of significant homology between PRV gI

and HSV-1 gE (Fig. 7) (28). The same region of gI is
homologous to a region of the VZV protein designated 70K
in the original sequencing report (9). In the new nomencla-
ture system this protein is designated gpl (10) and is identi-
fied as one of the VZV glycoproteins that has been charac-
terized by monoclonal antibodies (32) and expression in E.
coli (13). By insertion of minor gaps in the alignment, six
cysteine residues can be aligned, indicating the conservation
of what are likely some important disulfide bonds for the
structures of these glycoproteins. Again, the conservation of
cysteines is not complete throughout the proteins since the
four cysteines between amino acids 117 and 141 in PRV gI
have no counterparts in HSV gE; there is a similar pattern of
four cysteines between amino acids 246 and 274 of VZV gpl,
however, that may serve a similar function. All three glyco-
proteins have cysteine residues in or near the transmem-
brane sequences. The positions of the sites for N-linked
glycosylation are not conserved among these three glycopro-
teins. As in the case of the gp63 alignments, the region
shown in Fig. 7 is the only significant region of homology of
gI with the other two glycoproteins, perhaps indicating a
special conservation of an important structure for the func-
tion of these glycoproteins. For VZV gpl, the region of
homology appears in a different position in the protein
sequence than that in the PRV or HSV proteins. HSV gE has
been shown to function as a receptor for the Fc component
of immunoglobulin molecules (1). There are conflicting re-
ports on whether VZV produces an Fc receptor (17, 21, 35),
and we are aware of no information on whether PRV
encodes an Fc receptor. Clearly, PRV gI and VZV gpl would
be candidates for Fc receptor molecules in these viruses.
We previously reported a region of homology between

J. VIROL.
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HSV-1 gE 211 P S A P E V S H V R G V T V R M E T P E A I L F S P G E T F S T N V S I H A I A H D D Q T Y S M D

PRV gI 213 P L A V G P A R H E P R F H A L G F H S Q L F S P GD 1 D L M P R V V S D M G 0 S R E N F T A T

1 1 1111111
VZV gpI 328P Q P R G A E F HMWN H SH V F SV GD T FSL A M H L Q Y K I H E A P F D L L

gE 260 V V W L R F 0 V PT S C A E M R I Y E S C L Y H P Q L P E C L S P A D A P C A A S T W * T S R L A

II I III I I II
gI. 263 L D W Y Y A R A P P C L L Y Y V Y E P C I Y H P R A P E C L R P V D P A C S F T S P A R A A L V A

gpl E W L YV LJQ P M R L Y S T C L Y H P N A P Q S H M N S G CjT F T S P H L A Q R

gE 308 V R S Y A G S . . R T N P P P R CS A E A H M E P V P G L A W Q A A S V NL E F R D A S P Q H S

I1I111 I
g

l 313 R R A Y A S C S P L L G D R W L T A C . . . . . . . . . P F D A F G E E V H T N A T A D E S

IIAPI 426 S T V Y 0 N C - H A D N Y T A Y CIL G I S H M E P S F G L I L H 0 G G T T L K F V 0 T P E S L
Li~~~~~~~~~~~I1

259

262

375

307

312

425

354

349

473

9g 355 G L L C V V Y V N D H I H A W G H I T I S T A A Q Y 381

11 1 1 11 1
g1 350 G L V L V M T H N G W D Y T L V A T A A E Y 376

11111 1i11 111i1
474 G L Y V V Y F N G H V A V A TT V V S T

V
D H

F
500

FIG. 7. Homology of gl with HSV-1 gE and VZV gpl. The sequences are aligned to illustrate the maximum homology, with dots indicating
small gaps introduced in the sequence for the purpose of alignment. The gE sequence is from reference 28, and the gplV sequence is the
70-kDa sequence in reference 9. The numbers at the beginning and end of each line indicate the positions in the amino acid sequences. A line
between an amino acid in gl and one in one of the other sequences indicates homology. Potential N-linked glycosylation sites are underlined,
and cysteine residues are boxed.

PRV gpSO and HSV gD (36). With the sequence homologies
reported here, it is apparent that three glycoproteins en-
coded in the small unique components of the HSV and PRV
genomes have homology. The genes for these homologous
glycoproteins are arranged similarly on the genomes (Fig. 8).
From what can be deduced from the DNA sequences, the
transcriptional organization of these genes is probably also
similar. In HSV, the gD gene has no polyadenylation signal
immediately after it but instead is coterminal with the
transcript for the 41K gene (28). Similarly, there is no
AATAAA sequence, found in nearly all polyadenylation

US4 US5 g9 US7 gE HSV-1

9 gp5O gp63 gI PRV

- = 200 bp

gpIV gpl
vzv

FIG. 8. Organization of glycoprotein genes in the small unique
components of the genomes of three alphaherpesviruses. The organ-
ization of the HSV-1 genes. along with arrows indicating the
transcripts, is taken from reference 28. The organization of the PRV
genes is from this report and references 36 and 37. The organization
of the VZV genes is from reference 9.

signals (for a review, see reference 6), between the gpSO and
gp63 genes (Fig. 5). There is, however, an AATAAA se-
quence 46 bases after the termination codon of the gp63 gene
(Fig. 5), and following that AATAAA there are three se-
quences, TGGTGTTT, TGTGGGTG, and GGCGTTTT,
which are similar to the YGTGTTYY consensus sequence of
polyadenylation signals (29). Therefore, it seems likely that
there is a polyadenylation signal between the gp63 and gI
genes, which is the polyadenylation signal for the coterminal
gpSO and gp63 transcripts. Given the similar organization of
gpSO, gp63, and gI and their HSV counterparts, it is tempting
to speculate that gX is a homolog of HSV gG or the US7
glycoprotein or both (28). However, we have been unable to
find significant homology between gX and any sequenced
HSV protein. The VZV gpIV and gpl genes have a similar
arrangement on the genome to their homologs in PRV and
HSV, although there is no homolog of the gpSO or gD gene in
this region of the VZV genome. The conservation of the
organization of these three homologous genes confirms early
impressions that PRV and HSV may have similar organiza-
tion of their genomes (4, 12). Given that VZV shares a
similar organization of its two homologous genes, it seems
likely that many alphaherpesviruses have a similar organi-
zation of some genes.
The gI gene is nonessential for PRV replication in culture,

since it is deleted from the vaccine strains Norden and
Bartha (23, 31). There is evidence that this gene is involved
in the virulence of PRV (5, 24). Since the Bartha strain
contains a deletion of nearly 4 kilobases within BarmHI-7 and
this deletion has been reported to lie entirely in the BamHI-
KpnzI fragment containing the gI and gp63 genes (18, 20, 23,
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24), it appears that at least part of the gp63 gene has been
deleted in the Bartha strain. It is possible that gp63 is the
function deleted in the Bartha strain, but not in the Norden
strain, that is important for virus exit from some cell types
(2). Given the homology of PRV gp63 and gl with glycopro-
teins of other herpesviruses, these biological data on PRV
glycoproteins suggest some directions for experimentation
with the other herpesviruses.
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