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RNA from pseudorabies virus (PRV)-infected cells was translated in a reticulocyte lysate with and without
the addition of dog pancreas microsomes. Upon addition of the microsomes to the translation reaction, an
additional prominent protein product was observed that was not present when microsomes were omitted. The
gene coding for this processed protein and its lower-molecular-weight precursor was mapped within the small
unique region of the genome by hybridization of mRNA to cloned fragments of PRV DNA and translation of
the selected mRNAs. A fragment of the coding region of this gene was inserted into an open reading frame
cloning vector to express part of this gene as a hybrid protein in Escherichia coli. This hybrid protein was
injected into mice to raise an antiserum which was found to precipitate the glycoprotein which accumulates in
the medium of PRV-infected cells. This allows us to conclude that the gene for the "excreted" glycoprotein (gX)
maps to the small unique region of the genome, and that the precursor of this glycoprotein is readily processed
by dog pancreas microsomes. The region of the PRV genome which codes for this glycoprotein was sequenced
and found to include an open reading frame coding for 498 amino acids, flanked by sequences which contain
features common to eucaryotic promoters and polyadenylation signals. The predicted protein sequence includes
a hydrophobic sequence at the N-terminus which could be a signal sequence, and a hydrophobic sequence
followed by a hydrophilic sequence at the C-terminus.

Some of the most important interactions between a her-
pesvirus and the immune system of its host are mediated by
the viral glycoproteins. The glycoproteins are found on the
surfaces of both virions and infected cells. In the best-stud-
ied herpesvirus, herpes simplex virus, both humoral and
cellular immune responses are evoked against the viral
glycoproteins, and these responses are important for recov-
ery of the host from viral infection and prevention of viral
reinfection (reviewed in references 6, 26, and 36). The
glycoproteins on the surfaces of virions and cells serve
several functions: facilitation of entry into the host of the
infecting virus, receptor activity for the Fc segment of
antibody molecules, and receptor activity for the C3b com-
ponent of complement (12, 28, 37). Several herpesviruses
have been observed to release glycoproteins into the me-
dium of infected cells. Herpes simplex virus releases
glycoprotein C and several truncated forms of glycoprotein
D into the medium (27, 35). Marek's disease virus releases a
considerable amount of the virion glycoprotein A into the
medium (38), and herpes saimiri also releases a virion
glycoprotein into the medium (34). Pseudorabies virus (PRV)
releases a glycoprotein into the medium which reportedly is
not present in virions (2). The role in viral infection of
glycoproteins released into the medium is not understood. In
some cases, release in the medium could be a fortuitous
consequence of proteolysis of a membrane glycoprotein.
The PRV glycoprotein in the medium is the only one of these
examples reported to be distinct from virion glycoproteins,
but the evidence for this is based on a difference in elec-
trophoretic mobilities and extent of sulfation. This still does
not preclude the possibility that the medium form could be a
proteolysis product of a viral membrane glycoprotein.
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In this report, we describe the mapping and sequence of
the gene for the PRV glycoprotein released into the medium
of infected cells. The method for identification of the gene
relies on production of a monospecific polyclonal antiserum
raised against a protein produced in Escherichia coli. This
antiserum suggests that the PRV glycoprotein released into
the medium is antigenically distinct from the major viral
membrane glycoproteins, and that this glycoprotein is not
simply a proteolytic product of one of the major membrane
glycoproteins. However, the sequence of the protein pre-
dicted from the DNA sequence has features in common with
many membrane glycoproteins.

MATERIALS AND METHODS

Cells and virus. For propagation of PRV, preparation of
PRV DNA and RNA, and preparation of radioactive PRV
proteins, Vero cells (ATCC CCL 81) were used. Cells were
grown in Dulbecco modified Eagle medium (GIBCO Labo-
ratories) supplemented with 100 U of penicillin per ml, 100
,g of streptomycin per ml, 10 mM HEPES (N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid), and 10% fe-
tal bovine serum. PRV Rice strain was originally provided by
D. P. Gustafson, Purdue University, West Lafayette, Ind.
Virus stocks were prepared by infecting Vero cells at a
multiplicity of infection of less than 0.01, in medium 199
(GIBCO) supplemented with 100 U of penicillin per ml, 100
,ug of streptomycin per ml, and 1% fetal bovine serum.
DNA. PRV DNA was prepared from the cytoplasm of

infected Vero cells ca. 16 h after infection at a multiplicity of
infection of 5. Infected cells were harvested by centrifuga-
tion, washed in phosphate-buffered saline, and suspended in
ice-cold TE buffer (10 mM Tris-hydrochloride [pH 7.4], 1
mM EDTA) at 2 ml per 850-cm2 roller bottle. After the cells
were allowed to swell to 15 min on ice, Nonidet P-40 (NP-40)
was added to 0.2% and the cells were incubated for another
15 min on ice. The nuclei were removed by low-speed
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centrifugation, and DNA was purified from the cytoplasm by
sodium iodide density gradient centrifugation as described
previously (40). This viral DNA was used to clone the PRV
BamHI fragments into plasmid vector pSV2gpt (24), by
methods previously described for cloning herpes simplex
DNA (32).
RNA. Cytoplasmic RNA was prepared from Vero cells 12

to 16 h after infection at a multiplicity of infection of 5 to 10.
Cells were harvested by centrifugation, washed once in cold
phosphate-buffered saline, and lysed by suspension in 5 mM
Tris-hydrochloride (pH 7.5)-10 mM NaCl-1% NP-40-10 mM
vanadyl ribonucleoside complex (Bethesda Research Labo-
ratories). After a 10 min incubation on ice, the nuclei were
removed by low-speed centrifugation. The supernatant was
extracted three times with phenol-chloroform and ethanol
precipitated. Polyadenylated RNA was selected on oligode-
oxythymidylate-cellulose (Collaborative Research, Inc.).
Hybrid selection of RNA. Plasmids carrying cloned PRV

fragments were immobilized on nitrocellulose filters as de-
scribed by Paterson and Roberts (29). Hybridizations were
carried out under conditions described by Mackem and
Roizman (16).

In vitro translation. Total PRV polyadenylated RNA or
hybrid-selected RNA in water was translated by the use of a
reticulocyte lysate system from New England Nuclear Corp.
The RNA was translated as recommended by the supplier,
except that the reaction was performed in 0.4 mM mag-
nesium acetate-80 mM potassium acetate-32 ,uM spermine
(16). Translation reactions with the cotranslational process-
ing preparation contained 3% (vol/vol) extract from canine
pancreatic microsomal membranes (New England Nuclear).
Products of the in vitro translational reactions were ana-
lyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis, using the system described by Morse
et al. (23).

Preparation of antiserum against PRV fusion protein 60-11.
E. coli MC1061 (5) carrying plasmid p60-11 (which directs
the expression of a hybrid protein including gX sequences)
was grown to stationary phase in L broth and diluted
100-fold into M9 medium plus 1% Casamino Acids (18).
When the optical density of the culture was between 1 and 2,
the bacteria were harvested by centrifugation. The cells
were suspended in 50 mM Tris-hydrochloride (pH 7.6)-0.3
M NaCl-1 mM EDTA (5 to 10 ml per liter of culture), and
egg white lysozyme (Sigma Chemical Co.) was added to 1
mg/ml. After 15 min on ice, NP-40 was added to 0.2% and
incubation was continued for an additional 15 min on ice.
The extract was sonicated until no longer viscous and then
centrifuged at 15,000 x g for 15 min. The recombinant
protein was found almost entirely in the resulting pellet. The
pellet was dissolved by boiling in SDS gel sample buffer and
was loaded onto a preparative (3-mm) SDS slab gel (23). The
location on the gel of the recombinant protein was deter-
mined by cutting off a small strip for staining with Coomassie
blue, and the protein band was cut from the unstained
portion of the gel. The recombinant protein was recovered
from the gel by mincing the gel, soaking in 0.05% SDS to
0.05 M ammonium bicarbonate, and acetone precipitation
from the resulting supernatant (42). The protein was sus-
pended in Tris-saline buffer. The protein solution was mixed
1:1 with complete Freund adjuvant, and ca. 50 ,ug was
injected subcutaneously into female ICR mice. The animals
were reimmunized intraperitoneally with ca. 50 ,ug of protein
in incomplete Freund adjuvant (1:1) every 10 days over a
6-week period. Animals were bled from the tail, and serum
was stored at -20°C.

Analysis of PRV-infected cell polypeptides. [14C]glucosa-
mine-labeled viral proteins were prepared by infection of
Vero cells (MOI, 5 to 10) in medium 199 plus 1% fetal bovine
serum, with the addition of 3 ,uCi of ['4C]glucosamine per ml
at 4 h after infection. At 12 to 16.h after infection, cells were
shaken into the medium and harvested by centrifugation.
The medium was saved as a source of radioactive gX. The
cells were washed once in phosphate-buffered saline and
suspended in phosphate-buffered saline plus 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and 200 ,ug of
ovalbumin per ml. Debris was removed from the cellular
extract preparation by centrifugation in an Eppendorf micro-
centrifuge. For analysis by immunoprecipitation, the me-
dium or cellular extract samples were preabsorbed for 30
min with Staphylococcus aureus cells (Calbiochem) (S.
aureus cells were washed before use with 50 mM Tris-hy-
drochloride, 150 mM NaCl, 5 mM EDTA, 0.1% Triton
X-100, 0.5% NP-40; they were then washed with the same
buffer with only 0.05% NP-40 and finally suspended in the
low NP-40 buffer with 200 ,ug of ovalbumin per ml). The
mixture was centrifuged for 45 min in a Beckman SW50.1
rotor at 35,000 rpm, and the supernatant was used for
immunoprecipitations. Antiserum was incubated with the
samples for 1 h on ice, then S. aureus cells washed as
described above were added and the incubation continued
for an additional 30 min on ice. The precipitates were
collected by centrifugation, washed three times in RIPA/SDS
buffer (10 mM Tris-hydrochloride [pH 7.2], 150 mM NaCl,
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FIG. 1. In vitro cotranslational processing of PRV proteins. The
lanes labeled PRV represent translations of total polyadenylated
RNA from PRV-infected Vero cells. The lanes labeled pPRXhl
represent translations of RNA that was hybrid selected by plasmid
pPRXhl, which contains an XhoI fragment that includes all of
BamHI fragments 7 and 12 and parts ofBamHI fragments 10 and 6.
Lanes labeled with a minus sign are the products of a reticulocyte
lysate translation. Lanes labeled with a plus sign are the products of
a reticulocyte lysate to which dog pancreas microsomes were added
as a source of cotranslational processing activity. The products of
the translation were labeled with [35S]methionine, and an autoradio-
gram is shown. The arrows point out the unprocessed and cotrans-
lationally processed forms of gX.
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FIG. 2. Structure of the PRV genome and the gX gene. The PRV genome is represented at the top, with the inverted repeats of the small

component of the genome indicated by boxes. The arrows indicate the positions of BamHI cleavage sites on the genome of PRV Rice, which
have been shown to be the same as in the strain mapped by Feldman and co-workers (11), although the BamHI fragments within the repeats
appear to comigrate with a smaller BamHI fragment, so on Rice we identify them as BamHI 6 rather than BamHI 5 (data not shown). The
BamHI fragments are numbered in decreasing order of size. The region of the genome coding for gX is expanded with several restriction
enzyme cleavage sites shown, and the coding sequences are indicated by the bar beneath the line. Numbers on the lower line indicate DNA
size in base pairs, with 1 being the first base of the initiation codon of the gX open reading frame, as in Fig. 6.

1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mg
of ovalbumin per ml). The precipitates were boiled in SDS
gel sample buffer and analyzed by SDS-polyacrylamide gel
electrophoresis (23).
DNA sequencing. DNA sequencing was done by the di-

deoxy method after fragments were cloned into M13 vec-
tors. Two series of phage with one random end were
constructed by the method of Poncz et al. (31). In one series,
pPR28-4 (a clone of the 1.5-kilobase (kb) BamHI-PvuII
fragment from BamHI 7 in pBR322) was digested with
PvuII, and random ends were generated with BAL 31
nuclease by digestion with BAL 31 nuclease for various
times (5 to 30 min) under the conditions of Poncz et al. (31).
The resulting mixture was digested with BamHI, and the
fragments were cloned between the BamHI and SmaI sites
of M13 mp8. In the other series, pPR28 (a clone ofBamHI 7
in pSV2gpt) was digested with BamHI, random ends were
generated with BAL 31 nuclease and digested with SalI
(which cleaves pPR28 400 nucleotides to the right of the
PvuII site [see Fig. 2]), and the fragments were cloned
between the Sall and SmaI sites of M13 mp9. Other phage
were made by insertion of specific restriction fragments into
the mp8 and mp9 vectors. All methods for working with the
M13 vectors were described by Messing (22). Presumably
because of the high GC content of the DNA, we found the
dideoxy sequencing methods involving Klenow fragment of
DNA polymerase I to give poor results. Reactions were
done with avian myeloblastosis virus reverse transcriptase
(Life Sciences, Inc.) at 50°C in 34 mM Tris-hydrochloride
(pH 8.3)-S50 mM NaCl-6 mM MgClz-5 mM dithiothreitol,
plus deoxynucleoside triphosphates and dideoxynucleoside
triphosphates in concentrations empirically determined to
give desirable sequencing patterns. The labeled triphosphate
was deoxycytosine 5'-[35S thio]triphosphate (New England
Nuclear) (3). Other details of dideoxy sequencing methods
were as described by Messing (22). Parts of the sequence
were confirmed by the method of Maxam and Gilbert (20).
Sequences of both strands of the DNA were determined at
least twice.

RESULTS

In vitro translation of a processed PRV protein. For exam-
ination of the effects of cotranslational processing on the in
vitro synthesis of PRV proteins, PRV mRNA was translated
in a reticulocyte lysate in the presence and absence of dog
pancreas microsomes. When the products of the translation
reactions were examined by gel electrophoresis (Fig. 1), a
number of protein products were eliminated or reduced in
yield by addition of the microsomes. More importantly, a
protein product of apparent molecular weight 95,000 ap-
peared when microsomes were added to the system, but not
in the absence of the microsomes. Dog pancreas microsomes
have been shown by others to provide cotranslational proc-
essing of proteins by removal of signal peptides and core
glycosylation of glycoprotein products (15). It seemed pos-
sible that the 95-kilodalton (kd) product represented a
glycosylated PRV protein.
Because several protein products disappeared upon addi-

tion of the microsomes, it was not obvious from translation
of total RNA which product was the precursor of the
prominent processed product. This required fractionation of
the mRNAs before translation. A series of hybrid selection
experiments was carried out with cloned PRV DNA frag-
ments from across the viral genome. All fragments from
within the large component of the genome failed to select
RNA coding for the 95-kd processed protein. Figure 1 shows
that the large XhoI fragment extending from within BamHI
10 to BamHI 6, including BamHI 7 and BamHI 12 (Fig. 2),
did select an mRNA which was translated in the presence of
microsomes to produce the prominent processed 95-kd pro-
tein (Fig. 1). When this same mRNA was translated in the
absence of microsomes, a prominent product of molecular
weight 70,000 was produced that was not observed in the
translation with microsomes.

Further hybrid selection experiments were done to locate
more precisely the coding region of DNA for the processed
protein and to confirm that the putative precursor did map to
the same region of DNA. Fragments BamHI 7 and, to a

VOL. 54, 1985



24 REA ET AL.

Smal BamHI

lacZ

I Smal

I BAP
Bar

lgx
amp

lacZ

FIG. 3. Construction of a plasmid to exp

reading frame in E. coli. The pTRZ4 vector contz
trp-lac fusion, with the components derived as fc
carrying the trp promoter, the translation initia
and the first 13 amino acids of the trpLE fusion
from pVV1 (25); the fragment carrying the la
translation initiation region was from pMC1403
made by ligating a DNA polymerase-treated Bgll
a DNA polymerase-treated EcoRI end from pM
cleaved with SmaI to insert random pieces of FI
gX coding region between the trp and lac sequ

pPR28-4 contains the PRV DNA between the
cleavage sites shown in the expanded region c
DNA was made to have random ends by treatme
(5 to 30 min) with BAL 31 nuclease under the co
al. (31) and then was ligated into pTRZ4. The
derived from a transformed colony which was pz
on X-gal plates.

lesser extend BamHI 10 were observed
coding for both the processed protein a
precursor. A 1.5-kb BamHI-PvuII fragmi
within BamHI 7 was found to select the
processed protein and precursor, and t
BamHI 7 did not select any detectable
processed protein. That both the processe
putative precursor mapped to the same sI

genome strongly indicated a precursor-prc
between the 70-kd product from the re
reaction and the 95-kd product produced b
presence of microsomes. Since the prer
crosomes during translation caused an incr
weight of the product, the processed I

glycosylated and presumably was from tra
glycoprotein mRNA.

Identification of the processed glycopra
selection experiments mapped the glycol
1.5-kb region of BamHI 7; in addition, a
mRNA coding for the glycoprotein was se
10 in some experiments. Even if the ineffi
BamHI 10 might be due to a very small coc

BamHI glycoprotein on the fragment, and if so, the 300-base-pair
I\2 fragment between BamHI 7 and BamHI 10 also might code

gx for the glycoprotein mRNA, coding capacity requirementspPR28-4 for a protein the size of the glycoprotein precursor lead to
the conclusion that most of the 1.5-kb PvuII-BamHI frag-

PvuII ment from BamHI 7 must code for the glycoprotein. A
Pvull random collection of DNA fragments from within the PvuII-

BamHI fragment was generated by BAL 31 nuclease treat-
Pvull + BamHI ment of the fragment (see Fig. 3). Some of the resulting

fragments were presumed to be from within the coding
mHI Pvull region of the glycoprotein gene.

The collection of fragments produced by BAL 31 was
gx ligated into the open reading frame cloning vector pTRZ4.

The plasmid pTRZ4 is shown in Fig. 3. The pTRZ4 plasmid
i BaI31 consists of the trp promoter, the translation initiation region

of the trpL gene, the coding region for the first 14 amino
T4 DNA polymerase acids of a trpLE fusion, followed by a lacZ gene minus its

translation initiation region. The crucial feature of the vector
is that the trp and lac coding sequences are not in phase, but
restriction sites between the two coding regions offer the
possibility that insertion of appropriate DNA fragments
could bring them in phase and thus allow synthesis of

Hi P-galactosidase activity. The ligation of the BAL 31 frag-
ments of the glycoprotein coding region into pTRZ4 was
transformed into a lac minus E. coli strain, and transform-

ress the gX open ants were plated onto X-gal plates where lac plus colonies
ains an out-of-phase could be identified by blue color. A dark blue colony was
)llows: the fragment picked and found to contain an insertion of ca. 600 base pairs
tion region of trpE, of PRV DNA. This plasmid expressing 3-galactosidase ac-
/A1413 was derived tivity was called p60-11.
zcZ gene minus its Figure 4 shows the proteins produced by E. coli carrying
(5). The fusion was p60-il when grown in minimal medium in which the trp
[I end from pVV1lto pUl nngonl lla elml hc h r[IC1403. pTRZ4 was promoter is fully induced. The most abundant protein in
PRV DNA from the these cells was a large protein not present in cells without a
ences. The plasmid plasmid or cells containing a plasmid without an insertion of
PvuII and BamHI foreign DNA. As has been found for many proteins overpro-
f Fig. 2. The PRV duced in E. coli by recombinant DNA methods, the p60-11
nt for various times protein accumulates in the cell as an aggregate that is readily
nditions of Poncz et harvested by centrifugation of the lysed E. coli. Using this
plasmid p60-11 was property of the protein for a simple preparative step as
articularly dark blue described above, the protein was extracted and purified by

preparative SDS-polyacrylamide gel electrophoresis. Since
this recombinant protein is the largest protein in the host
cells, the electrophoretic purification gave a protein prepa-

to select mRNA ration of greater than 95% purity, estimated by silver stain-
nd the identified ing of an SDS gel of the preparation.
ent (Fig. 2) from The recombinant protein was injected into mice and was
mRNA for both found to raise antibodies which reacted in an enzyme-linked

the remainder of immunosorbent assay against PRV-infected Vero cells (data
mRNA for the not shown). The serum from mice injected with the recom-

d protein and the binant protein was used in immunoprecipitations with
mall region of the ['4C]glucosamine-labeled proteins from PRV-infected cells
)duct relationship (Fig. 5). When the [14C]glucosamine-labeled proteins from
ticulocyte lysate infected cells were used as the antigen, a precipitated labeled
y the lysate in the protein was visible only on overexposure of an autoradio-
sence of the mi- gram, and this protein did not comigrate with any of the
rease in molecular major PRV glycoproteins associated with infected cells.
product must be However, in addition to the glycoproteins that accumulate in
Lnslation of a PRV the cells, a glycoprotein accumulates in the medium of

PRV-infected cells. This glycoprotein from the medium was
tein. The hybrid efficiently precipitated by antiserum to the p60-11 recombi-
protein gene to a nant protein. Since p60-11 is coded by the same PRV
Lsmall amount of sequences that were found to select a glycoprotein mRNA,
lected by BamHI this is strong evidence that the glycoprotein gene mapped in
[cient selection by the hybrid selection experiments codes for the glycoprotein
ding region for the that accumulates in the medium of PRV-infected cells.
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Because there is as yet no systematic nomenclature for the
PRV glycoproteins and the relationship between the
glycoprotein in the medium of infected cells and the viral
membrane glycoproteins is not well established, we provi-
sionally refer to the glycoprotein in the medium as gX.
DNA sequence of the gX coding region. The hybrid selec-

tion experiments described above mapped the DNA coding
for gX to within ca. 2 kb of DNA, assuming that a very
limited homology was responsible for the inefficient selec-
tion of the gX mRNA by BamHI 10. The 1.5-kb PvuII-
BamHI fragment from BamHI 7, the small BamHI fragment
from between BamHI 7 and BamHI 10, and the end of
BamHI 10 adjacent to BamHI 7 was sequenced. The DNA
sequencing was mostly by the dideoxy method, using M13
subclones of the PRV DNA, with some by the Maxam-
Gilbert method. The high GC content (1) of PRV DNA made
the usual procedure of dideoxy sequencing with the Klenow
fragment ofDNA polymerase I highly unsatisfactory. There-
fore, a procedure with reverse transcriptase at 50°C was
used as described above. The sequence determined from the
gX coding region is shown in Fig. 6. The sequence contains
an open reading frame that could code for a protein of 498
amino acids, which we presume to be gX, as discussed
below.
The DNA sequence of the junctions of PRV DNA with
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FIG. 5. Immunoprecipitation of PRV proteins with antiserum
raised against the p60-11 fusion protein. (A) Immunoprecipitation of
medium from PRV-infected cells grown in the presence of
[14C]glucosamine. (B) Immunoprecipitation of the proteins from the
infected cells. In both cases, lanes 1 are the total labeled proteins
before immunoprecipitation, lanes 2 are the result of precipitation
with preimmune mouse serum, lanes 3 are precipitated with mouse
serum raised against the p60-11 fusion protein, and lanes 4 are
precipitated with serum from pigs recovered from PRV infection. B
is overexposed to show the small amount of precipitating glycopro-
tein in lane 3.
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FIG. 4. Expression of the gX open reading frame in E. coli. E.
coli strains were grown in M9 as described in the text, harvested by
centrifugation, and boiled in SDS gel sample buffer without fraction-
ation for an examination of the total protein being expressed in the
cells. Lane 1, protein being made in a strain carrying p60-11; the
arrow points out the fusion protein which includes the gX se-
quences. Lane 2, strain carrying plasmid pTRZ5, which is identical
to pTRZ4 except that the trp and lac sequences are in phase without
any insertion of foreign DNA, and therefore the pTRZ5 fusion
protein shows the size for the trp-lac fusion protein without any
insertion. Lane 3, E. coli containing no plasmid.

vector DNA in p60-11 was determined. The PRV insertion
was found to include nucleotides 777 to 1341, inserted such
that the phase translated in the hybrid protein would be
included in the reading frame shown in Fig. 6 (Fig. 7).

DISCUSSION

This report describes the identification of a PRV glycopro-
tein gene from the initial observation that a prominent new
product appeared in the products of a reticulocyte lysate
translation of PRV RNA when dog pancreas microsomes
were added to the translation. The coding sequence for this
product was mapped by hybrid selection experiments and
was found to be the same as for a lower-molecular-weight
product of the same translation reaction in the absence of the
microsomes. Since the only known activity of the mi-
crosomes which could increase the molecular weight of a
product is the cotranslational glycosylating activity, it was
inferred that the mapped gene codes for a PRV glycoprotein.
A detailed study ofthe processing ofherpes simplex glycopro-
tein D by the reticulocyte lysate plus microsomes concluded
that the in vitro system was adding the core glycosylation to
authentic in vivo glycosylation sites (19). The proof that the
mapped gene is indeed a glycoprotein gene, and the identi-
fication of the coded glycoprotein, were by expression of the
sequences in E. coli and use of the bacterial protein for
production of a monospecific antiserum. Immunoprecipita-
tion of the glycoprotein accumulated in the medium of
PRV-infected cells by this serum is strong evidence that the
sequences inserted into the expression vector code for the
glyprotein. Others have used similar open reading frame
expression vectors to produce proteins in E. coli for the
purpose of raising a monospecific antiserum (13, 43). We
note that in the case of the glycoprotein gene, the expression
in E. coli was done before the precise location of the gene
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-21 5
ccggtagccg ggacccsccg ccagccgtac acgcagtacg cgcgcgtggc tcgcc

-1;5
cgggggcttt cctgatttac aagatgttga cgtttgatcc cgtccgccgc ccttc

-6s
caactttgga atgtggaccg tataaaacgg cccggctccg agcggtagga cacac,

1 30
tccacagctc acs ATG AAG TG GCA ACG TM ATC CTC GCC CT'

MET Lys Tlrp Ala Thr Trp Ite Leu Alea Leo
GTC CGC ACC GTC GTE GCC AGA GAG GCC CCT CMG GAG CTC
Vat Arg Thr VatI Vat Ala Arg GZu Ata Pro Arg Gtu Leu

120
GTC CAC GAC GAC CM6 CGG CCC GTC GMG CCC GCG ACC GAC
Vat His Asp Asp Arg Arg Pro Vat Gly Pro AZta Ohr Asp

CCG CTC GCC CCC GCC AAC GCC ACC GG ACM GAC TAC TCT
Pro Leu Ata Pro AZla Ase Ala Thr Gly Tss Asp Tyr Ser

210 2o0

CGC CTC CTG GAT CCG CCT CIc GAC GTA TCG TCC CGC TCC
Arg Leu Leu Asp Pro Pro Leu Asp Vat Ser Ser Arg Ser

2 70
GTG ACC GTC GCC T6 TTC m GAC EEC MGC CAC TGC AAG
Vat Thrs Vat Ata Trp Phe Phw Asp ty CGly His Cys Lys

33 0
CGC GAG TAC TAC EGC TEC CCC EGG GAC GCC ATG CCC TCC

Arg Gou Tyr Tyr Gloy Cys Pro Gly Asp Ala M01E Pro Ser

390
MGC GEE TAC TCG TAC ACC CGC AC CGC ATC GAC ACC CTG
ly CGZy Tyr Ser Tyr Thr Arg Thr Arg IZe Asp Thr Leu

GTE MC GCC AMC CTC

Vat Asn Ata Ser Leo

480
ETC ETG CTC ETC m
Vat Val Leu Vat Ph*

4 50
GTG CTG CAM CCC EGG CTG TAC GAC
Vat Leu Gtn Pro Cly Leu Tyr Asp,

510
6GC GAC GAC 6CC TAC CTC GGC ACC
Cty Asp Asp Ata Tyr Leu GOy Thrs

540
GAM 6CC MC CTG GAC TAC CCC TEC GC ATE MG CAC GEE
Gtu Aa Asn Leu Asp Tyr Pro Cyos Zy MET Lys His Gly

CCC GGG GCC ACC CTC CCA CCC ATC GCC CCC ACM GCC GMC
Pro Gly Ala Thr Leu Pro Pro Ite Ala Pro Thr Ata GZy

660
CGC GIG TGC TTC CCC TCG ACC GAC GAG GGC GCC TGG GAM
Arg CGly Cy Phe Pro Ser Thr Asp G1tu GlOy A taTrp Clu

GAG

Glu

TCG
Ser

GAG
Gluo

MAG MC CTG

Lys Cly Leu

GAG TCT GAC
Gltu Ser Asp

810
GAG GTG ACC
Gtu Vat Thr

Ser

72c
GAC GAC TAC GCC GAC TAC TAC GAC
Asp Asp Tor Ate Asp Tyr Tyr Asp

GAC GAG GTC GTC CAC GMC GAT GCC CCC
Asp Gtu Vat Vat His Gty Asp Ata Pro

GAG GAG GAG GCC GAG CTG ACC TCC AGC
Gtu 'O-u Gtu Ata Gtu Leu Thr Ser Ser

8 70
GAG ATC GAG GTC GTG GGC TCT CCC
Gtu Ile ttu Vat Vat Gty Ser Pro

GCC
Ala

9 30
GAG GGG CGC GGG GCC GAG GAG GAC GAG
Gtu Gty Arg Gty Ala Gtu ttu Asp ttu

ATC GAG ATC GAG GTC GTG 6GC TCG CCG
Ite tlu Ite ttu Vat Vat (ly Ser Pro

1020CCA CCC CCG CGC
Pro Pro Pro Arg

6CT CCC GCC GAG
AlA Pro Ala Glu

G MAG CTG ACC TCC
Gto Leu Thr Ser

990
G CGM CCG CCC GCT

Arg Pro Pro AZa

CCC CAC CCG CGC GGC CGA GAT CAC GAC
Pro His Pro Arg Gty As'g Asp His Asp

10so
CAC CGT GCG GAC GAC CGA GGA CCC CAG CGG CAT CAC CGA
His Arg Ata Asp Asp Arg tty Pro Gtn Arg His His Arg

140
ACC TTC GTC TCG CCC TCT GAC ATC TTC GTG ACC CCC ACC
Thr Phe Vat Ser Pro Ser Asp Ite Phe Vat Thr Pro Thr

1200
CTC CTG GMC TTC CTG GMC AMC GCG CTC GCC TCG CGC CCC
Leu Leu COy Phe Leu Glty Ser Ata Leu Ala Ser Arg Pro

GGG GAM ACG GCC CG CAC GTG CGC GMG GCC CAG CAG MG

GOy GOu Thr AZa GOn His Vat Arg Gtu Alta Gln tn Lys

1290 1320

TCC CTC GMC GGC CTC CAG CTC TCG GTC GAM ACC GAM ACC
Ser Leu GCy Gly Leu Gln Leu Ser Vat Gtu Thr GOu Tshr

ACC CAM ACG GGC CTG TCG GGC GAC ATC CGC ACC TCG ATC
Thsr ;1s Thr Leu Ser Gly Asp Ite Arg Thr Ser Ite

:tcgg ctgcccgaga was known. It is not necessary to have a defined DNA
sequence to use the open reading frame expression vectors

:cgctg atgagatact to raise an antiserum to a coded gene product. The anti-

:acacc tttgcgcatc serum was used to identify the mapped gene as that for the
PRV glycoprotein which accumulates in the medium of

'C GMG CTC CTC GTGG, Leu leu GTG infected cells. This glycoprotein was first identified by
Ben-Porat and Kaplan (2), who named the protein 3a on the

AC~ C CAC CCCbaTCs TACr GI,C CAC
Pro basis of its electrophoretic mobility relative to other proteins
9GEin their gel system. Since there is no systematic nomencla-

GCC CAG CCC GTG AACAZa Pr '> ASn ture yet for PRV glycoproteins, we refer to this medium

CGC GGC TGC GAG ATG glycoprotein as gX. Our finding that the anti-gX serum does
Org Ogy 3,s ;Dx '!ET not immunoprecipitate the major PRV proteins that accumu-

TCG 6AC CCC GTC AAC late in infected cells is consistent with the conclusion of
Ben-Porat and Kaplan (2) that the glycoprotein in the

C 0 medium is not one of the viral glycoproteins that accumulateGTG CCC CTC GTC CAC

Val Pro Leu Vat His in infected cells. However, we did find protein reacting with
GTC GAG TGC ACC the anti-gX serum in the cellular protein preparations. This
Coz Gbu Th Cos Th

may have been newly synthesized gX before release into the
ATG GAG TAC GCC CrTC medium, but it could also indicate a role for gX as a cellular
M'ET GZU T^,r A la Lou

glycoprotein.
GCC GGC CTG TAC ATC The sequence of the DNA which selected the gX mRNA
Ata -I uTyrOre contains an open reading frame coding for 498 amino acids
GTC TCC CTG TCG GTG (Fig. 6). The predicted molecular weight of the coded amino
Vatl Ser LSeo Ser Vatz5V0 acid sequence is 53,700, considerably smaller than the
CTC ACG ATC ACC CGC apparent mass of the 70-kd precursor seen with in vitro
Leu T;Lr-lle Thr Arg

£0 translation. Perhaps this is because of the high percentage
GAC CAC CM CGC TMG (8.8%) of proline residues in the sequence. The protein
Aso His G 1tn ArgT rp

690 sequence predicted from the open reading frame has features
AAC GTG ACC GCC GCCAMCVaI6Th Ala6CCC of a membrane protein. At the N-terminus, following a basic
* amino acid lysine, is a sequence of hydrophobic amino
GTG CAC ATC TTC CGCGTG

His Ilt Phs Arg acids. At the end of this hydrophobic sequence (nucleotide

GAG GCC CCC GM GGC
46 in Fig. 6) is a sequence consistent with the rules of

PruAla F'ro ttuyGly Perlman and Halvorson (30) for predicting a signal peptidase
GACCT GA AC ATC cleavage site after the alanine at nucleotide 60 in Fig. 6. AtAs- Leu Asp Asn rle the C-terminus of the predicted protein sequence is a very

C CCG GACG GAG hydrophobic sequence of 25 amino acids (nucleotides 1374tPro Ate Thr to 1449) followed by a hydrophilic sequence. This C-terminal

AGC GAC CTC GAC 960 sequence looks very much like the "anchor" sequences of
Seor Asp Leu Asp Ast extrinsic membrane proteins, raising the possibility that gX

TCT TCG CCG CCT CCA accumulating in the medium is a cleavage product rather
Ser Ser Pro Pro Pr, than a true secreted protein. Because the gX in the medium

CAT GAC CAC GGT CAC had the same apparent molecular weight as the protein
His Asp His Glty His detected in the cells, proteolysis could not be extensive.
CTG CCG CCG GM CCG However, cleavage of putative anchor sequence could in-
Leu Pro Pro Glu Pro volve removing less than 5% of the amino acids of the

MGC A GCC CTG precursor and none of the carbohydrate, producing a change
CGl Ser Pro Ata Leo

in molecular weight difficult to detect in a diffuse glycopro-
CTG CAC CTG ACG GCC tein band on an SDS gel. If the gX in the medium is a

proteolysis product of a membrane bound form of the
AGC CGC CAC ATC CGC protein, the question remains which form is biologically

relevant for virus infection or whether both forms are

ChCr Asn ATChCr T ThCrC important. Herpes simplex has been shown to accumulate

330
* forms of glycoproteins C (27) and D (34) in the medium of

TAC TIC TGC GTVC GACC infected cells, but no information is available on the biolog-
141O10 0

CTC GCC MGC CTG GTC GTC GTG MGC ATC GTC ATC ATG TGC CTC CAT ATG GCG ATC
Leu Ata CGty Leu Val Vat Va Otty Its Vat Ite MET Cys Leu His MET Ata Ite

1470
ATC AGG GCC CMG GCC CMG AAC GAC 6GC TAC CGC CAC GTG GCC TCC GCC TGA
Itse Arg Ala Arg Ata Arg Asn Asp tgy Tgyr Arg His Vat Ata Ser Ata

1507 15--
cccggccccg cccgactccc ccgcgattcc ccccctctct caccgggtgt ccatcttcaa taaagtatgt

6 0 7
ctcaaacacc taatttgccg tacggccttg cttaccgggg ggtgcgatcc

165c7ttgggttggc gccccaggtt cccatacact cacccgccag cgccatgctg

acgcqccgcg gtccataaaa

c
70 7

ctcgcagcgc tattggcggc

gtggtcgccc ggacgacgct cggtgcggag tggagccgtg ccccgcgccg accttccccc cgcccgcgta

cccgtacacc gagtcgtggc ag

FIG. 6. DNA sequence of the gX open reading frame and flanking
area. The sequence is numbered, with +1 as the first base of the
initiation codon of the open reading frame. The sequence spans the
expanded region of Fig. 2, and the last three bases represent half of
the PvuII cleavage site. The arrow after nucleotide 60 represents the
position in the protein sequence at which the signal peptide would
be cleaved according to the rules of Perlman and Halvorson (30). An
asterisk has been placed under the asparagine residues which are
part of consensus N-linked glycosylation sequences. The direct
repeat within the sequences is underlined.
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ATG AM GCA ATT TTC GTA CTG AAA GGT TCA CTG GAC AGA
meKt tyq ata ite phe vat teu ty6 gty 6eV teu ahp a'g

GAT CM TTC CCT GCC CCC
a,6p gin phe pko ata pto

GAG GCC CCC GAG GGC GAG------
gitu ata pto gtu giy gtu

510 bases from gX gene GAG ACC GAG ACC ACC MC ACC ACC

170 amino acids of gX giu tht gtu thA th4 aan th4 the

ACC ACC GGG GAT CCC GTC GTT TTA CAA CGT .................
htA the gty ap pto vat vat teu gin a4g

gXtgaIlactosidase

FIG. 7. DNA sequence and predicted amino acid fusion protein
sequence from p60-11. The first codon is the initiation codon of the
trpL gene. The sequence before the trp/gX dividing point is that
coded by the trpLE fusion A1413 (25) and the linker created by
fusion of the BglII site within the EcoRI site from pMC1403 (5). The
sequence after the trp/gX dividing point begins at position 778 of
Fig. 6. The sequence before the gX/P-galactosidase fusion is the
linker from pMC1403 and the remainder of the E. coli -

galactosidase sequence.

ical significance, if any, of the released glycoproteins. Also,
Marek's disease virus (38) and herpesvirus saimiri (34)
release membrane glycoproteins into the medium. Relase of
immunologically relevant molecules such as glycoproteins
by virus-infected cells could be an important mechanism for
interaction with the immune system of the host. The PRV
system in which a substantial fraction of the gX protein is
released (2) may provide an opportunity to study such a

possibility. Although the ends of the predicted gX sequence
resemble a typical membrane protein, the sequence has
some unusual features. The most remarkable feature is an
internal duplication of an 18-amino acid sequence (nucleo-
tides 823 to 876 repeated in nucleotides 934 to 987). The
DNA sequence is also duplicated, although this may not be
surprising given the highly nonrandom codon usage through-
out the gene, discussed below. Between the repeats is the
hydrophilic maximum of the gX protein sequence as deter-
mined by the Hopp and Woods algorithm (14). The regions
surrounding the repeats also have unusual amino acid se-

quences: on the N-terminal side of the first repeat is a

sequence in which 8 of 14 amino acids are glutamic acid
(nucleotides 784 to 825); and on the C-terminal side of the
second repeat is a sequence in which 11 of 17 amino acids
are proline (nucleotides 985 to 1035). Another unusual
sequence occurs between nucleotides 1315 and 1347 in
which 8 of 11 amino acids are threonine. The structural and
functional significance of these unusual amino acid sequence
features is difficult to predict. As expected from the GC-rich
PRV genome (1), the codon usage in the gX gene is such that
codons with G or C in the third position are used preferen-
tially. The extent of this preference is such that 94% of all
codons in the gene have G or C in the third position. In fact,
30% of the codons in the gene are entirely G and C, which
raises the possibility that whatever selective pressure led to
the GC-rich genome may even have influenced the amino
acid composition of the protein.
The open reading frame identified as the gX gene is

flanked by sequences that have common features in eucary-
otic transcription initiation and termination signals. The
sequence AATAAA is common to polyadenylation signals
of eucaryotic genes (33) and is found 58 nucleotides down-

stream from the termination codon of the gX gene. At the 5'
end of the gene, the TATAA sequence at position -64 from
the initiation codon is the canonical TATA box found in
eucaryotic promoters (4). Since most eucaryotic mRNAs are
initiated 20 to 30 bases downstream from a TATA box, this
interpretation would predict that the mRNA start position of
the gX gene would be in the CACACACA sequence at
position -24 from the initiation codon. The region upstream
from the putative TATA box has a peculiar distribution of
base composition. The TATA box and 30 base pairs up-
stream are 65% AT, in marked contrast to the average 71%
GC of the sequenced region ofDNA and the PRV genome as
a whole. Upstream from the AT-rich region is a sequence
with 82% GC (positions -14 through -95), even more GC
rich than the average of the sequence. Upstream from that is
a sequence with 82% AT (-147 through -113), and further
upstream is another GC-rich sequence (positions -159
through -148) of 83% GC. Blocks of GC-rich sequence
interspersed with less GC-rich sequences have been impli-
cated as important features of herpes simplex promoters (9,
17, 21, 44), the simian virus 40 early promoter (10), and the
rabbit 3-globin promoter (8). We conclude that the sequence
upstream from the gX open reading frame looks very much
like a promoter region and is probably the sequence respon-
sible for transcription of the gX gene.

It should be noted that all of the above discussion rests on
the assumption that the open reading frame identified in the
DNA sequence is indeed the coding sequence for gX. The
gX mRNA has not been characterized in detail, but North-
ern blot analysis indicates an mRNA of 1.6 kb (K. R.
Marotti, unpublished data) as predicted from the location of
the consensus transcription initiation and termination se-
quences. The reading frame expressed in p60-11 was deter-
mined by DNA sequencing to insert the amino acids coded
by nucleotides 778 to 1341 into the hybrid protein. Since this
amino acid sequence raised antibodies that reacted with gX,
the identified reading frame certainly codes for amino acids
in the gX sequence. Our interpretation of the DNA sequence
predicts that the gX mRNA is not spliced. Although this
would be rare for mammalian mRNAs in general, unspliced
mRNAs seem to be common in the a-herpesviruses. Most
herpes simplex virus RNAs are not spliced (39), and appar-
ently many varicella-zoster virus genes also code for unspli-
ced RNAs (7).
While this manuscript was in preparation, Wathen and

Wathen (41) reported that the gene for a 50-kd glycopro-
tein which they call gp50 maps at least partially within a
BamHI-SalI fragment within BamHI 7. That BamHI-SaIl
fragment contains only an additional 400 bases beyond the
BamHI-PvuII fragment sequenced in Fig. 6. The location of
the genes for these two glycoprotein genes within the same
small region raises the interesting possibilities that two
glycoprotein genes map very close to each other, or that the
glycoproteins are somehow related.
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