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The genome of pseudorabies virus (PrV) encodes at least seven glycoproteins. The glycoprotein complex gII
consists of three related polypeptides, two of them derived by proteolytic cleavage from a common precursor
and linked via disulfide bonds. It is homologous to herpes simplex virus (HSV) gB and is therefore thought to
be essential for PrV replication, as is gB for HSV replication. To isolate PrV mutants deficient in gII expression,
we established cell lines that stably carry the PrV gII gene. Line N7, of Vero cell origin, contains the gII gene
under its own promoter and expresses gll after transactivation by herpesviral functions after infection.
MDBK.-derived line MT3 contains the gII gene under control of the mouse metallothionein promoter. However,
it has essentially lost inducibility and constitutively produces high amounts of correctly processed glycoprotein
gll. We used a B-galactosidase expression cassette inserted into a partially deleted cloned copy of the gII gene
for cotransfection with PrV DNA. gII~ PrV mutants were isolated from viral progeny by taking advantage of
their blue-plaque phenotype when incubated under an agarose overlay containing a chromogenic substrate.
Analysis of these mutants proved that gII is indeed essential for PrV replication, since the gIlI™ mutants grew
normally on gll-complementing cells but were unable to produce plaques on noncomplementing cells.
Surprisingly the PrV gII” mutants were also able to grow on a cell line constitutively expressing the
gB-homologous glycoprotein gl from bovine herpesvirus 1 (BHV-1) to the same extent as on cells expressing
PrV gIl. glI™ PrV propagated on cells expressing BHV-1 gI became susceptible to neutralization by anti-BHV-1
gl monoclonal antibodies. We also found that BHV-1 gl is present in the envelope of purified glI™ pseudorabies
virions grown on cells expressing BHV-1 gI, as judged by radioimmunoprecipitation and immunoelectron
microscopy. These results prove that BHV-1 gl is integrated into the PrV envelope and can functionally replace

glycoprotein gII of PrV.

Pseudorabies virus (PrV) belongs to the herpesvirus group
of enveloped animal viruses. It possesses a linear double-
stranded DNA genome of approximately 150 kb which
encodes at least seven glycoproteins (13, 23). All known PrvV
glycoproteins share homologies with the respective glyco-
proteins of herpes simplex virus (HSV). The homologous
pairs are as follows (the virus expressing the named protein
is given in parentheses): gl(PrV)-gE(HSV) (37, 57), glI(PrV)-
gB(HSV) (42), gllI(PrV)-gC(HSV) (41), gp63(PrV)-gI(HSV)
(37), gp5S0(PrV)-gD(HSV) (49), gH(PrV)-gH(HSV) (193, 35a),
and gX(PrV)-gG(HSV) (38). gl, glII, gp63, and gX as well as
their HSV homologs are not required for viral growth in
tissue culture and are therefore designated nonessential. In
contrast, gIl, gp50, and gH are thought to be essential for
PrV replication, as are the respective HSV glycoproteins (5,
11, 21).

Although variable degrees of homology based on sequence
comparison between these glycoproteins have been found, it
is still largely unknown whether the respective glycoproteins
exert similar functions in the different viruses. Some of the
functions of the nonessential glycoproteins of PrV have been
elucidated. It has been shown that gl and gp63, which are
present in the form of a noncovalently linked glycoprotein
complex (57), are involved in virus release from infected
cells (56). Interestingly, the homologous HSV glycoproteins
gE and gl also form a complex that has been demonstrated to
bind the Fc part of monomeric immunoglobulin G (1, 9, 16).
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No such activity has been observed for the PrV complex
(57).

gIII(PrV), although nonessential for viral replication, is
important in the initial interaction between PrV and its host
cell. Adsorption of wild-type PrV is mediated by the inter-
action of glIII with a heparinlike cell surface receptor (29). A
heparinlike molecule has also been demonstrated as primary
receptor for HSV (55). In the absence of either gIII or the
heparin receptor, PrV adsorption is considerably impaired
(29, 43, 58) and penetration of the virus into the cell is
delayed (26, 58). However, adsorption and penetration can
occur even in the absence of gllII.

The essential glycoproteins gB, gD, and gH in HSV have
all been shown to be involved in the second step of virus
infection, i.e., penetration of the virus particle into the target
cell (5, 11, 21). Initial experiments using either partial
neutralization with complement-independent monoclonal
antibodies (MAbs) (14, 15) or temperature-sensitive mutant
viruses (8, 22) were complemented by the analysis of virus
mutants defective in the synthesis of essential glycoproteins
(6). Genetic engineering of these viruses was made feasible
after cell lines that carry the essential gene to be deleted
from the viral DNA were established. These cell lines are
able to provide in trans the essential protein and to support
replication of the defective virus mutant.

To gain insight into the functions of PrV essential glyco-
proteins, we started by constructing and isolating cell lines
that express the essential glycoprotein glI. Mature gII con-
sists of three related polypeptides that are derived from a
common 110-kDa primary translation product (27). After
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FIG. 1. Plasmids used for establishment of cell lines. A BamHI restriction map is shown above a schematic drawing of the PrV genome.
Open boxes represent inverted repeat sequences that bracket the unique short sequence and separate it from the unique long region. The
fragment used for construction of pBR-gll was obtained after incomplete Sphl digestion and consists of two fused Sphl fragments.
Site-directed mutagenesis created a BamHI site immediately in front of the gIl ORF (43a). This was used to insert the gII gene under control
of the mouse metallothionein promoter in plasmid MT-gII. Cleavage sites: B, BamHI; S, Sphl; H, HindllI; E, EcoRI. The HindIII and EcoRI

sites originate from vector sequences.

glycosylation, the precursor is cleaved by a cellular protease
located in the Golgi apparatus (52) into two smaller glyco-
proteins of 67 and 58 kDa that are covalently linked by
disulfide bonds (13, 23, 27, 54). Under nonreducing condi-
tions, the gll-protein complex exhibits an apparent size of
155 kDa (13, 23). The gB-homologous proteins of other
herpesviruses show similar proteolytic processing of the
primary translation product. The gB of bovine herpesvirus 1
(BHV-1), named gI and referred to here as gI(BHV-1), is
cleaved into two subunits of 75 and 55 kDa that also remain
linked by disulfide bonds (30, 53). The gB homologs of
varicella-zoster virus (31), human cytomegalovirus (4, 45),
and equine herpesvirus (25, 50) are also represented by
disulfide-linked complexes of two glycopolypeptides. It is
therefore interesting that gB(HSV), although present in the
viral envelope in higher-molecular-weight structures, prob-
ably dimers (7), is not processed proteolytically as are the
other gB proteins. However, the high conservation of the gB
sequence among the herpesvirus family might indicate that
these glycoproteins fulfill a common important function.

In summary, several lines of evidence point to common
functions of homologous herpesvirus glycoproteins. How-
ever, direct functional homology based on the ability of one
glycoprotein to complement a deficiency in a homologous
glycoprotein in a different herpesvirus has not been demon-
strated.

We isolated PrV mutants lacking the gB homolog gII and
found that these mutants were able to grow only on cell lines
that provide the gll in trans. This finding demonstrates that
gll is essential for PrV replication. In addition, we found that
cell lines expressing gl(BHV-1) can functionally complement
PrV mutants that lack the essential gII glycoprotein. This
result clearly proves functional homology between these

gB-homologous glycoproteins in two different herpesvi-
ruses.

MATERIALS AND METHODS

Viruses and cells. PrV strains Ka (18) and Phylaxia and
BHYV-1 strain Schonboken were used. They were propagated
on Madin-Darby bovine kidney (MDBK) cells.

Plasmids. An Sphl fragment containing the complete gII
expression unit of PrV strain Phylaxia was cloned into
pBR322, yielding plasmid pBR-gII (Fig. 1). Site-directed
mutagenesis created a BamHI site immediately in front of
the glI open reading frame (ORF) (43a), and the resulting
fragment was cloned into the BamHI-Sphl sites of the
multiple cloning site of plasmid pUC18. A BamHI-EcoRI
fragment encompassing the gII ORF and gIl mRNA poly-
adenylation signal was excised and cloned behind the mouse
metallothionein promoter (3). This plasmid was called MT-
gII (Fig. 1). Plasmid pMT-gI contained the ORF for gI(BHV-
-1) placed under control of the mouse metallothionein pro-
moter.

To obtain a gll-deleted PrV mutant, two plasmids were
constructed (Fig. 2). To delete almost all of the gII gene,
plasmid pBR-gII was cleaved with Smal, thereby deleting
2,540 bp of gll sequences (Al). After addition of BamHI
linkers (Bethesda Research Laboratories, Eggenstein, Fed-
eral Republic of Germany), a gX-B-galactosidase (B-gal)
expression cassette was inserted as a selectable insertional
marker (28). To obtain a smaller deletion in the gII gene,
pBR-glII was cleaved with BstEII, which resulted in deletion
of 1,395 bp (A2; Fig. 2). After blunt ending with Klenow
polymerase and BamHI linker insertion, the gX—B-gal
expression cassette was introduced as described above.
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FIG. 2. Constructs used for isolation of mutant viruses. The BamHI restriction map (A) of the PrV genome (B) is shown. The enlarged
region (C) encompasses the gII gene and the carboxy-terminal part of the ICP18.5 homolog gene that overlaps the gl gene by 127 bp.
Transcriptional direction is indicated by arrows. Al and A2 (D) indicate deletions introduced into pBR-glI to obtain gII~ viruses. The stippled
box in (E) indicates the BstEII fragment used for hybridization (see Fig. 5) that is lacking in both Al and A2. Cleavage sites: Bs, BstEII; Sa,

Sall; Sm, Smal.

Both plasmids were tested for B-gal expression in transient
assays.

Isolation of stable cell lines. To isolate a cell line that
expresses gII(PrV) in a transactivatable fashion, subcon-
fluent Vero cells on 5-cm tissue culture plates were cotrans-
fected with plasmids pBR-gll and pSV2neo (44), using the
Lipofectin method (Bethesda Research Laboratories). Two
days after transfection, cells were trypsinized and reseeded
onto 10-cm plates. Three days after transfection, the medium
was changed to selection medium containing geneticin (900
wng/ml; Sigma). The selection medium was replaced daily.
Eleven days after transfection, cell colonies became visible.
They were picked and seeded into 24-well plates. Seven days
after colony isolation, replica wells were analyzed for gII
expression. One cell line, N7, was selected and further
maintained in medium containing 500 pg of geneticin per ml.

A similar procedure was used for isolation of MDBK cell
lines MT3, containing the gII gene, and G1, containing the
gI(BHV-1) gene under control of the metallothionein pro-
moter (3) except that the calcium phosphate coprecipitation
technique (12) was used for cotransfection of plasmids
MT-gII or pMT-glI and pSV2-neo. Cells were maintained in
medium containing 700 pg of geneticin per ml. Cell clones
were tested for glI expression as follows. Vero cell transfor-
mants cotransfected with pSV2neo and pBR-gII were super-
infected with HSV-1 at a multiplicity of infection (MOI) of 5.
After 24 h, monolayers were fixed in 3% paraformaldehyde
for 20 min and 3% paraformaldehyde—0.1% Triton X-100 for
10 min, and immunofluorescence analyses were performed
by using glI(PrV)-specific antibody 5/14 (23). As a control,
an anti-gB(HSV-1) antibody II-105-2 (kindly provided by R.
Braun, Heidelberg, Germany) was used. Clones that were
clearly positive for gII expression were selected for further
experiments.

MDBK cells transfected with MT-gII or pMT-gI(BHV-1)
were analyzed with or without induction of the metallothio-
nein promoter with 100 pM ZnSO,. Seven hours after
induction, the ZnSO,-containing medium was replaced with
medium supplemented with 10% fetal bovine serum. After
an additional 20 to 24 h, immunofluorescence assays were
performed.

Isolation of gII~ PrV. Plasmid pBRgII-Al or pBRgII-A2
(Fig. 2) were cotransfected with purified PrV DNA by
calcium phosphate coprecipitation into Vero line N7 or
MDBK line MT3. After cells showed complete cytophatic
effect (CPE), supernatants were harvested. Viral progeny
was serially diluted, plated onto N7 or MT3 monolayers, and
incubated under a methylcellulose overlay for 2 days until
plaques became clearly visible. The methylcellulose overlay
was then removed, and cells were overlaid with 1% agarose
in Eagle minimal essential medium containing Bluo-Gal (300
pg/ml; Bethesda Research Laboratories). After 24 h blue
plaques became visible. They were picked by aspiration of
the agar plug above the plaque and either used to inoculate
fresh complementing cells at once or incubated in 0.6 ml of
Eagle minimal essential medium at 4°C for 4 h and replated
after serial dilution. Four plaque purifications were per-
formed until all plaques stained blue under the Bluo-Gal
overlay.

DNA isolation and Southern blot hybridization. To analyze
copy numbers of the introduced gII genes in cell lines N7 and
MT3, whole-cell DNA was obtained by phenol extraction,
using standard procedures (24). PrV DNA was isolated from
purified virions as described previously (2).

DNA was digested with BamHI, Sall, or BstEIl, and
fragments were separated in a 0.8% agarose gel. After
transfer onto nitrocellulose filters, hybridizations were per-
formed in 50% formamide-1% sodium dodecyl sulfate
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(SDS)-500 pg of denatured salmon sperm DNA per ml-0.5%
low-fat milk—4x SSPE (0.18 M NaCl, 10 mM sodium phos-
phate, 1 mM EDTA, pH 7.4) at 52°C for 24 h with 3?P-labeled
probes obtained by either nick translation or multipriming
(Amersham, Braunschweig, Federal Republic of Germany).
For detection of gII sequences in the cell lines, 7% dextran
sulfate was added to the hybridization solution. The blots
were then washed for 30 min at room temperature in 2X SSC
(SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5%
SDS, for 45 min at 72°C in the same buffer, and for 30 min in
0.1x SSC-0.1% SDS at 72°C. Filters were dried briefly,
covered in Saran Wrap, and exposed to Kodak XAR-5 X-ray
film.

35§ labeling of viral proteins and immunoprecipitation.
To label viral proteins, monolayers were infected at an MOI
of 5 and incubated for 1 h at 37°C. Thereafter, the inoculum
was removed and the cells were overlaid with fresh medium.
Five hours postinfection, the medium was replaced by
medium without methionine. After additional 1 h of incuba-
tion at 37°C, [>*SImethionine (50 nCi/ml; Amersham) was
added, and the cells were incubated for 24 to 36 h at 37°C.
Cell extracts were prepared (23), sonicated, and clarified
by centrifugation, and aliquots were reacted with the respec-
tive antibodies. Labeled virions were purified after infected
cell supernatants were harvested and clarified by low-speed
centrifugation. Virions were then purified by centrifugation
through a 30% sucrose cushion (2); pelleted virions were
resuspended in 200 pl of Eagle minimal essential medium
and subsequently lysed (23). Immunoprecipitations were
done essentially as described elsewhere (23), using fixed
Staphylococcus aureus cells (19). MAbs against different
glycoproteins were kindly provided by H.-J. Rziha, Tiibin-
gen, Federal Republic of Germany (anti-gl 3/6 and anti-
gll 5/14; 23), T. Ben-Porat, Nashville, Tenn. (anti-gIII M1;
13), and M. Wathen, Kalamazoo, Mich. (anti-gp50 MCAS0-1;
49).

Precipitates were separated on discontinuous 10 or 7.5%
SDS-polyacrylamide gels (20, 23). Gels were incubated with
En®Hance (DuPont Biochemicals), dried, and exposed to
Kodak XAR-5 X-ray film.

Neutralization tests. Virus (approximately 500 PFU per
well) was mixed with appropriate dilutions of ascitic fluid of
the MAbs inactivated at 56°C for 30 min before use. After the
addition of 5% normal rabbit serum as a source of comple-
ment, the mixture was incubated for 1 h at 37°C and used to
inoculate monolayer cells in six-well tissue culture plates.

After 1 h at 37°C, the inoculum was aspirated and the cells
were overlaid with semisolid methylcellulose medium. After
2 to 3 days, monolayers were fixed with 5% formaldehyde
and stained with 1% crystal violet. Neutralization was as-
sessed as percent plaque reduction compared with that of
controls incubated with similar concentrations of a non-PrV-
specific control MAb.

Electron microscopy. Confluent monolayers were infected
with the respective viruses (MOI = 10), and the supernatant
was harvested after complete CPE had been induced. Viri-
ons were purified by centrifugation through a 30% sucrose
cushion (2), and the pellet was resuspended and recentri-
fuged in a linear 12 to 52% sucrose gradient. The opalescent
virus band was removed by aspiration with a syringe and
either used for electron microscopy at once or diluted with 5
volumes of phosphate-buffered saline (PBS), and virions
were pelleted by ultracentrifugation. The resuspended virus
pellet was then used for electron microscopy. Virus particles
were adsorbed to carbon-coated Pioloform films on 400-
mesh copper grids for approximately 3 min. The grids were
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FIG. 3. Analysis of the genomic glI gene in cell lines MT3 and
N7. DNA was isolated from cell lines MT3 (A) and N7 (B) and
cleaved with either BamHI-EcoRI (A) or BamHI-HindIll (B) to
release glI inserts of 4.0 and 5.0 kb, respectively (See Fig. 1). For
comparison, either MDBK (A) or Vero (B) cell DNA was mixed
with the indicated amounts of genome copies of the respective
plasmids and cleaved accordingly. After separation in a 0.8%
agarose gel, Southern hybridization with a gll-specific probe was
performed.

thoroughly washed four times with PBS containing 0.5%
bovine serum albumin and 0.2% gelatin (PBG; 47), floated on
drops of MAbs (ascitic fluid diluted 1:1,000 in PBG), and
incubated for 45 min at 20°C. After further washings with
PBG, they were then immersed in a drop of gold-tagged goat
anti-mouse immunoglobulins G plus M (15-nm gold; GAF 15
BioCell, Cardiff, United Kingdom) for 45 min at 20°C. Grids
were again washed and finally negatively stained with a 1%
unbuffered uranyl acetate solution.

RESULTS

Construction of cell lines expressing gII(PrV). Since the
homolog of gII(PrV) in HSV, gB, has been shown to be
essential for viral growth (5, 6, 8, 14, 15, 22), we started by
constructing cell lines that express glII and should be able to
complement gII™ PrV mutants. Vero cells were cotrans-
fected with plasmid pBR-gII, which contains a genomic PrV
DNA fragment encompassing the complete gII transcription
unit (Fig. 1) and plasmid pSV2neo containing the bacterial
neomycin resistance gene under control of the simian virus
40 early promoter (44). Transformants were selected by their
ability to grow in medium containing geneticin at 900 pg/ml.
Expression of the gII gene was monitored in immunofluo-
rescence analyses, using a glI-specific antibody, after infec-
tion of selected clones with HSV-1 which transactivates the
resident glI gene. One clone, designated N7, that showed the
brightest fluorescence was chosen for further characteriza-
tion. Southern analyses showed that N7 cells contained
approximately 10 copies of intact gII gene per genome (Fig.
3B). These cells expressed gIl only when transactivated
after infection with HSV, as demonstrated in immunofluo-
rescence assays, Northern (RNA) blot experiments, and
radioimmunoprecipitations (data not shown).

In addition, we attempted to establish a cell line that
expresses glI under control of an inducible promoter that is
not dependent on viral transactivation. To this end, the glI
gene was cloned behind the mouse metallothionein promoter
in plasmid MT-gII (Fig. 1). Cotransfection of MT-gII and
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FIG. 4. Analysis of gII(PrV) and gI(BHV-1) expression in cell
lines. Proteins of cell lines MT3 (lanes 3 and 5) or G1 (lanes 4 and 6)
were labeled with [**SImethionine, and cell extracts were precip-
itated with either MAb 5/14, directed against gII(PrV) (lanes 5 to 8),
or MAb 42-18-7, directed against gi(BHV-1) (lanes 1 to 4). Proteins
from a BHV-1-infected cell lysate (lanes 1 and 7) and from a PrV
strain Phylaxia-infected cell lysate (lanes 2 and 8) were also precip-
itated. The ca. 120-kDa band seen in lane 5 most likely represents
the gII(PrV) precursor protein (13, 23). Panel A was run under
nonreducing conditions, and panel B was run under reducing
conditions. The glycoprotein complex was not completely pro-
cessed in both PrV- and BHV-1-infected cell lysates, as can be seen
by the continued presence of a ca. 150-kDa band under reducing
conditions (B). K, Kilodaltons.

pSV2neo followed by selection in medium containing 700 pg
of geneticin per ml led to the isolation of cell clones that were
tested in immunofluorescence with a gll-specific MAb with
and without Zn?* induction. Surprisingly, several clones
showed similar bright fluorescence under both inducing and
noninducing conditions. One of these clones, MT3, was
chosen for further investigations. It contains more than 200
copies of the gII gene per cell (Fig. 3A).

gll expression in MT3 cells. To analyze expression of
glI(PrV) in the genetically engineered cell line MT3 and of
gI(BHV-1) in cell line G1, proteins were labeled metaboli-
cally with [**SImethionine, and cell lysates were prepared
and immunoprecipitated with either anti-gIll MAb 5/14 or
anti-gI(BHV-1) MAb 42-18-7 (Fig. 4). MAb 5/14 recognized a
protein from MTS3 lysates (Fig. 4A, lane 5) that migrated in
nonreducing gels similarly to the glycoprotein gII complex
precipitated from MDBK cell lysates infected with PrV
strain Phylaxia (Fig. 4A, lane 8), the source of the glI gene.
The approximately 120-kDa protein band that is prominent
in the precipitation from MT3 lysate (Fig. 4A, lane 5) most
likely represents the glI precursor protein. MAb 5/14 did not
recognize any protein in cell lysates originating from line G1
expressing gl(BHV-1) (Fig. 4A, lane 6) or from lysates of
BHV-1-infected MDBK cells (Fig. 4A, lane 7).

In contrast, anti-gI(BHV-1) MADb 42-18-7 recognized the
mature gl(BHV-1) complex in BHV-1-infected MDBK cells
(Fig. 4A, lane 1) and gI(BHV-1)-expressing cell line G1 (lane
4). As expected, it did not recognize any protein from
PrV-infected cells (lane 2) or from line MT3 expressing
glI(PrV) (lane 3).

Analysis of precipitates under reducing conditions (Fig.
4B) demonstrates presence of the disulfide-bonded prote-

gl(BHV-1) COMPLEMENTS gII~ Prv 625

olytically processed constituents of the respective com-
plexes. glI(PrV) was cleaved into two subunits of 67 and 58
kDa (Fig. 4B, lanes 5 and 8), whereas gI(BHV-1) consisted
of two subunits of 75 and 55 kDa (Fig. 4B, lanes 1 and 4).
This result proves that proteolytic processing of gII(PrV)
does not involve an essential virus-encoded or virus-induced
factor but is achieved by the cellular machinery. The same is
true for gi(BHV-1).

Isolation of a gII~ PrV mutant. Cotransfections were
performed with PrV DNA and plasmid pBRgII-Al or
pBRgII-A2 (Fig. 2). Progeny was serially diluted, and
plaques that stained blue under a Bluo-Gal overlay were
picked. Progeny of cotransfections with plasmid pBRgII-Al
gave rise to blue-staining plaques that could be enriched until
they comprised approximately 30% of the virus suspension.
However, they could not be purified to homogeneity despite
considerable efforts. We interpret this result in the light of
recent findings that a reading frame coding for a protein
homologous to a polypeptide called ICP18.5 in HSV over-
laps the gII(PrV) ORF for 127 bp (Fig. 2C; 33-35). Deletion
Al, which encompasses the very 3’ end of this reading frame
(Fig. 2C and D), therefore might produce mutants that are
impaired in ICP18.5 expression and cannot be comple-
mented by glI alone, since they also lack a functional
ICP18.5. This indicates that the ICP18.5 homolog in PrV
may be essential for viral growth.

To overcome this problem, cotransfection of PrV DNA
and plasmid pBRgII-A2 carrying a deletion that removes
approximately 1,400 bp of the gII gene but leaves the
ICP18.5 gene intact was performed (Fig. 2C and D). Mutant
viruses were purified by making use of their blue-plaque
phenotype under Bluo-Gal. In this case, the virus could be
purified to homogeneity after four rounds of plaque purifi-
cation. The virus mutant could be propagated on both lines
N7 and MT3, indicating that both are able to complement the
glI™ PrV mutant by providing gII in trans.

Genomic characterization of gIlI~ PrV. Homologous re-
combination of the in vitro-manipulated plasmid carrying a
deletion of ca. a 1.4-kb BstEII fragment in the gl gene and
a concomitant insertion of the B-gal expression cassette with
viral DNA should result in the replacement of the wild-type
gll gene with the engineered gII gene. To check whether
correct recombination at the expected position had taken
place, we isolated DNA from wild-type PrV and gII~ PrV.
DNA was cleaved with either BamHI, Sall, or BstEIl, and
fragments were separated in an agarose gel (Fig. SA) and
transferred to nitrocellulose. Replica filters were hybridized
with a labeled B-gal-specific probe (Fig. SC) and labeled
1.2-kb BstEII fragment that should be deleted in glI™ PrV
(Fig. 5B). As expected, fragment BamHI-1 appeared smaller
in the gII™ mutant (Fig. 5A, lane 2) than in the PrV wild type
(lane 1), and an additional band appeared since the introduc-
tion of a BamHI site into BamHI-1 should give rise to two
cleavage products (marked by asterisks in Fig. SA). The
labeled BstEII fragment deleted during the cloning reacted
only with PrV wild-type DNA, not with the gII™ mutant
DNA, proving absence of this fragment from the mutant
genome (Fig. 5SB). Hybridization with the B-gal probe
yielded signals only with DNA derived from the gII~ mutant
(Fig. 5C). These data show the presence of the correct
deletion of gII sequences and insertion of the B-gal gene as
predicted.

Growth of glI~ PrV on different host cells. To determine
whether gII is indeed essential for PrV infectivity, we
titrated the gII~ mutant virus stock on different host cells
(Table 1) in two independent experiments. Titers on line
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FIG. 5. DNA analysis of glI~ PrV. DNA was isolated from wild-type (lanes 1, 3, and 5) or glI~ (lanes 2, 4, 6) pseudorabies virions, cleaved
with either BamHI (lanes 1 and 2), Sall (lanes 3 and 4), or BstEII (lanes 5 and 6), run in a 0.8% agarose gel, and transferred to nitrocellulose
filters. (A) Ethidium bromide-stained gel. The asterisks mark the two bands originating from wild-type fragment BamHI-1 that appear in the
gII~ mutant as a result of the introduction of a BamHI site into BamHI-1. (B) Result of hybridization with a labeled BszEII 1.2-kb fragment

(see Fig. 2). (C) Hybridization with a B-gal-specific probe.

MT3 constitutively expressing glI were in the range of 1 X
107 to 2 x 107 PFU/ml. Titers on line N7 were somewhat
lower (ca. S x 10° PFU/ml) reflecting the lower plating
efficiency of PrV on Vero cells. Titers on noncomplementing
MDBK and Vero cells were approximately 10°-fold lower.
On MDBK cells, single plaques could be found in the lowest

TABLE 1. Titrations of gII~ PrV on different host cells®

Titer
Expt no.
gll~ PrvV MT3 gll~ Prv G1
1 b
MDBK <1.0 x 10? <1.0 x 10%*
G1 2.7 x 107 1.2 x 107
MT3 2.3 x 107 4.5 x 107
N7 7.7 X 1061: 2.3 x 106b
Vero <1.0 x 10? <1.0 x 102
2
MDBK 3.0 x 10 <1.0 x 102
Gl 3.0 x 107 1.5 x 107
MT3 1.2 x 107 1.0 x 107
N7 4.6 X 106:, 4.0 X 106»
Vero <1.0 x 102 <1.0 x 102

@ glI~ PrV was propagated on either gII(PrV)-expressing MT3 cells or
gI(BHV-1)-expressing G1 cells. Virus stocks were then titrated on MDBK,
G1, MT3, N7, or Vero cells. The results of two independent experiments
using different virus stocks are presented.

» No plaques were found at a 10~2 dilution.

dilution tested, i.e., 10~ 2. These plaques stained white under
a Bluo-Gal overlay and most likely represent rare recombi-
nants between the gII~ viral genome and one of the resident
gIl genes in the cellular genome. On Vero cells, no viral
plaques could be found at the 10~2 dilution. These data
prove that gll is indeed essential for viral replication and that
gII~ PrV mutants are able to produce infectious progeny and
form plaques only on cell lines providing gllI in zrans.

At the lowest dilutions, representing an MOI of ca. 2
noncomplementing cells exhibited a pronounced CPE indi-
cating that viral infection occurred, leading to cell death. The
supernatant from complementing and noncomplementing
cells was titrated on either MT3 or MDBK cells (Table 2).
Whereas the titer of gII™ PrV grown on MT3 cells and plated
onto MT3 cells was as expected, titers of gII~ PrV grown on
normal MDBK cells were ca. 10°-fold lower. This result
indicates that virus released from noncomplementing cells
(see below) and therefore lacking gII is not able to produc-
tively infect either complementing or noncomplementing
cells. After infection of noncomplementing cells with gII™
PrV grown on line MT3, the cells stained uniformly blue
under a Bluo-Gal overlay (not shown). Taken together, these
data show that gIlI~ PrV grown on complementing cells is
able to infect noncomplementing cells, leading to expression
of the B-galactosidase gene (under control of the early gX
promoter; 28, 38) and resulting in cell death. The released
gll™ virus particles are, however, noninfectious (Table 2).
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TABLE 2. Influence of glII on viral titers on complementing
and noncomplementing cells®

Titer
Expt no.
glI~ PrvV MT3 glI~ PrV MDBK
1 2
MT3 1.7 x 107 3.7 x10
MDBK 2.0 x 10% 1.0 x 10?
2
MT3 1.1 x 107 6.0 x 102
MDBK 7.0 X 102 6.0 x 10?

2 Either gII(PrV)-expressing MT3 cells or noncomplementing MDBK cells
were infected with gIlI~ PrV grown on MT3 cells at an MOI of 10. After
complete CPE was observed, virus supernatants were titrated on either MT3
or MDBK cells. Results of two independent experiments using different virus
stocks are presented. gII~ PrV grown on noncomplementing cells (gII~ PrV
MDBK), although containing similar amounts of virions (see Fig. 6 and 8),
showed viral titers on either complementing MT3 or noncomplementing
MDBK cells that were ca. 10°-fold lower than titers of gII~ PrV grown on
complementing cells (gII~ PrV MT3).

gI(BHV-1) can complement the glI~ PrV mutant. gI(BHV-
1) is the homolog of gII(PrV) (30, 53). The two glycoproteins
are 73 and 61% homologous on the DNA and amino acid
levels, respectively (18a, 30, 40, 53). To analyze whether this
sequence homology also reflects functional homology, i.e.,
whether gI(BHV-1) provided in trans could complement
glI~ PrV mutants, we tried to grow such mutants on the
MDBK cell line G1, which constitutively expresses gl(BHV-
1). Surprisingly, this cell line also complemented the gII
defect in the gII™ PrV mutants. When titers of gIlI~ PrV on
line MT3 expressing gII(PrV) and line G1 expressing
gl(BHV-1) were compared, we found essentially no differ-
ence in numbers of plaques; titers were 1 X 107 to 3 x 107
PFU/ml on both MT3 and G1 cells (Table 1). Similar results
were obtained with glI™ mutant virus stocks grown on either
line G1 or line MT3 (Table 1). In conclusion, both cell lines
yielded gII~ PrV progeny exhibiting similar titers in both
MT3 and G1 cells. The gB homolog gI(BHV-1) therefore is
able to fully complement the gII defect in the PrV mutants.

gI(BHV-1) is incorporated into the envelope of gII~ PrV.
Both glycoproteins gI(BHV-1) and gII(PrV) are major con-
stituents of the envelope of the respective viruses (13, 23,
48). Since gI(BHV-1) was able to complement gII~ PrV

TABLE 3. Neutralization of PrV, gII~ PrV, and BHV-1¢
MAD specificity

Virus -
C gI(P) gIP) gII(P) gpSO(P) gI(B) gIV(B)
Prv 0 99 99 99 100 0 0
BHV-1 0 15 0 0 0 100 100
gll~ Prv [glI(P)] 0 99 99 99 100 10 0

glI" Prv [gI(B)] 0 99 0 94 100 100 0

2 Appropriate dilutions (ca. 500 PFU per well) of either PrV, BHV-1, gII™
PrV grown on gII(PrV)-expressing line MT3 [gII(P)], and gII™ PrV grown on
gI(BHV-1)-expressing line G1 [gI(B)] were incubated with ascitic fluid of
MAbs against gI(PrV), glI(PrV), gIII(PrV), gp50(PrV), gI(BHV-1), and
gIV(BHV-1) and 5% rabbit serum and plated onto MT3 or G1 cells. The
amount of antibody added was adjusted to give between 95 and 100%
neutralization in the homologous system. Neutralization was assessed as
percent plaque reduction compared with that of controls that had been reacted
with a non-PrV-specific control MAb (C). The values found after reaction of
BHV-1 with anti-gI(PrV) MAb (15%) and gII~ PrV [gII(P)] with anti-
gI(BHV-1) MAD (10%) are not significant.
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FIG. 6. Analysis of glI~ virions grown on different host cells.
glI~ PrV was grown in [**S]methionine-labeling medium on either
MT3 (lane 2), G1 (lane 4), or noncomplementing MDBK (lane 3)
cells. As a control, wild-type PrV-infected MDBK cells (lane 1) and
BHV-1-infected MDBK cells (lane 5) were used. Extracellular
virions were harvested, purified by centrifugation through a 30%
sucrose cushion, lysed, and analyzed by 10% SDS-PAGE. The
arrow points to the 142-kDa major capsid protein of Prv. K,
Kilodaltons.

functionally, it should also be incorporated into the PrV
envelope. To analyze this, complement-dependent neutrali-
zation assays were performed using a panel of antibodies
specific for either PrV or BHV-1 (Table 3). PrV was neutral-
ized by MAbs against gI(PrV), gII(PrV), glII(PrV), and
gp50(PrV) but was resistant to neutralization by MAbs
against gi(BHV-1) and gIV(BHV-1). In contrast, BHV-1 was
resistant to antibodies directed against PrV glycoproteins
but was neutralized by anti-gi(BHV-1) and anti-gIlV(BHV-1)
antibodies. gII~ PrV grown on gll-expressing line MT3
behaved exactly like wild-type PrV. It was resistant to
anti-BHV-1 antibodies but sensitive to all anti-PrV antibod-
ies. When the gII~ PrV mutant was passaged once on
gI(BHV-1)-expressing line G1, it lost sensitivity to the anti-
glI(PrV) MAb completely. However, it became fully suscep-
tible to neutralization by the anti-gI(BHV-1) antibody. Sim-
ilar results were obtained irrespective of whether virus titers
after neutralization were determined on MT3 or on G1 cells,
therefore eliminating the possibility of complement-medi-
ated lysis of virus-infected cells as the factor leading to
plaque reduction.

Protein analysis of glI~ PrV mutants. To analyze the
protein composition of gII~ PrV grown on either gII(PrV)- or
gI(BHV-1)-expressing cell lines or on noncomplementing
cell lines, cells were infected at an MOI of 10 and proteins
were labeled with [>*S)methionine. After cell lysis was
complete, virions were purified from the supernatant by
centrifugation through a 30% sucrose cushion. Radioactively
labeled virions were lysed and subjected to gel electropho-
resis. Noncomplementing cell lines released virus particles
into the supernatant (Fig. 6, lane 3), similar to cells infected
with wild-type PrV (lane 1) or complementing lines MT3
(lane 2) and G1 (lane 4) after infection with gII~ PrV.
Proteins from purified BHV-1 virions are shown in lane 5.
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FIG. 7. glI(PrV) or gI(BHV-1) in purified glI~ virions. glI~ PrV
obtained as described in the legend to Fig. 6 was immunoprecipi-
tated with either anti-gII(PrV) MADb 5/14 (A) or anti-gI(BHV-1) MAb
42-18-7 (B). Lanes: 1, BHV-1 grown on MDBK cells; 2, gIlI~ PrV
grown on line G1; 3, glI~ PrV grown on line MT3; 4, PrV grown on
MDBK cells; 5, gIlI™ PrV grown on noncomplementing MDBK
cells. The precipitates were separated by 7.5% SDS-PAGE under
reducing conditions.

When the same material was analyzed in immunoprecipita-
tion using anti-gII or anti-gI(BHV-1) MAbs (Fig. 7), it was
found that the virions released from noncomplementing cells
lacked gII (Fig. 7A, lane 5) and gI(BHV-1) (Fig. 7B, lane 5).
Virions released from wild-type PrV-infected cells (Fig. 7A,
lane 4) or MT3 cells (lane 3) exhibited the normal gII.
Pseudorabies virions released from G1 cells did not carry gII
(Fig. 7A, lane 2) but showed the presence of gI(BHV-1) (Fig.
7B, lane 2). BHV-1 virions, as expected, show the presence
of gI(BHV-1) (Fig. 7B, lane 1).

The block in infectivity in the glI~™ mutant is therefore
apparently due to lack of ability of the mutant virus to
further infect target cells and is not accounted for by a defect
in virus maturation and release in the primary target cell.
These results also lend further evidence for the incorpora-
tion of gI(BHV-1) into the envelope of glI~ PrV mutants
when grown on gI(BHV-1)-providing target cells.

Electron microscopy of glI~ PrV. To obtain direct proof
that gI(BHV-1) is found in the envelope of gIlI~ PrV grown
on gI(BHV-1)-expressing cells, immunoelectron micro-
scopic studies were performed. Sucrose gradient-purified
virions were reacted with MAbs against either gII(PrV),
gI(PrV), or gI(BHV-1) and subsequently negatively stained
with uranyl acetate. gII could be demonstrated in the enve-
lope of wild-type PrV and gII~ PrV grown on glI-expressing
line MT3 (Fig. 8, Al and Cl1). Reaction with the anti-
gl(BHV-1) MADb was not observed (Fig. 8, A3 and C3). In
contrast, PrV gII~ grown on gI(BHV-1)-expressing line G1
showed the presence of gI(BHV-1) in the envelope (Fig. 8,
D3). No gII(PrV) could be demonstrated (Fig. 8, D1). PrV
gII™ mutants grown on noncomplementing MDBK cells did
not react with either the anti-glI(PrV) (Fig. 8, B1) or the
anti-gI(BHV-1) (Fig. 8, B3) antibody. However, as ex-
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pected, they stained positive with the anti-gl(PrV) MAb
(Fig. 8, B2). As expected, all PrV isolates were found
positive when tested with MADb against gIl(PrV) (Fig. 8, row
2).

DISCUSSION

The gII(PrV) complex belongs to a group of homologous
glycoproteins that have been found in all herpesviruses
studied thus far (4, 8, 22, 23, 25, 30, 31, 39, 40, 42, 45, 46, 50,
53). These glycoproteins show similarities in DNA and
amino acid sequences to gB(HSV). All gB-homologous
glycoproteins except gB(HSV) consist of disulfide-linked
heterodimeric complexes (4, 10, 13, 23, 25, 31, 45, 48). The
two smaller subunits of the complex have been shown to be
derived by proteolytic cleavage from a common primary
translation product (13, 23, 27, 51). The gB homologs are
major constituents of the viral envelope in the respective
viruses and have been shown to induce protective immunity
(48).

Mature gB(HSV) is found in the viral envelope in the form
of disulfide-bonded homodimers (7). In contrast to many
gB-homologous glycoproteins in other herpesviruses, how-
ever, gB(HSV) is not processed proteolytically. The enzy-
matic machinery executing the proteolytic cleavage of most
of the gB homologs is still largely unknown. Recently, it has
been shown in studies on gII(PrV) that a protease located in
the Golgi apparatus is responsible for gII processing (52).
However, these studies were performed on glI expressed
during PrV infection, and possible influences of viral infec-
tion on the host cell properties cannot be excluded. Our
results with cell line MT3 clearly show that processing of glI
is not dependent on PrV infection but can correctly be
performed by cellular enzymes. We found no difference in
either proteolytic processing or carbohydrate addition, as
judged by the identical appearance of the different gII
proteins after radioimmunoprecipitation in SDS-polyacryl-
amide gel electrophoresis (PAGE). Line MT3 therefore
appears to be useful for additional studies of gII processing
in the absence of a viral infection, i.e., without possible CPE
or interference by viral host cell shutoff.

Line N7, which contains the gII gene in a transactivatable
fashion, was constructed to minimize possible cytotoxic
effects of the expressed glycoprotein. These effects have
been described after expression of glycoproteins of other
herpesviruses, e.g., Epstein-Barr virus (32). However, both
line MT3 constitutively expressing gII(PrV) as well as line
G1 constitutively expressing gI(BHV-1) grew normally and
did not exhibit signs of CPE.

To obtain a gIlI™ PrV mutant, two plasmids carrying two
different deletions were constructed. Only cotransfections
with plasmid pBRgII-A2 yielded virus progeny that could be
purified to homogeneity. Deletion A2 resides exclusively in
the gll gene and does not impair other ORFs. Cotransfec-
tions with pBRgII-A1l yielded blue plaques under a Bluo-Gal
overlay during the first cycle of plaque purification. How-
ever, these mutant viruses could not be purified to homoge-
neity. The most likely explanation for this phenomenon is
that deletion Al or insertion of the B-gal cassette impairs
expression of an essential PrV gene that is not comple-
mented by the gll-expressing cell lines. It has recently been
shown that an ORF coding for a protein that has been
designated ICP18.5 in HSV overlaps at its 3’ end the 5’ part
of the gII gene by 127 bases (33-35). Deletion Al removes
the C-terminal 31 codons of this reading frame. The data
indicate that Al or insertion of the B-gal cassette leads to
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FIG. 8. Immunoelectron microscopy of gll~ PrV virions. Wild-type PrV grown on MDBK cells (A), glI~ PrV grown on MDBK cells (B),
gll~ PrV grown on MT3 cells (C), gII™ PrV grown on G1 cells (D), and BHV-1 grown on MDBK cells (E) were purified by sucrose gradient
centrifugation and reacted with MAbs against gII(PrV) (row 1), gl(PrV) (row 2), and gI(BHV-1) (row 3). After incubation with a secondary
gold-labeled antibody, virions were negatively stained with uranyl acetate. Bar, 100 nm.

impairment of expression of both ICP18.5 and gII. Since
only the gII defect can be overcome on our complementing
cell lines, we reason that ICP18.5 is essential for PrV growth
and that deletion of the carboxy-terminal 31 amino acids or
a possible fusion with the B-gal cassette interferes with its
proper function. It should be noted that ICP18.5 is regarded
as an essential protein in HSV (33).

The fact that the gII™ PrV mutant carrying deletion A2
replicated on glI-complementing cells to almost normal titers
but was not able to produce infectious progeny and plaques
on noncomplementing cells clearly shows that glycoprotein
gll of PrV is essential for viral infectivity. Rarely, however,
plaques were observed on noncomplementing cells at the
lowest dilutions tested. These plaques exhibited a white-
plaque phenotype when incubated under Bluo-Gal and there-
fore most likely are generated by viruses in which the gII
mutation has been rescued by the resident glII gene in the
host cell. These viruses usually were found at a frequency of
less than 1075,

That gII of PrV is indeed essential for viral infectivity is
shown by the fact that after having been propagated on
complementing cells, glI™ mutants are able to infect non-
complementing target cells. At high MOI, typical CPE is
observed and the monolayer turns blue under a Bluo-Gal
overlay, indicating that at least the gX—B-gal fusion gene is
expressed. Supernatants from those cells contain virus par-
ticles that appear normal in the electron microscope. How-
ever, they do not contain gII. These viruses are no longer
infectious, as shown by the absence of any CPE or blue-

staining cells when they were used to infect cells even at high
particle/cell ratios. Preliminary data indicate that virions
lacking gII are able to adsorb to target cells but are deficient
in penetration (37a). Similar results have been obtained for
HSV, indicating a common functional role for these two gB
homologs (5, 14, 15).

To analyze whether gB-homologous proteins of different
herpesviruses not only share a functional role but are func-
tionally homologous in the sense that they can complement
defects in the heterologous virus, we used a cell line that
constitutively expresses the gB homolog of BHV-1, gI(BHV-
1).

Surprisingly, the gII™ PrV mutant was able to grow to the
same extent on the gI(BHV-1)-expressing line as on the
glI(PrV)-expressing line, as assessed by plaque formation
and virus production. gII(PrV) and gI(BHV-1) share signifi-
cant DNA and amino acid homologies of 73 and 61%,
respectively. These values are in the range found for other
herpesvirus gB proteins. For example, gII(PrV) and
gB(HSV-1) are 62% homologous on the DNA level and 50%
homologous on the amino acid level (40, 52). Our data
indicate either that the nonhomologous regions in these
glycoproteins are not involved in the functional role or that
amino acid homology in these regions is not required to
provide functional complementation. Analysis of tempera-
ture-sensitive mutants revealed an essential role of gB in
penetration of the virus into cells (22). Genetically engi-
neered virus mutants lacking gB could be isolated after
complementing cell lines providing gB in trans were estab-
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lished. These mutants were able to adsorb to host cells but
unable to cross the cellular membrane (5). Whether
gB(HSV)-expressing cells can also complement the gIlI~ PrV
mutants remains to be demonstrated.

Results indicative of functional homologies between gly-
coproteins of different herpesviruses have been presented.
glII(PrV) has been shown to be a receptor-binding protein
interacting with heparinlike molecules on the cellular surface
(29). The initial interaction of HSV with target cells also
involves a heparinlike receptor (55). However, integration of
gC(HSV-1) instead of gIII(PrV) into the PrV genome did not
lead to detectable complementation but rather led to unex-
pected phenotypes such as inefficient insertion of the HSV
glycoprotein into the PrV membrane (51). Whether both
proteins after correct localization are able to complement
defects reciprocally has not been shown.

Glycoprotein gD, which also constitutes an essential pro-
tein in HSV, has likewise been demonstrated to participate
in the penetration process, presumably by binding to specific
cellular receptors (21). Similar results have been obtained
with the gD-homologous glycoproteins gp50(PrV) and gIV
(BHV-1) (29a). Cell lines expressing gD(HSV), gpS0(PrV),
or glV(BHV-1) are partially resistant to superinfection with
either of the above-mentioned herpesviruses, also indicating
a function of these glycoproteins common to all three viruses
(17, 18a, 36). However, complementation of gD-deficient
viruses by gD-homologous glycoproteins of other herpesvi-
ruses has not been described.

Our results with the gB homologs clearly show integration
of a foreign gB, i.e., gl(BHV-1), into the PrV envelope in a
functional fashion phenotypically complementing the geno-
typic gII defect in the PrV mutants. We are now attempting
to isolate a PrV recombinant carrying the gI(BHV-1) gene
instead of the gII gene in the viral genome, i.e., to construct
a chimeric virus with the gI(BHV-1) gene replacing the
glI(PrV) gene. This recombinant should further help to
elucidate the function of both glycoproteins and to assess
their roles in in vivo infection.
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