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Initiation of herpesvirus infection requires attachment of virions to the host cell followed by fusion of virion
envelope and cellular cytoplasmic membrane during penetration. In several alphaherpesviruses, glycoprotein
C (gC) is the primary attachment protein, interacting with cell-surface heparan sulfate proteoglycans. Secon-
dary binding is mediated by gD, which, normally, is also required for penetration. Recently, we described the
isolation of a gD-negative infectious pseudorabies virus (PrV) mutant, PrV gD2 Pass (J. Schmidt, B. G. Klupp,
A. Karger, and T. C. Mettenleiter, J. Virol. 71:17–24, 1997). In PrV gD2 Pass, attachment and penetration oc-
cur in the absence of gD. To assess the importance of specific attachment for infectivity of PrV gD2 Pass, the
gene encoding gC was deleted, resulting in mutant PrV gCD2 Pass. Deletion of both known attachment pro-
teins reduced specific infectivity compared to wild-type PrV by more than 10,000-fold. Surprisingly, the virus mu-
tant still retained significant infectivity and could be propagated on normal noncomplementing cells, indicat-
ing the presence of another receptor-binding virion protein. Selection of bovine kidney (MDBK) cells resistant
to infection by PrV gCD2 Pass resulted in the isolation of a cell clone, designated NB, which was susceptible
to infection by wild-type PrV but refractory to infection by either PrV gCD2 Pass or PrV gD2 Pass, a defect
which could partially be overcome by polyethylene glycol (PEG)-induced membrane fusion. However, even after
PEG-induced infection plaque formation of PrV gCD2 Pass or PrV gD2 Pass did not ensue in NB cells. Also,
phenotypic gD complementation of PrV gCD2 Pass or PrV gD2 Pass rescued the defect in infection of NB cells
but did not restore plaque formation. Glycosaminoglycan analyses of MDBK and NB cells yielded identical
results, and NB cells were normally susceptible to infection by other alphaherpesviruses as well as vesicular sto-
matitis virus. Infectious center assays after PEG-induced infection of NB cells with PrV gD2 Pass on MDBK
cells indicated efficient exit of virions from infected NB cells. Together, our data suggest the presence of another
receptor and receptor-binding virion protein which can mediate PrV entry and cell-to-cell spread in MDBK cells.

Attachment of herpesviruses to target cells is mediated by
viral glycoproteins which are embedded in the virion envelope
and interact with cellular surface components acting as virus
receptors. The best-characterized herpesvirus-cell interaction
is the binding of glycoprotein gp350/220 of the gammaherpes-
virus Epstein-Barr virus to the B-lymphocyte surface protein
CD21, also designated complement receptor 2 (28). Among
the alphaherpesviruses, initial interaction between the virion
and the target cell involves binding of glycoprotein C (gC) to
cell-surface glycosaminoglycans, in particular, heparan sulfate,
as components of proteoglycans. This heparan sulfate interac-
tion has been observed for herpes simplex virus type 1 (HSV-1)
and HSV-2 (7, 41, 48), pseudorabies virus (PrV) (23, 36),
varicella-zoster virus (50), and bovine herpesvirus 1 (BHV-1)
(20, 29). In addition, the gammaherpesvirus bovine herpesvirus
4 (BHV-4) (45) and the betaherpesviruses human cytomega-
lovirus (HCMV) (2) and human herpesvirus 7 (40) have been
reported to interact with heparan sulfate proteoglycans during
attachment.

Receptor-binding activity has also been shown for gD of
HSV-1, PrV, and BHV-1. Soluble HSV-1 gD binds to a satu-
rable number of receptors on the surface of target cells (9), and
gD of HSV-1, PrV, and BHV-1 is required for a secondary,
stable binding which is no longer sensitive to competition by

exogenous heparin (11, 22). Recently, a member of the tumor
necrosis factor receptor family, designated herpesvirus entry
mediator (HVEM), has been identified which functions in en-
try of HSV-1 into partially resistant chinese hamster ovary
(CHO) cells (27). The viral ligand for HVEM is gD (47). Where-
as gC is not required for productive replication of HSV-1, PrV,
or BHV-1 and is, therefore, regarded as nonessential, the pres-
ence of gD is necessary for replication of wild-type strains of
these viruses (24, 42).

Thus, in the absence of gC, attachment could be mediated by
gD. Moreover, for HSV-1 it has been shown that heparan
sulfate-binding of gC2 virions is mediated by the essential gB
(8). This indicates that gC-negative HSV-1 is still able to infect
cells via a heparan sulfate-dependent pathway. In contrast, gC
represents the only PrV virion glycoprotein capable of inter-
acting productively with cell surface heparan sulfate for medi-
ating infection (12). Neither PrV gB nor heterologous BHV-1
gB exhibits heparan sulfate-binding activity in gC-negative PrV
virions (14). Therefore, for PrV only two virion proteins have
been reported to play a role in attachment, gC and gD.

Evidence for the capability to bind to cellular surface pro-
teins has also been reported for gH of HCMV (13) and gB of
BHV-1 (19, 46). However, neither of the postulated receptors
has been characterized.

In wild-type PrV, gD is required for penetration but not for
direct cell-to-cell spread (30, 32) which allowed copassaging of
gD2 PrV-infected cells with noninfected cells. Using this ap-
proach, we recently isolated an infectious gD-negative PrV
mutant, PrV gD2 Pass (37). Similar results have also been
obtained for BHV-1 (39). Infectivity of PrV gD2 Pass is not
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dependent on the presence of gD, and viral titers of PrV gD2

Pass reach up to 107 PFU/ml. We were interested in analyzing
the importance of the other attachment protein, gC, for infec-
tivity of PrV gD2 Pass. We report here the construction of a
mutant of PrV gD2 Pass with a deletion of gC and its charac-
terization in cell culture. We also isolated an MDBK cell clone
which is specifically refractory to infection by the infectious
gD2 PrV mutants due to a defect in entry.

MATERIALS AND METHODS

Viruses and cells. Virus mutants were derived from the wild-type PrV strain
Kaplan (PrV-Ka) (10). The gG2 gD2 PrV mutants 133 (PrV-gD2) (32) and PrV
gD2 Pass (37) have been described previously. Both mutants carry a gG–b-
galactosidase expression cassette at the gG locus (25) as does PrV-1112 (25),
which replicates like wild-type PrV. PrV-gC2, a deletion mutant lacking most of
the gC gene and the 39 end of the upstream UL43 gene, has been described
previously (12). BHV-1 was obtained from G. Keil, vesicular stomatitis virus
(VSV) was obtained from H. Schirrmeier, and equine herpesvirus 1 (EHV-1)
was obtained from N. Osterrieder (all from the Federal Research Centre for
Virus Diseases of Animals, Insel Riems, Germany). The HSV-1 strain KOS was
obtained from P. Spear, Northwestern University, Chicago, Ill. Viruses were
propagated on porcine (PSEK), bovine (MDBK), or African green monkey
kidney (Vero) cells. For detection of b-galactosidase activity, monolayers were
fixed and overlaid with staining solution containing 5-bromo-4-chloro-3-indolyl-
b-D-galactopyranoside (X-Gal) (34). Phenotypic gD complementation of gD-
negative viruses was achieved by propagation of the respective virus mutant on
PrV gD-expressing cells (32).

Southern blot hybridization. Southern blotting was performed by standard
procedures (33) using 32P-labelled hybridization probes.

Virus purification and immunoblot. Monoclonal antibodies (MAbs) against
gB, gC, gD, and gH (15) were used. Proteins of sucrose gradient-purified virions
(16) were analyzed by Western blotting (43) after electrophoresis in sodium
dodecyl sulfate–10% polyacrylamide gels (17) under reducing conditions. Spe-
cific infectivities of virion preparations were determined by calculating particle
numbers in preparations of gradient-purified virions obtained from supernatants
of infected cells, based on their DNA content (37). Virion preparations were
routinely assayed by electron microscopy for purity and presence of enveloped
virions.

Glycosaminoglycan differentiation. Analysis of glycosaminoglycan composi-
tion was performed according to a protocol by Yamagata et al. (49) as modified
by Gressner et al. (5). Briefly, Na2

35SO4-labelled proteoglycans were extracted
from cell cultures, and glycosaminoglycans were purified by ion-exchange chro-
matography after digestion of the protein moiety. Distribution of heparan sulfate
and chondroitin sulfate was determined by digestion with heparinase-hepariti-
nase or chondroitinase ABC and quantitated by measuring radioactivity in re-
action products.

Titration and infectious-center assay. To determine virus titers, MDBK cells
were infected with serial dilutions of virus suspensions and incubated at 37°C for
1 h. Thereafter, the inoculum was removed and cells were overlaid with semisolid
methylcellulose medium. Cells were stained with crystal violet, by immunostain-
ing (for HSV-1), or by X-Gal overlay after 2 or 3 days of incubation at 37°C.
Plaques or infected single cells were then quantitated. For infectious-center
assays, two wells of a six-well tissue culture dish were inoculated with an appro-
priate virus dilution containing between 200 and 500 PFU. Since NB cells are
normally not susceptible to PrV gD2 Pass and PrV gCD2 Pass, they were in-
fected with undiluted stock solutions of these viruses. After incubation at 37°C
for 1 h, polyethylene glycol (PEG) fusion was performed in one well, as described
below, and control cells were treated with cell culture medium instead of PEG.
Extracellular virus was then inactivated by treatment with citrate buffer (CBS)
(40 mM citric acid–sodium citrate [pH 3.0], 10 mM KCl, 135 mM NaCl) for
1 min. Cells were washed with phosphate-buffered saline, trypsinized, resus-
pended in medium, and coseeded with MDBK cells in a 10-cm-diameter culture
dish. Cells were stained with X-Gal after 2 days, and plaques were counted.

PEG-induced fusion. For PEG fusion experiments (35) cells were inoculated
with the respective virus suspension and incubated at 37°C for 1 h. The inoculum
was then removed, and cells were washed with phosphate-buffered saline and
overlaid for 30 s with PEG50 (50% PEG 6000 in modified Eagle medium
[MEM]). PEG was removed by consecutive washes with a 1:2 and 1:4 dilution in
MEM of PEG50, followed by three washes in MEM supplemented with 5% fetal
calf serum. Cells were further incubated for 2 days at 37°C prior to X-Gal
staining.

RESULTS

Isolation and characterization of PrV gCD2 Pass. To isolate
a gC2 variant of PrV gD2 Pass, DNA of purified PrV gD2

Pass virions was cotransfected into Vero cells with plasmid
TN90/3 (38) in which most of the gC gene and the 39 end of the

UL43 gene has been deleted. Virus progeny was enriched for
gC-negative viruses by complement-mediated neutralization
with an anti-gC MAb. Surviving viruses were plated onto Vero
cells, and five plaques were randomly picked. Southern blot
analysis showed that all five plaques contained the desired
deletion in the gC gene. One isolate, designated PrV gCD2

Pass, was further tested. As shown in Fig. 1, after agarose gel
electrophoresis (Fig. 1A) of BamHI-digested DNA of PrV-Ka
(Fig. 1, lanes 1), PrV-gC2 (Fig. 1, lanes 2), PrV gD2 Pass (Fig.
1, lanes 3), and PrV gCD2 Pass (Fig. 1, lanes 4), hybridization
with a gC gene-specific probe (Fig. 1B) yielded the expected
signals in the gC1 viruses whereas it failed to hybridize to
DNA of the gC2 viruses. Moreover, BamHI fragment 2 con-
taining the gC gene shifted to the size of BamHI fragment 3
(Fig. 1A, lanes 2 and 4) due to the introduction of the ca. 1.4-
kbp deletion. Hybridization with a gD-specific probe was also
performed (Fig. 1C). All gD1 viruses showed the expected sig-
nals, whereas the gD2 viruses did not exhibit specific reactivity.

As an additional test, Western blotting was performed on
lysates of purified virions of PrV-Ka (Fig. 2, lanes 1), PrV-gC2

(Fig. 2, lanes 2), PrV gD2 Pass (Fig. 2, lanes 3), and PrV gCD2

Pass (Fig. 2, lanes 4). Whereas all virion preparations showed
the presence of gB and gH, gC was detected in only the
PrV-Ka and PrV gD2 Pass virion preparations, and gD was
present in only PrV-Ka and PrV-gC2. Specific infectivity of
PrV gCD2 Pass as determined on MDBK cells was approx.
800-fold lower than that of PrV gD2 Pass (1.2 3 107 particles/
PFU for PrV gCD2 Pass versus 1.5 3 104 particles/PFU for
PrV gD2 Pass). In contrast, specific infectivity of PrV-gC2 was
reduced only ca. 50-fold compared to PrV-Ka (1.1 3 104 par-

FIG. 1. Genotypic characterization of PrV gCD2 Pass. Virion DNA was
isolated from PrV-Ka (lanes 1), PrV-gC2 (lanes 2), PrV gD2 Pass (lanes 3), and
PrV gCD2 Pass (lanes 4) and cleaved with BamHI, and resulting fragments were
separated in a 0.8% agarose gel by electrophoresis. (A) Ethidium bromide-
stained gel. After transfer to nylon filters, hybridization was performed with
probes specific for the gC gene (B) or the gD gene (C). Positions of BamHI
fragments of PrV-Ka DNA are indicated on the left.
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ticles/PFU for PrV-gC2 versus 2.3 3 102 particles/PFU for
PrV-Ka). This indicates a stronger dependence for infection on
the presence of gC in PrV gD2 Pass than that in wild-type
PrV-Ka, presumably due to the absence of the other known
attachment protein, gD, in PrV gD2 Pass. In summary, these
data show that PrV gCD2 Pass simultaneously lacks gC and
gD. Deletion of both known attachment proteins strongly im-
pairs virus infectivity. However, since PrV gCD2 Pass was
isolated and could be propagated on normal cells, these results
imply that at least one additional PrV virion protein functions
in mediating attachment of this virus mutant.

Selection of an MDBK cell clone resistant to infection by
PrV gCD2 Pass. MDBK-derived cell clones resistant to infec-
tion by PrV gCD2 Pass were selected by a procedure adapted
from Tufaro et al. (44). Approximately 4 3 107 cells at 80%
confluency in a 162-cm2 tissue culture flask were mutagenized
by treatment with methylethyl sulfonic acid for 18 h. Cells were
cultivated for 24 h at 37°C and split 1:4. Three days later, the
resulting four tissue culture flasks were infected with PrV
gCD2 Pass at a multiplicity of infection of 0.01. Cell cultures
were washed three times a day with MEM–10% FCS for the
following 7 days. Thereafter, fresh medium was added and cells
were incubated at 37°C for 14 days. Colonies of surviving cells
were trypsinized and cloned by limiting dilution in 96-well
plates. Single-cell clones were grown with conditioned medium
for the next 7 to 14 days, followed by further propagation in
standard MEM. Individual cell clones were tested for plating
efficiencies of PrV-1112, PrV-gC2, PrV gD2 Pass, and PrV
gCD2 Pass in comparison to MDBK cells. Mutant cell clones
showing reductions in titer were recloned, and individual
clones were judged as free from input PrV gCD2 Pass when all
of the following tests were negative: (i) indirect immunofluo-
rescence using a polyspecific anti-PrV goat hyperimmune se-
rum; (ii) plating of supernatants from the cell clones on por-
cine kidney (PK) and MDBK cells and staining with crystal
violet and X-Gal after 2 days; (iii) cocultivation of resistant cell
clones with PK and MDBK cells for 4 days and staining with
crystal violet and X-Gal; and (iv) PCR for a 377-bp fragment of
the UL51 gene (18), which reliably allows the detection of a
single infected cell in 104 noninfected cells. One cell clone,
designated NB, which exhibited the strongest reduction in plat-
ing efficiency of PrV gD2 Pass and PrV gCD2 Pass was se-
lected for further experiments.

NB cells are not susceptible to infection by gD2 passaged
virus mutants. To test susceptibility of NB cells for infection,
wild-type-like PrV-1112, phenotypically gD-complemented un-

passaged PrV gD2, PrV gD2 Pass, and PrV gCD2 Pass were
titrated on MDBK and NB cells. Results are shown in Fig. 3A.
Whereas wild-type PrV and phenotypically gD-complemented
PrV-gD2 produced plaques on both cell lines with similar
efficiencies, PrV gD2 Pass and PrV gCD2 Pass induced plaque
formation only on MDBK cells but not on NB cells. Titers on
MDBK cells were ca. 107 PFU/ml for PrV gD2 Pass and ca. 104

PFU/ml for PrV gCD2 Pass. It is especially noteworthy that
even after infection of NB cells with undiluted stocks of either
virus, which corresponds to a multiplicity of infection of 10 for
PrV gD2 Pass and 0.1 for PrV gCD2 Pass, no plaques were
observed. After careful visual examination only few blue-stain-
ing single infected cells could be detected, which amounted to
ca. 200 for PrV gD2 Pass and ,20 for PrV gCD2 Pass. Phe-
notypic gD complementation of PrV gD2 Pass and PrV gCD2

Pass restored infectivity on NB cells and led to an ;10-fold
increase in infectivity on MDBK cells (Fig. 3B). However,
plaque formation still did not ensue in NB cells.

To determine the ability of other viruses to form plaques on
NB cells, MDBK and NB cells were infected with PrV, HSV-1,
BHV-1, EHV-1, and VSV. As shown in Fig. 4, all viruses in-
duced similar numbers of plaques on either cell line, and no
defect in infection of NB cells was observed. Titers for EHV-1
are low on both cells since EHV-1 does not grow well on
bovine cells. Together these data indicate that NB cells exhibit
a striking restriction in infection which is specific for the in-
fectious gD2 mutants.

gD2 infectious PrV is unable to enter NB cells. To assay
whether the restriction in infectivity of the passaged gD-neg-
ative virus mutants on NB cells occurs at the level of entry,
MDBK and NB cells were inoculated with PrV gD2 Pass and
PrV gCD2 Pass, and membrane fusion was experimentally in-
duced by PEG. PEG-mediated fusion enhanced the number of
infected NB cells by ca. 200-fold and 1,000-fold, respectively
(Fig. 5 and 6). In contrast, titers on MDBK cells were not
affected by PEG treatment. Thus, at least part of the restriction
appears due to a defect in entry of the gD2 infectious PrV
mutants. However, even after PEG-induced entry of the infec-
tious gD2 virus mutants, only single blue-staining infected NB
cells were observed (Fig. 5).

NB cells do not differ from MDBK cells in glycosaminogly-
can composition. Infection of target cells by PrV is initiated by
interaction of gC with cell-surface heparan sulfate. To examine
whether the entry defect of gD2 infectious PrV mutants in NB
cells is associated with a difference in glycosaminoglycans,
radiolabelled proteoglycans were extracted, protein moieties
were digested with papain, and the amount of heparan sulfate
and chondroitin sulfate was determined after digestion with
heparinase-heparitinase or chondroitinase. No significant dif-
ferences in the amount of total radiolabelled material were
detected between MDBK and NB cells (ca. 106 cpm in 105

cells). In both cell lines, ;50% of radioactively labelled mate-
rial was sensitive to digestion with heparinase-heparitinase and
;30% was digested with chondroitinase (21). Thus, NB cells
exhibit no gross defect in glycosaminoglycan synthesis, indicat-
ing that the primary receptor for PrV is present in comparable
amounts in both cell lines. This is further demonstrated by a
comparable inhibition of plaque formation by exogenous hep-
arin of gC1 PrV-1112 and insensitivity of gC2 PrV toward
heparin inhibition on both cell lines (Fig. 7).

Egress of gD2 infectious PrV from NB cells is not impaired.
NB cells are refractory to entry of gD2 infectious PrV. After
PEG-induced fusion the number of infected cells increased but
plaque formation did not ensue. To analyze whether this phe-
notype reflects an additional egress defect, NB cells were in-
fected with PrV gD2 Pass and PrV gCD2 Pass by PEG fusion.

FIG. 2. Protein profile of mutant PrV. Virions of wild-type PrV (lanes 1),
PrV-gC2 (lanes 2), PrV gD2 Pass (lanes 3), and PrV gCD2 Pass (lanes 4) were
lysed, and proteins were separated by acrylamide gel electrophoresis. After
transfer to nitrocellulose membranes, the filters were probed with MAbs specific
for gB, gC, gD, and gH (a gB, agC, agD, and agH, respectively). Bound antibody
was visualized after incubation with peroxidase-conjugated secondary antibody by
enhanced chemiluminescence recorded on X-ray film. The anti-gB antibody recog-
nizes the uncleaved precursor as well as one of the two proteolytic cleavage products.
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One parallel well was then overlaid with methylcellulose me-
dium and stained with X-Gal after 2 days. Cells from the other
well were trypsinized and reseeded with susceptible MDBK
cells. Monolayers were then also stained with X-Gal after 2
days. As shown in Table 1, the number of infected single cells
in the NB monolayer and the number of plaques formed in the
infectious center assay correlated quite well, which indicates

that virus is released from infected NB cells and is able to enter
neighboring susceptible MDBK cells.

DISCUSSION

Initiation of infection by herpesviruses requires interaction
between virion glycoproteins and cellular receptors. For alpha-

FIG. 3. Plating efficiency of mutant PrV on MDBK and NB cells. Titers of wild-type-like PrV-1112, phenotypically gD-complemented PrV gD2 (gD1 PrV-gD2),
PrV gD2 Pass, and PrV gCD2 Pass were determined on MDBK cells (white bars) or NB cells (black bars) by plaque assay and X-Gal staining (A). (B) Plating
efficiencies of PrV-1112, PrV gD2 Pass, and PrV gCD2 Pass on MDBK and NB cells after propagation on a PrV gD-expressing cell line. Average values and standard
variations (error bars) of three independent experiments are shown. This corresponds to PFU on MDBK cells and to infected single cells after infection of NB cells
with PrV gD2 Pass and PrV gCD2 Pass. These virus mutants do not form plaques on NB cells irrespective of phenotypic gD complementation.

FIG. 4. Plating efficiencies of different viruses on MDBK and NB cells. Alphaherpesviruses PrV-1112, HSV-1, BHV-1, and EHV-1 as well as the rhabdovirus VSV
were titrated on MDBK and NB cells by plaque assay. Average titers and standard variations (error bars) of three independent experiments are shown.
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herpesviruses, several virion envelope constituents have been
implicated in receptor binding. gC of HSV-1, PrV, and BHV-1
binds to cell surface heparan sulfate, resulting in an initial
interaction which is sensitive to competition with exogenous
heparin (7, 23, 29). This first binding converts into a more

stable attachment via gD (11, 22). In addition, HSV-1 virion gB
has also been shown to mediate attachment by interaction with
heparan sulfate (8). Thus, three receptor binding proteins have
been identified in HSV-1. In contrast, in PrV virion gB does
not productively interact with heparan sulfate (12), and only

FIG. 5. Infectivity of mutant PrV on MDBK and NB cells. MDBK and NB cells in six-well tissue culture plates were infected with 1 ml of a PrV-1112 stock diluted
1/106 or with 1 ml of a PrV gD2 Pass stock diluted 1/106 (MDBK cells) or 1/10 (NB cells). Both stock solutions contained 107 PFU of the respective virus per ml as
determined on MDBK cells. Two days after infection cells were stained with X-Gal. In this experiment, no plaques or single infected cells were observed after infection
of NB cells with PrV gD2 Pass. After PEG-induced fusion (1 PEG) the amount of infected single cells increased but plaque formation did not ensue.

FIG. 6. PEG-induced infectivity of PrV on MDBK and NB cells. MDBK (white bars) and NB cells (black bars) were infected with serial dilutions of PrV-1112,
PrV-gC2, PrV gD2 Pass, and PrV gCD2 Pass. After X-Gal staining, infectious titers were determined by counting either plaques (for PrV-1112 and PrV-gC2 on both
cell lines and for PrV gD2 Pass and PrV gCD2 Pass on MDBK cells) or single infected cells (for PrV gD2 Pass and PrV gCD2 Pass on NB cells). Relative infectivities
and standard variations (error bars) compared to control plates which were not treated with PEG are indicated.
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gC and gD of PrV are thought to interact with cellular recep-
tors (11, 23). The isolation of a PrV mutant which is infectious
even in the absence of gC and gD indicates that another virion
component(s) must also have or be able to acquire receptor
binding activity. These studies were possible due to the isola-
tion of a PrV mutant, PrV gD2 Pass, which by copassaging of
infected with noninfected cells, acquired the ability to replicate
productively in the absence of gD (37). This was surprising
since gD had hitherto been regarded as a glycoprotein which is
required for infectious entry of PrV (30, 32). Interestingly, PrV
gD is not necessary for direct cell-to-cell spread, a prerequisite
for the copassaging experiment (30, 32).

Deletion of gC from wild-type PrV reduced specific infec-
tivity by ;50-fold (12). In contrast, deletion of gC from PrV
gD2 Pass reduced specific infectivity by ;800-fold, demon-
strating a higher degree of dependence on gC-heparan sulfate
interaction in the gD2 virions than in gD1 virions. This further
supports our previous data indicating that in the absence of gC,
attachment of virions to target cells is mainly mediated by gD
(12). Obviously, in the absence of gD, primary gC-dependent
attachment becomes of paramount importance for the virus to
bind to its target cell. Thus, the presence of either gC or gD is
necessary for efficient initial virus-cell contact.

However, since even virions lacking both gC and gD are able
to infect target cells, though with a strikingly reduced effi-
ciency, an additional or alternative virion protein-cell receptor
interaction has to be postulated, if it is assumed that nonspe-
cific binding of virions to target cells does not occur. gB and the
gH/gL complex have been shown to be required for entry of
virus into target cells and direct viral cell-to-cell spread (1,
30–32). We hypothesize that in the absence of gC and gD, one
of these proteins might provide the relatively inefficient attach-
ment function in PrV gCD2 Pass. Both, gB and gH of other
herpesviruses, i.e., BHV-1 and HCMV, respectively, have been
postulated to bind to proteinaceous cell surface receptors (13,
19, 46).

Recently, expression cloning has been successfully used to

identify a cell surface protein, HVEM (27), which belongs to
the tumor necrosis factor alpha receptor family and is able to
mediate HSV-1 infection of CHO cells by binding to virion gD
(47). A basic requirement for this approach is the availability
of cells with a restriction of virus infection at the level of entry.
Unfortunately, PrV exhibits a very wide host range in vitro.
Therefore, we selected for mutant cell clones which are spe-
cifically resistant to infection by PrV. Infection with a gC2

virus mutant should avoid selection for cells exhibiting defects
in proteoglycan biosynthesis, as has been observed before (6,
26). In addition, selection with infectious gD2 PrV was used to
gain evidence for the presence of novel receptors which do not
interact with either gC or gD. The NB cells described here
exhibit a block in entry of PrV gD2 Pass and PrV gCD2 Pass

FIG. 7. Heparin inhibition. PrV-1112 and PrV-gC2 were titrated on MDBK and NB cells in the presence (black bars) and absence (white bars) of heparin (50
mg/ml). The addition of heparin reduced titers of gC1 PrV-1112 on both cell lines to a similar extent, whereas PrV-gC2 was not affected by the presence of heparin
on either cell line. Average values and standard variations (error bars) of three independent experiments are shown.

TABLE 1. Comparison between PEG-induced
infectivity and infectious centersa

Virus
MDBK NB

Infectivity Infect. centers Infectivity Infect. centers

PrV-1112 1.0 3 108 1.0 3 108 8.9 3 107 4.0 3 107

9.3 3 107 9.9 3 107 8.4 3 107 3.7 3 107

PrV gD2 Pass 4.0 3 106 2.1 3 106 9.2 3 105 2.9 3 105

5.6 3 104 9.0 3 104 9.3 3 104 4.6 3 104

PrV gCD2 Pass 1.2 3 103 1.3 3 103 3.9 3 102 2.9 3 102

7.8 3 103 3.7 3 103 9.8 3 102 8.3 3 102

a MDBK and NB cells were inoculated with serial dilutions of the indicated
virus stock and treated with PEG. Thereafter, one well was stained after 48 h
with X-Gal and plaques or infected single cells (for PrV gD2 Pass and PrV
gCD2 Pass on NB cells) were counted. A parallel well was trypsinized and re-
seeded together with excess MDBK cells. At 48 h after infection, plaques were
stained with X-Gal and counted. Indicated are titers determined directly (Infec-
tivity) compared to titers determined in infectious-center assays (Infect. centers).
Representative data (in infectious units per milliliter of virus suspension) from
two independent experiments each are shown.
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as indicated by PEG fusion experiments. In contrast, these
cells are fully permissive for several other PrV glycoprotein
mutants (e.g., PrV-gM2 [3] and PrV-gE2 [25] [data not
shown]), as well as for other alphaherpesviruses and VSV.
Thus, the defect in NB cells is specific for entry of gD2 infec-
tious PrV mutants, which indicates that it affects a cellular
component which is critical for infectivity of these particular
mutants. The NB cell phenotype also further supports our
hypothesis that gD2 infectious PrV mutants use an additional,
or alternative, receptor for entry (37).

As regards relevance of our findings for the entry pathway of
wild-type PrV, there are several scenarios to consider. First,
gD2 infectious PrV mutants may have acquired during the pas-
saging process a novel receptor binding activity which is not
present in wild-type PrV virions. This would be indicative of an
experimentally induced alteration in use of cell surface recep-
tors. Second, gD2 infectious PrV mutants may be dependent
on the use of a receptor which is not critical for wild-type virus
infection due to the presence of other virion-cell interactive
proteins. The presence of receptors which act “downstream”
from the gC and gD interactions presumably by binding to
either gH/L or gB has been postulated (4). It is conceivable
that in the absence of gC and gD, any other receptor-binding
activity gains importance, especially when involved in mediat-
ing penetration. From our data it is evident that gD2 infectious
PrV mutants are defective in entry into NB cells despite the
propensity, at least for PrV gD2 Pass, to efficiently bind to
these cells via gC (data not shown). Thus, we hypothesize that
the defect in NB cells abolishes function of a “fusion receptor”
which is essential for penetration of gD2 mutant viruses. In
this context it is important to note that both passaged virus
mutants are still efficiently neutralized by antibodies against
gH and gL, indicating that these two proteins are relevant for
entry of wild-type and mutant viruses (data not shown).

Infectivity of wild-type PrV and several other PrV glycopro-
tein mutants is not impaired on NB cells, which could be
interpreted as if the phenotype of NB cells is irrelevant for the
entry process of these viruses. However, it is conceivable that
there is redundancy in receptor binding by wild-type PrV, as
already shown by continued attachment of virions lacking gC
or gD to target cells. Thus, the entry pathway requiring the
function defective in NB cells may be bypassed by wild-type
PrV but not by gD2 infectious PrV mutants. Phenotypic
complementation of passaged gD-negative PrV mutants by
propagation on gD-expressing cells quantitatively restored in-
fectivity of these mutants on NB cells, showing that in the
presence of gD, these virus mutants enter cells via the normal
pathway. However, as expected, phenotypically gD-comple-
mented gD-negative passaged virus mutants were still not able
to form plaques in NB cells.

Especially striking is the prominent phenotype of NB cells
as regards susceptibility to infection compared to parental
MDBK cells. Infectivity of PrV gD2 Pass on NB cells is re-
duced ca. 105-fold, which effectively means that these cells are
not permissive for PrV gD2 Pass infection. A similarly striking
reduction was observed for PrV gCD2 Pass. Thus, NB cells
represent a cell clone with a specific entry defect for PrV at a
magnitude which, presumably, allows expression screening for
receptors as used by Montgomery et al. (27). It is important to
note that infectivity of other alphaherpesviruses as well as the
nonrelated rhabdovirus VSV is not inhibited in NB cells, fur-
ther providing specificity of the phenotypic alteration.

Our data also indicate that egress from NB cells of gD2

infectious PrV mutants occurs as shown by infectious-center
assay. However, plaque formation in NB cells does not ensue
even after PEG-induced infection. Thus, it appears as if the

defect in plaque formation is correlated with the defect in entry
and does not reflect a simultaneous impairment of egress. This
highlights the relationship between entry and direct cell-to-cell
spread and yields evidence that similar cellular functions are
involved in both processes. Interestingly, after infection with
gD-complemented PrV-gD2, plaques did form on NB cells;
i.e., cell-to-cell spread on NB cells can occur in the absence of
gD. Presumably, the mutation(s) leading to gD-independent
infectivity of PrV gD2 Pass at the same time abolished a
function which is necessary for gD-independent cell-to-cell
spread in NB cells. Whether these two phenotypes are conse-
quences of the same mutational event remains to be deter-
mined.

Deletion of both known attachment proteins of PrV, gC and
gD, drastically reduces infectivity of PrV, although it does not
completely abolish it. Most importantly, PrV gCD2 Pass can
be propagated on normal cells without the danger of inadver-
tent rescue of either mutation. The isolation of PrV gCD2 Pass
now allows new approaches to specifically alter the host range
of PrV. Incorporation of heterologous attachment proteins
into PrV gCD2 Pass virions could favor attachment to alter-
native target cells, which is especially intriguing in light of the
use of herpesviruses for gene therapy. Experiments to analyze
the potential of our gCD2 infectious PrV mutant in this con-
text are under way.
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