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A baby hamster kidney [BHK(tk ~)] cell line (Ugl1cl19) which stably expresses the Ugll and a4 genes of
herpes simplex virus 1 strain F [HSV-1(F)] was found to be resistant to infection with HSV-1. Although
wild-type HSV-1(F) attached with normal kinetics to the surface of Ugllcll9 cells, most cells showed no
evidence of infection and failed to accumulate detectable amounts of « mRNAs. The relationship between the
expression of U; 11 and resistance to HSV infection in Ugl1cl19 cells has not been defined, but the block to
infection with wild-type HSV-1 was overcome by exposing cells with attached virus on their surface to the
fusogen polyethylene glycol, suggesting that the block to infection preceded the fusion of viral and cellular
membranes. An escape mutant of HSV-1(F), designated R5000, that forms plaques on Ugllcll9 cells was
selected. This mutant was found to contain a mutation in the glycoprotein D (gD) coding sequence that results
in the substitution of the serine at position 140 in the mature protein to asparagine. A recombinant virus,
designated R5001, was constructed in which the wild-type gD gene was replaced with the R5000 gD gene. The
recombinant formed plaques on Ugllcll9 cells with an efficiency comparable to that of the escape mutant
R5000, suggesting that the mutation in gD determines the ability of the mutant R5000 to grow on Ugllcll9
cells. The observation that the Ug11cl19 cells were slightly more resistant to fusion by polyethylene glycol than
parental BHK(tk™) cells led to the selection and testing of clonal lines from unselected and polyethylene
glycol-selected BHK(tk ™) cells. The results were that 16% of unselected to as much as 36% of the clones
selected for relative resistance to polyethylene glycol fusion exhibited various degrees of resistance to infection.
The exact step at which the infection was blocked is not known, but the results illustrate the ease of selection

of cell clones with one or more sites at which infection could be blocked.

Earlier we reported the construction of a cell line, desig-
nated Ugllcll9, from a clonal cell line (a4cl13) which ex-
presses the a4 gene and was derived from BHK(tk ™) cells (1).
The Ugl1cl19 cells express both Ugll and a4 genes of herpes
simplex virus 1 strain F [HSV-1(F)] (34). This cell line was
made to test for various activities of the Ugll protein in the
absence of other virally encoded infected cell products. In the
course of these studies, we observed that cultures exposed to
HSYV at high PFU/cell ratios showed no evidence of cytopathic
effects, suggesting that they might be resistant to infection.
Here we report that Ugllcll9 cells are in fact resistant to
infection, and we demonstrate that the block to infection
occurs at viral entry on a path mediated by the viral glycopro-
tein D (gD).

Relevant to this report are the following.

(i) The Ugl1 gene of HSV (22, 30, 37) encodes a site- and
conformation-specific RNA-binding protein (32). This protein
regulates the abundance of at least one viral RNA, designated
A34, such that this RNA is six- to eightfold less abundant in
cells infected with wild-type HSV than in cells infected with a
virus that does not express Ugl1 (33). The Ugl1 protein is the
product of a <y, (true-late) gene (15) and is incorporated into
the HSV-1 virion at 600 to 1,000 copies per virion (34). As
such, it is present in both the « (immediate-early) and y (late)
stages of HSV infection. In both the a and vy stages of
infection, cytoplasmic Ug11 protein is found associated specif-
ically with the 60S subunit of ribosomes (34). In the late stage
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of infection, Ug11 protein is found associated with nucleoli (19,
29). These associations with ribosomes and nucleoli occur
independently of other viral functions, since they also occur in
a cell line that constitutively expresses a stably transfected copy
of the Ugll gene (34).

(i) gD plays an essential role in viral entry at a step
subsequent to attachment and at or prior to fusion of the viral
and cellular membranes. Neutralizing antibodies directed
against gD do not prevent attachment of the virus to the cell
surface, and their inhibition may be overcome by exposure of
cells and attached virus to the fusogen polyethylene glycol
(PEG) (9, 12). HSV virions that lack gD attach to cells with
normal kinetics but do not infect (9, 18). They may be induced
to infect by exposure of cells and virus to PEG (18). gD was
reported to mediate infection at least in part by binding to a
cell surface receptor, as shown by the ability of UV-irradiated,
gD-bearing virions to block superinfection in a saturable
fashion and the failure of virions lacking gD to do so (14).
Binding studies with soluble gD suggested that the gD receptor
is present at about 4 X 10° to 5 X 10° copies per cell and binds
to gD with a dissociation constant of about 0.23 to 0.25 pM
(13).

(iii) Cell lines that express the HSV-1 gD gene have also
been found to be resistant to HSV infection (3, 16). This
resistance has been shown to be due to the cell surface
expression of gD, since preincubation of cells with antibodies
directed against gD results in loss of resistance (5). Incubation
of HSV-1 with gD-expressing cells does not result in infection
but rather results in endocytosis and degradation of the virus
(3). Escape mutants of HSV-1 that can grow on gD-expressing
cells have been isolated (2, 5), and marker transfer experi-
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ments suggest that two mutations in gD (a Leu-25 to Pro
substitution and an Ala-186 to Ser substitution), singly or in
combination, confer on the virus that carries them the ability to
infect cells that express wild-type gD. Cell lines that express
these mutant gD molecules are not resistant to infection by
either wild-type or mutant viruses (2, 5). In addition to its
apparent role in binding to a cell surface receptor, gD may also
be directly involved in the fusion of viral and cellular mem-
branes, inasmuch as BJ cells, which constitutively express gD,
show spontaneous cell-cell fusion (4), and antibodies to gD can
block the cell-cell fusion induced by viral infection (25).

MATERIALS AND METHODS

Cells and viruses. Vero cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 5%
newborn calf serum. BHK(tk™) cells were maintained in
DMEM supplemented with 5% fetal bovine serum (FBS). The
construction and properties of the adcll3 cell line were
previously described (1). The adcl13 cell line was maintained
in DMEM-5% FBS supplemented with 400 g of G418 per ml.
The construction of the Ugllcll9 cell line was described
previously (34). The Uglicll9 cells were maintained in
DMEM-5% FBS supplemented with 400 g of G418 per ml
and 440 mM methotrexate. Since neomycin has been shown to
inhibit attachment of HSV-1 to BHK cells (17), cells main-
tained in medium supplemented with G418 were washed twice
with medium lacking G418 before exposure to virus. The
properties of HSV-1(F) and the methods for growth and
preparation of high titer viral stocks have been described
previously (7, 31). HSV-1(F) mutant viruses U10, U21, and
U30 and the recombinant U2lrec, carrying mutations in the
gD coding sequence, were obtained from G. Campadelli-
Fiume (2). The U10 virus carries a mutation resulting in the
substitution of Leu-25 with Pro. The U30 virus carries a
mutation resulting in the substitution of Ala-185 with Ser. The
U21 virus carries both of the mutations found in U10 and U30.

Plasmid constructions and synthesis of RNA probes. Stan-
dard methods were used for all plasmid constructions de-
scribed here (20). Plasmid pRB4716, which served to generate
RNA probes to detect the a27 mRNA, was constructed by
ligating the 1.1-kb BamHI-Sall fragment of the a27 gene of
HSV-1(F) into BamHI-Sall-cut pGEM-3Z(f+). Plasmid
pRB3952, for the generation of RNA probe to detect the
a47 and a22 genes, was constructed in two steps. In the first
step, the 0.7-kb Nrul-Xhol fragment from the a47 gene of
HSV-1(F) was ligated into Sall-Smal-cut pGEM-3Z to gener-
ate pRB3951. In the second step, pRB3951 was digested with
Apal and HindIll, the ends were filled by treatment with
Klenow enzyme in the presence of deoxynucleoside triphos-
phates, and the plasmid was religated to generate pRB3952.
Plasmid pRB4352, for the generation of RNA probe to detect
the 0 mRNA, was constructed by ligating the 1.35-kb Nrul-
Sall fragment containing exon III sequences of the a0 gene
from HSV-1(F) into Sall-Smal cut pGEM-3Z(f+). RNA
probes were synthesized from uncut plasmids with SP6 RNA
polglmerase (New England BioLabs) in reactions containing
[a->2P]CTP, using protocols provided by Promega Biotec.

SDS-polyacrylamide gel electrophoresis and immunoblot-
ting. Proteins were separated on sodium dodecyl sulfate
(SDS)-polyacrylamide gels as described by Gibson and Roiz-
man (10, 11), electrically blotted onto nitrocellulose, and
probed with a 1:2,000 dilution of anti-gD monoclonal antibody
H170 (26) as previously described (33).

DNA sequencing. The sequence of nucleotides between the
Ncol and EcoNI restriction sites in the gD coding sequence
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from the mutant R5000 was determined on both strands by the
dideoxy termination method, using a Sequenase version 2.0 kit
(United States Biochemicals). Sequencing reactions were
primed with 1 of a set of 14 synthetic DNA oligonucleotides
complementary to the gD coding sequence and separated from
each other by 150 bp.

Isolation and analysis of RNA. Total RNA was isolated as
described by Puissant and Houdebine (28). Fractionation of
RNAs on formaldehyde-agarose gels was done as described by
Maniatis et al. (20). Gels were blotted to Zeta-Probe mem-
branes and probed with strand-specific RNA probes, using
protocols recommended by the manufacturer except that hy-
bridization and washing of blots were carried out at 80°C.

Black plaque assay. Cultures were washed twice with phos-
phate-buffered saline (PBS), fixed with methanol at —20°C for
20 min, and dried under a stream of air. Cells were rehydrated
by incubating 5 min in PBS and then reacted sequentially with
a 1:2,000 dilution of anti-gD monoclonal antibody H170 (26)
in PBS, a 1:1,000 dilution of biotinylated goat anti-mouse
immunoglobulin G (Zymed Laboratories) in PBS, and a
1:500 dilution of streptavidin-alkaline phosphatase conjugate
(Zymed Laboratories) in PBS, with two 5-min washes in PBS
following each incubation. Plaques were visualized by exposure
to color development solution (made by mixing 1 part 30-
mg/ml nitroblue tetrazolium in 70% [vol/vol] N,N-dimethyl
formamide, 1 part 15-mg/ml 5-bromo-4-chloro-3-indolyl phos-
phate in N,N-dimethylformamide, and 98 parts 0.1 M
NaHCO;-1 mM MgCl, [pH 9.8]) for 2 to 10 min.

Marker transfer and the construction and purification of
recombinant virus. The procedures for cotransfection of
cloned fragments of RS000 DNA and full-length HSV-1 DNA
have been described previously (27). For marker transfer
experiments, Ugl1cl19 cells were infected with serial dilutions
of virus progeny of the cotransfection. Infected cultures were
maintained for 3 days in DMEM supplemented with 5% FBS
and 165 pg of human immune gamma globulin (Armour
Pharmaceutical Co.) per ml, providing fresh medium each day.
Cultures were then assayed for plaque formation by black
plaque assay. For construction of the recombinant virus R5001,
HSV-1(F) DNA was cotransfected with the 846-bp Ncol-
EcoNI fragment of the gD gene from RS5000 into rabbit skin
cells. After 4 days, when all cells in the culture showed
cytopathic effect, the culture was frozen and a viral stock was
prepared. Portions of a 10~°¢ dilution of this stock and
dilutions of HSV-1(F) and the mutant R5000, each containing
1,000 PFU, were reacted on ice for 2 h with serial dilutions of
anti-gD monoclonal antibody DL11 (6, 23) and then used to
infect Vero cell cultures. After 2 days, plaques were counted
on the cultures infected with HSV-1(F) and R5000 to deter-
mine the dilution of the antibody giving the greatest ratio of
R5000 to HSV-1(F) plaques (1:412). Plaques were picked from
the dish infected with transfection stock that had been exposed
to the appropriate antibody dilution, and these isolates were
carried through two additional cycles of plaque purification in
the absence of selection.

Attachment assays. Ten cultures each of BHK(tk ™), a4cl13,
and Ugllcll9 cells were each exposed to 1,000 PFU of
HSV-1(F) in 1.5 ml at 4°C. At 15, 30, 45, 60, and 90 min after
virus addition, inocula were removed from duplicate dishes of
each cell type and transferred directly to cultures of Vero cells
in 25-cm? dishes. After 1 h, inocula were removed from Vero
cultures and replaced with medium 199 supplemented with 1%
newborn calf serum and 165 pg of human immune gamma
globulin per ml. After 2 days, plaques were counted in the
Vero cell cultures.

PEG fusion. Cell monolayers in 25-cm? dishes were exposed
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to virus in 1.5-ml inocula at 4°C for 90 min. The inocula were
decanted, and monolayers were washed twice with cold PBS.
Cultures were then rapidly treated with a 48% (wt/wt) solution
of PEG 6000 in PBS as described previously (35). Cultures
were incubated at 37°C for 6 h and then assayed for a27
protein by immunofluorescence as previously described (34),
using a 1:500 dilution of anti-«27 monoclonal antibody H1113
as the primary antibody.

RESULTS

The Ugl1cl19 cell line was made by transfecting the Ugll
coding sequence under the control of the promoter/regulatory
domain of HSV-1 glycoprotein B (gB), linking the sequence to
the dhfr gene in a4cll3 cells, and cloning the methotrexate-
resistant progeny (34). In initial experiments to characterize
the Ugllcl19 cell line, the cells were infected at high multi-
plicity with HSV-1(F) and found to show no cytopathic effect,
suggesting that they might be resistant to infection. This
possibility was examined by testing infected cultures of
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FIG. 1. Assay for HSV-1 gene products in Uglicll9 cells. (A) Autoradiographic image of [**S]methionine-labeled, electrophoretically
separated polypeptides from uninfected (lanes 1 to 3) and HSV-1(F)-infected (lanes 4 to 6) BHK(tk ™), a4cll3, and Usllcll9 cells. (B)
Autoradiographic image of a Northern (RNA) blot of formaldehyde-agarose gel-separated RNAs purified from BHK(tk ™) (lane 1), a4cl13 (lane
2), and Ugl1cl19 cells (lane 3) infected with HSV-1(F) and probed with labeled SP6 transcript of pRB4352. (C) Same as panel B but probed with
labeled SP6 transcript of pRB4716. (D) Same as panel B but probed with labeled SP6 transcript of pRB3952. The positions of the a0 and a27
mRNAEs are indicated with dashes. The positions of the «22 and a47 mRNAs (only partially resolved) are indicated with a bracket.

Ug11cl19 for the production of virally encoded gene products.
Cultures of BHK(tk ), a4cl13, and Ugl1cl19 cells were either
mock infected or infected with 10 PFU of HSV-1(F) per cell.
After 18 h of infection, the cells were incubated in medium
containing 50 wCi of [**S]methionine per ml for an additional
3 h. Cellular extracts were prepared and subjected to denatur-
ing gel electrophoresis (Fig. 1A). Infected BHK(tk ™) and
a4cll3 cells (lanes 4 and 5) showed a normal late pattern of
viral protein synthesis coupled with shutoff of host protein
synthesis. Infected Ugl1cl19 cells (lane 6) exhibited neither
host shutoff nor detectable viral protein synthesis. This result
suggested that Ugl1cl19 cells exhibit a block to infection at a
point in the viral life cycle prior to the synthesis of late
proteins. Subsequently, we tested for synthesis of viral prod-
ucts from increasingly earlier stages of infection. These exper-
iments culminated in a test for production of a mRNAs.
Cultures of BHK(tk ™), a4cl13, and Ugllcll9 were infected
with 10 PFU of HSV-1(F) per cell. At 6 h after infection, total
RNA was prepared from each culture, separated on a formal-
dehyde-agarose gel, transferred to a Zeta-Probe membrane,
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FIG. 2. Assay for attachment of HSV-1(F) to BHK(tk 7), a4cl13,
and Ugl1cl19 cells. Shown is a plot of the logarithm of PFU remaining
in an inoculum after incubation with BHK(tk ™), a4cl13, or Uglicl19
cells versus the time of incubation with cells. Each point represents the
mean of duplicate measurements.

and probed with labeled, SP6-transcribed transcripts of se-
quences from the a0, a27, and a22/47 genes (Fig. 1B to D).
Transcripts of all of these genes could be readily detected in
RNA from BHK(tk ™) and a4cll13 cells (lanes 1 and 2) in
equivalent amounts. In contrast, none of these transcripts were
detectable in RNA from Ugllcll9 cells, suggesting that
Ug11cl19 cells exhibit a block to infection at some point prior
to accumulation of o mRNAs. It should be noted, however,
that the apparent degree of resistance exhibited by Ugl1cl19
cells was observed to be dependent on the passage history of
the cells. Cultures of cells which had been passaged more times
than those used for the assay shown in Fig. 1 were more
susceptible to infection and synthesized detectable amounts of
o mRNAs (not shown).

HSV-1 attaches normally to Ugllcll9 cells. The results
shown in Fig. 1 prompted us to examine whether HSV-1(F)
could attach to and penetrate into Ugl1cl19 cells. To test for
attachment, monolayers of Ugl1cl19, a4cl13, and BHK(tk ™)
cells in 25-cm? dishes were exposed to 1,000 PFU of HSV-1(F)
at 4°C. At various times after infection, the viral inocula were
removed from duplicate cultures of each cell type and tested
for residual (i.e., unattached) virus on Vero cell monolayers
(Fig. 2). Attachment of virus to cells is indicated by the
depletion of PFU from the inoculum. HSV-1(F) virus attached
to Ugllcll9 and a4cll3 cells with similar kinetics. In the
experiment shown, virus attached about twice as efficiently to
Ugl1cl19 and a4cll3 cells as to BHK(tk ™) cells.

The fusogen PEG enhances infection of Ugl1cl19 cells. The
results shown in Fig. 1 and 2 above suggested that the block to
infection in Ugl1cl19 cells occurs after viral attachment and
before o gene expression, possibly prior to fusion of the viral
and cellular membranes. To test the latter possibility, we
exposed Ugl1cl19 cell monolayers to HSV-1(F) for 1 h at 4°C.
Cultures were then either shifted to 37°C without treatment or
treated with the fusogen PEG as described in Materials and
Methods and then incubated at 37°C. After 6 h, cell monolay-
ers were fixed and assayed for expression of the a27 protein by
immunofluorescence (Fig. 3). Two observations should be
noted. (i) In the absence of PEG treatment (Fig. 3A and C),
some cells were permissive to infection, indicated by their
expression of ICP27 protein. The number of these cells did not
increase significantly with the amount of infecting virus when
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the multiplicity of infection exceeded 10 (compare Fig. 3A and
C), suggesting that the susceptible cells comprise a subpopu-
lation which is saturated at the multiplicities of infection used
in this experiment. The proportion of such permissive cells in
Us11cl19 cultures varied depending on the passage history of
the cells, such that cultures that had been passaged for a longer
time had a greater proportion of permissive cells. Subcloning
of Ugllcll9 cells gave rise to fully resistant lines with no
permissive cells and lines in which only a small proportion
(always less than 10%) of the cells were permissive. We
recovered no subclones that contained only permissive cells.
(ii) PEG treatment (Fig. 3B and D) clearly increased the
number of permissive cells in the culture, allowing the initia-
tion of infection in the resistant population of cells. PEG
treatment did not increase the number of positive cells in
cultures of BHK(tk ™) cells (not shown), suggesting that the
increase in susceptibility to infection was specific for Ugl1cl19
cells and that the block to infection in these cells occurs at or
prior to fusion of the viral and cellular membranes. It should
be noted that BHK(tk ) and Ugl1cl19 cells differed in their
response to PEG treatment such that BHK(tk ™) cells were
fused into giant syncytia at PEG concentrations tolerated by
Ugl1cl19 cells.

Isolation of the escape mutant R5000. Ugl1cl19 cells in a
150-cm? flask were infected with 5 X 10® PFU of HSV-1(F).
One day after infection, cells were propagated once at 1:5
dilution, and the resulting culture was incubated until the cells
reached confluence, at which time viral plaques were evident.
Cells were propagated again at a 1:5 dilution, and the resulting
culture was incubated at 37°C until all cells showed cytopathic
effect, at which time the culture was frozen and a viral stock
was prepared. Serial dilutions of the viral stock were plated on
Vero cell monolayer cultures, and six plaques were picked and
brought through a second cycle of plaque purification. One of
the isolates, designated R5000, was chosen for further studies.

The mutation in R5000 that permits growth on Ugllci19
cells maps to the viral gene encoding gD. Cloned EcoRI
fragments from R5000 were cotransfected with full-length
HSV-1(F) DNA into rabbit skin cells, and viral stocks were
prepared from the cultures when all cells showed cytopathic
effect. These stocks were then plated onto Ugl1cl19 cells, and
cultures were examined for plaques by a black plaque assay 3
days after infection. The results of this series of experiments
are summarized in Fig. 4. In the first experiment, only the
EcoRI H fragment transferred the ability to plaque on
Ugl1cl19 cells. The EcoRI H fragment contains the coding
regions for all of the genes in the Ug sequence of the genome
and the promoter/regulatory sequences of the a4 and Orig
transcriptional units. In the second experiment (Fig. 4B), eight
subclones of the EcoRI H fragment were tested, and two of
these, containing sequences between the Sphl restriction en-
zyme site located between the gG and gl coding sequences and
the BgllI site located within the gE coding sequence, were
found to transfer the ability to plaque on Ugl1cl19 cells. In the
third experiment, subclones of the 6.6-kb SspI-BgllI fragment
were tested (Fig. 4C), and four of these transferred the ability
to form plaques on Ug11cl19 cells. The only sequence common
to all four of these subclones is an 846-bp region between Ncol
and EcoNI sites in the gD coding sequence. These results
suggested that a mutation in the gD gene could confer the
ability to form plaques on Ugllcl19 cells.

The sequence from R5000 that transfers the ability to form
plaques on Ugll contains a single nucleotide change. The
sequence between the Ncol and EcoNI sites in the gD coding
sequence in the mutant R5000 was determined and found to
contain a single nucleotide change from the sequence of the



2834 ROLLER AND ROIZMAN

A 10 pfu/cell

J. VIROL.

B 10 pfu/cell + PEG

FIG. 3. (A) Photographic image of Ugl1cl19 cells infected with 10 PFU of HSV-1(F) per cell without PEG treatment, reacted with anti-a27
monoclonal antibody and fluorescein isothiocyanate-conjugated secondary antibody, and viewed with UV illumination. Nuclei of cells expressing
a27 protein show fluorescence. (B) Same as panel A except that after exposure to virus, cells were treated with PEG. (C) Same as panel A except
that cells were infected with HSV-1(F) at 100 PFU per cell. (D) Same as panel B except that cells were infected with HSV-1(F) at 100 PFU per

cell.

corresponding region of HSV-1(F) (Fig. 5) (5, 22). This change
in the nucleotide sequence creates a single amino acid substi-
tution in gD, changing the serine at position 140 to an
asparagine and creating a potential N-linked glycosylation site.
The same amino acid substitution had been previously identi-
fied by Muggeridge et al. (24) in a mutant selected for
resistance to the anti-gD monoclonal antibody DL11. Mug-
geridge et al. determined that the potential N-linked glycosy-
lation site created by the mutation was used in the infected cell,
resulting in the generation of a hyperglycosylated gD. To
determine whether this mutation in R5000 was completely
responsible for the growth properties of the mutant on
Usl1cl19 cells, the Ncol-EcoNI fragment of R5000 was co-
transfected with HSV-1(F) DNA, and a recombinant virus
carrying the mutation was isolated by infection of Vero cells in
the presence of DL11 antibody and subsequent plaque purifi-
cation. At no point was this recombinant virus selected by
growth on Ugl1cl19 cells. Virus isolates carrying the desired
mutation were identified by probing blots of infected cell
protein with anti-gD monoclonal antibody H170 and looking
for a change in migration due to the use of the additional
N-linked glycosylation site. The result for one such isolate,
designated R5001, is shown in Fig. 6. Total proteins from
BHK(tk ™) cells infected with 10 PFU of HSV-1(F), the
mutant R5000, or the recombinant R5001 per cell and main-
tained for 18 h were separated on an SDS-polyacrylamide gel,
electroblotted onto nitrocellulose, and probed with monoclo-

nal antibody H170 directed against gD. As seen by Muggeridge
et al., the electrophoretic mobility of the mutant gD molecule
(lanes 3 and 4) was lower than that of the wild-type gD (lane
2) in SDS-polyacrylamide gels as a result of the additional
asparagine-linked oligosaccharide. No wild-type gD was de-
tectable in the blot of R5001 proteins (lane 4), suggesting that
the virus was essentially pure. The plaquing efficiencies of
HSV-1(F), R5000, and R5001 were tested on BHK(tk ™) and
Uglicll9 cells (Table 1). R5001 formed plaques at an effi-
ciency comparable to that of the mutant R5000, suggesting that
the ability of that mutant to form plaques on Ugl1cl19 cells
was completely determined by the mutation in the gD gene.
Behavior of gD U mutants on Ugllcll9 cells. Specific
mutations in gD have been associated with the ability of viruses
that carry them to overcome resistance to HSV infections
displayed by BHK cell lines that express HSV-1 gD. We tested
a set of these mutations along with HSV-1(F), R5000, and
R5001 for their ability to form plaques on Ugllcll9 cells.
Serial dilutions of each virus were plated on BHK(tk ™) and
Ugllcll9 cells, and after 3 days of infection, plaques were
visualized by immunostaining as described in Materials and
Methods. The results of three such experiments are presented
in Table 1. All of the mutant viruses tested formed plaques on
Ugl1cll19 cells at efficiencies much higher than that of wild-
type HSV-1. The plaquing efficiencies of all of the mutant
viruses were comparable. It should be noted that the plaquing
efficiencies of all of these viruses on Ugllcll9 cells were
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FIG. 4. Marker transfer between the mutant R5000 and HSV-1(F).
(A) Schematic diagram of the HSV-1 genome in prototype arrange-
ment, showing the unique sequences (thin lines) flanked by inverted
repeats (open boxes). Also shown are the positions of the EcoRI I,
E/K, and H fragments in the HSV-1 genome. Fragments that trans-
ferred the ability to forms plaques on Ugl1cl19 cells are indicated with
a plus sign; those that did not are indicated with a minus sign. (B)
Schematic diagram of the sequence arrangement in the EcoRI H
fragment of HSV-1 showing the positions of mapped protein coding
regions (open boxes). Also shown beneath are the positions of
subcloned sequences of the EcoRI H fragment tested for marker
transfer. (C) Schematic diagram of the arrangement of sequences
between the Sspl and BglII restriction enzyme sites in the EcoRI H
fragment of HSV-1. Open boxes indicate protein coding regions. The
stippled area in the gD protein coding sequence indicates the position
of sequences held in common by all fragments that transferred to
HSV-1(F) the ability to form plaques on Ugl1cl19 cells.

dependent on the passage history of the cells, such that all of
the viruses formed plaques more efficiently on Ugl1cl19 cells
that had been passaged more extensively. Thus, in initial
experiments on low-passage cells, HSV-1(F) formed no
plaques even after infection with 10° PFU. In later experiments
on cells that had been passaged more than 10 times after
cloning, HSV-1(F) formed plaques after infection with >107
PFU. Similarly, the first measurements of the plating efficiency
of mutants showed much lower efficiencies on Ugl1cl19 cells
relative to BHK(tk ™) cells than the last. The experiments
shown in Table 1 are the last three such measurements.
Isolation of resistant BHK(tk ™) cell clones. The observation
that resistance to infection in Ug11cl19 cells was accompanied
by resistance to fusion with PEG prompted us to test whether
we could isolate cell lines resistant to infection by selection
with PEG. Monolayers of BHK(tk ™) cells were subjected to
three selections by treatment with either 50.0% (wt/wt) or
52.6% (wt/wt) PEG as described in Materials and Methods.
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FIG. 5. Autoradiographic image of a sequencing gel showing part
of the sequence from the gD genes of HSV-1(F) (lanes 1 to 4) and
mutant R5000 (lanes 5 to 8). Nucleotides that differ between the two
sequences are indicated with arrowheads. The substitution of A (in
R5000) for G [in HSV-1(F)] changes a serine codon at position 140 in
the mature gD protein to an asparagine codon.

After the final selection, cells were cloned by limiting dilution.
Untreated BHK(tk ™) cells were cloned also in order to assess
the frequency of spontaneously arising resistant cells. Initial
screening of a collection of 79 clones was done by infecting
monolayers of each clone with 2,000 PFU of HSV-1(F) and
assaying plaque formation 3 days after infection. This input
multiplicity yielded 200 to 400 plaques on unselected, uncloned
BHK(tk ™) cells. Clones that showed no plaques (i.e., that

Infecting Virus
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FIG. 6. Photographic image of a Western blot (immunoblot) of
electrophoretically separated proteins from BHK(tk ~) cells infected
with no virus (lane 1), HSV-1(F) (lane 2), mutant R5000 (lane 3), and
recombinant R5001 (lane 4) probed with anti-gD monoclonal antibody
H170.
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TABLE 1. Plating efficiencies of mutant and recombinant viruses on BHK(tk ™) and Ug11cl19 cells

Titer Efficiency on
. Usl1cl19
Virus Expt 1 Expt 2 Expt 3 relsati:e to
BHK(tk ") Uslicl19 BHK(tk ™) Usl1cl19 BHK(tk ™) Uglicl19 BHK(tk ™)
HSV-1(F) 3.5 x 108 3.0 x 10! 2.6 x 108 3.0 x 10? 1.2 x 10® NC? 6.8 x 1077
R5000 7.8 x 108 2.1 x 107 42 x 108 6.6 x 107 3.0 x 108 8.4 x 107 0.114
R5001 5.2 x 108 1.0 x 107 1.7 x 10® 2.9 x 107 2.4 x 108 2.9 x 107 0.074
uU10 ND¢ ND 2.4 x 10° 2.2 x 10® 1.8 x 10° 2.4 % 108 0.110
U21 ND ND 7.1 x 108 5.0 x 107 6.0 x 108 8.2 x 107 0.100
uU30 ND ND 1.4 x 10° 7.3 x 107 1.1 x 10° 1.3 x 108 0.077
U2lrec ND ND 9.8 x 10° 3.9 x 108 52 x 10° 42 x 108 0.055

4 Calculated as the mean titer from all experiments on Ugl1cl19 cells divided by the mean titer on BHK(tk ™) cells.
# NC, not counted. Plaques formed by HSV-1(F) on Ug11cl19 cells even after many passages were small, often composed of only a few cells on a background of singly
infected cells. In this experiment, the background of singly infected cells was too high to permit a reliable count of plaques.

€ ND, not determined.

depressed the plating efficiency by at least 100-fold) were
classified as resistant. The results of the initial screen (Table 2)
were quite surprising. Even in the absence of selection, 15.8%
of cell clones were resistant to infection. PEG selection did,
however, result in the isolation of a larger percentage of
resistant clones. Some of the cell clones that were found to be
resistant in the initial screen were further characterized by
determining the plating efficiency of HSV-1(F), mutant U21,
and mutant R5000. Monolayers of resistant cell clones and of
unselected, uncloned BHK(tk ™) cells were infected with serial
dilutions of HSV-1(F), U21, and R5000 and examined 3 days
after infection for the formation of plaques. The results for
each of the viruses on the resistant cell clones are presented in
Table 3 as plating efficiencies relative to unselected, uncloned
BHK cells. The degree of resistance to infection varied greatly
between individual clones. For most of the cell lines, R5000
and U21 viruses formed plaques with efficiencies comparable
to that of HSV-1(F). Even in those cases in which these viruses
showed a significantly higher efficiency than HSV-1(F), the
enhancement (at most 70-fold on cell lines U12 and 95-27) was
much smaller than that seen on Uglicl19 cells.

DISCUSSION

Mechanism of resistance of Ugllcll9 cells to infection by
HSV-1. Several lines of evidence suggest that the block to
HSV-1 infection in Ugl1cl19 cells occurs at a step subsequent
to viral attachment and prior to fusion of the viral and cellular
membranes. (i) We found no evidence for the expression of
viral genes in the great majority of Ugl1cl19 cells that had been
exposed to virus. A minority of the cells could be infected and
expressed o proteins, but most showed no evidence of
protein synthesis or of accumulation of « mRNAs. (ii) Infec-
tious particles attached to the surface of Ugllcll9 cells. (iii)
Exposure of cells and adsorbed virus to the fusogen PEG
greatly enhanced infection. Because Ugl1cl19 cells consist of

TABLE 2. Resistance to HSV-1 infection in PEG-selected and
unselected BHK(tk ™) cell clones

Selection No. of No. of resistant % Resistant
clones clones? clones
None 19 3 15.8
50.0% PEG 41 15 36.6
52.6% PEG 19 6 31.6

“ Resistant clones are defined as those that did not support plaque formation
when infected with 2,000 PFU of HSV-1(F).

at least two subpopulations of differing resistances, the data of
Fig. 3 do not allow quantitation of the stimulation of viral entry
by PEG. That is, in a mixture of resistant and susceptible cells,
it is not possible to see a stimulation greater than the reciprocal
of the fraction of susceptible cells. The crucial point is that the
highly resistant subpopulation of Ugl1cl19 is rendered largely
susceptible to infection by treatment with PEG. (iv) A muta-
tion in the gD coding sequence allowed the mutant virus to at
least partially overcome the block to infection. gD has been
shown to be essential for viral entry at a step subsequent to
infection and prior to the fusion of viral and cellular mem-
branes (8, 9, 12, 14, 18). It has further been shown that gD
mediates interaction with a cell surface molecule inasmuch as
gD-bearing virions can saturate and inhibit binding of subse-
quently added virions, but virions that do not bear gD cannot
(14). Furthermore, a soluble form of gD has been shown to
have a saturable binding site on the cell surface (13). One
hypothesis that could account for our results is that Ug11cl19
cells, or at least that fraction of the population that is resistant,
do not express a recognizable gD receptor. Such a receptor
might be absent altogether or present in an altered form.
Absence or alteration of the receptor might take place as a
result of Ugl1-mediated regulation or mutation of the receptor
itself or as a result of a change in its processing due to
regulation or mutation of some component of the processing
pathway. Alternatively, Ug11cl19 cells may express a functional
receptor but be altered in some property of the cell surface
required for membrane fusion. As noted in results, Ug11cl19
cells were more resistant to PEG-induced cell-cell fusion than
BHK(tk ™) cells.

We note that it is formally possible that the block to viral
entry evidenced by the lack of a mRNA accumulation and
stimulation of a protein expression by PEG and the block to
plaque formation that is overcome by the mutation in the gD
gene are not the same block and that the mutation in gD may
overcome a block to some process mediated by gD later in the
infectious cycle. While we believe that Uglicl19 cells may
display more than one form of resistance (see below), the
accumulated evidence in the literature overwhelmingly sup-
ports the conclusion that viral entry is the only process in which
a mutation in the gD gene is likely to make as large a difference
as the mutation in R5000 makes in infection of Ugl1cl19 cells.
Most compelling are the data of Ligas and Johnson (18), who
showed that even a virus in which the gD gene has been
deleted can complete the remainder of infection efficiently if
its entry is effected.
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TABLE 3. Susceptibility of PEG-selected and unselected BHK(tk ™) cell clones to infection with HSV-1(F), R5000, and U21

Plating efficiency on cell line relative to BHK(tk ™) cells”

. . R5000/ u21/
Selection Cell line HSVI(E) 25000 Ul HSV-1(F) HSV-1(F)
None BHK(tk ™) 1.0 1.0 1.0 1.0 1.0
Ul 1.5 x 1072 2.5 x 1072 7.1 x 1072 1.7 4.7
U8 1.2 x 1072 39 x 1072 84 x 1072 33 7.0
U12 7.8 x 10~ 1.1 x 1072 55 %1072 14.1 70.5
50.0% PEG 95-1 47 x 1074 6.8 x 10~4 1.3 x 1073 1.5 2.8
95-8 2.7 x 1074 1.2 x 10~4 5.7 x 10~4 0.4 2.1
95-12 7.4 x 1073 1.0 x 10~4 39 x 1074 1.4 53
95-14 1.4 x 107* 23 x 1074 6.2 x 107* 1.6 44
95-18 13 x 1073 6.4 x 1073 1.3 x 1072 49 10.0
95-19 58 x 1073 1.9 x 104 6.3 x 10~* 33 10.9
95-22 5.7 x 1073 24 x107% 49 x 10~* 42 8.6
95-27 1.7 x 10~# 1.2 x 1073 12 x 1072 7.1 70.6
95-29 24 x 107* 31 x107* 21 %1073 1.3 8.8
95-33 83 x 1074 24 x 1072 24 x 1072 289 28.9
95-36 6.5 x 1073 1.5 x 1072 5.5 x 1072 23 8.5
95-38 1.6 x 10~* 12 x 1073 1.8 x 1073 75 11.3
52.6% PEG 100-5 21x1073 54 x 1073 1.2 x 1072 2.6 5.7
100-6 19 x 10°3 25 x 1073 5.6 x 1073 1.3 2.9
100-7 1.6 x 1074 22 x 1074 7.2 x 10~ 1.4 4.5
100-12 12 x 1073 1.4 x 1073 1.3 x 1072 1.2 10.8
100-14 23 x 1073 44 x 1073 22 %1072 1.9 10.0

4 Calculated as viral titer on cell line tested divided by the viral titer on BHK(tk ™) cells.

Relationship of resistance to infection in gD-expressing
cells and in Ugllcll9 cells. Viral mutants selected for growth
on gD-expressing cells were found to be able to grow on
Ugl1cl19 cells far more efficiently than wild-type HSV-1(F).
The mutant R5000, selected for growth on Ugl1cl19 cells, was
able to grow efficiently on the gD-expressing BJ cell line (2).
Taken at face value, the ability of the same set of mutants to
overcome resistance in these two cell lines suggests that the
mechanisms of resistance to infection in these two cell lines
must be closely related. Two considerations suggest that the
mechanisms of resistance in BJ and Ugl1cl19 cells cannot be
identical.

(i) The mutant R5000, as mentioned, multiplied efficiently
on BJ cells, whereas the recombinant R5001, carrying only the
mutation in the Ncol-Bglll fragment of the gD coding se-
quence, did not grow efficiently on BJ cells. This observation
suggests that there is some secondary mutation in R5000 that
is responsible for its growth on gD-expressing BJ cells. Also,
although the mutant U21 and the recombinant U21rec plated
with comparable efficiencies on Ugl1cl19 cells, the recombi-
nant formed much smaller plaques than the mutant and at high
multiplicity (10 PFU per cell) synthesized substantially less
viral protein (not shown). It thus seems reasonable to conclude
that any and all of the mutants may contain secondary muta-
tions that strongly affect their growth properties on Ugllcl19
and BJ cells.

(ii) Resistance to infection in BJ cells has been shown to be
caused by expression of gD, inasmuch as preincubation of
these cells with anti-gD antibody results in loss of resistance.
Ug11cl19 cells express no gD.

Two hypotheses present themselves to account for the
behavior of wild-type viruses and viruses carrying mutations in
gD on Ugl1cl19 and BJ cells. (i) Resistance to HSV infection
in both cell lines is caused by absence of functional gD
receptors on the cell surface. Mutant gD molecules allow the
viruses that carry them to use an alternate receptor and
thereby infect the cells. This alternative receptor might be the
product of an allele of the normal receptor gene or the product

of a distinctly different gene. The incomplete reciprocity of
infection shown by the recombinant U21 and R5001 viruses
would suggest that there are differences in the alternate
receptors available on Ugllcl19 and BJ cells.

(ii) Ugl1cl19 and BJ cells are resistant by dissimilar mech-
anisms, one perhaps lacking functional receptor and the other
resistant to some other gD-mediated process leading to fusion
of viral and cellular membranes. In this case, the ability of
viruses carrying identical mutations in gD to infect both cell
types would suggest that some mutations in gD can alter
multiple functions of the glycoprotein without inactivating it.
There is at present no evidence that gD operates at multiple
steps in the entry process. The first of these two hypotheses is
directly tied to a demonstrated function of gD, is ultimately
simpler, and is, therefore, preferable.

Relationship of resistance to infection and expression of
Ugll protein. Two general hypotheses may be framed to
address the role of Ugl11 in the resistance to infection shown by
Us11cl19 cells. (i) The resistance to infection displayed by
Ugl1cl19 cells may require the expression of Ugll protein.
Ugl1 is a regulatory protein that can suppress the accumula-
tion of an RNA to which it binds (33). It is possible that Ugl1
protein can recognize cellular RNAs that encode membrane
proteins or proteins that affect processing and/or transport of
membrane proteins as regulatory targets and, consequently,
alter the properties of the cell surface. (ii) The resistance to
infection may be a peculiarity of this clone that is unrelated to
the expression of Ugl1 protein. We do not have evidence that
differentiates between these hypotheses. Ugl1cl19 was the only
clone from the original transfection of a4cl13 that displayed
high-level resistance to infection, but it expressed Ugl1 protein
at a much higher level than any of the other clones isolated and
so is not directly comparable. As Ugllcll9 cells have been
passaged, total Ugll protein expression and resistance to
infection have both declined. We have subcloned cell lines
from Ugllcl19, and while it is true that the two lines that
express the highest level of Ugll protein expression and
resistance to infection have both declined. We have subcloned
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cell lines from Ugl1cl19, and while it is true that the two lines
that express the highest level of Ugll protein are also com-
pletely resistant to infection, there is no correlation in the
collection of other subclones between the level of Ug11 protein
expression and the resistance to infection (data not shown).
The design of the Ugl1cl19 cell line should have permitted an
easy test of the hypothesis that Ugl1 expression is required for
resistance. Ug11 coding sequence was placed under the control
of the a4-responsive gB promoter in cells that express the
HSV-1 strain F a4, which is temperature sensitive. It should
thus have been possible to diminish expression of Ug11 protein
by shifting cells to the nonpermissive temperature for a4
function. Unfortunately, growth at the nonpermissive temper-
ature does not appreciably diminish Ug11 protein expression in
Ug11cl19 cells, suggesting that Ug11 protein is expressed in an
a4-independent manner.

The ease with which we were able to clone highly resistant
cell lines from unselected BHK(tk ™) cells (Tables 2 and 3)
demonstrates that spontaneous isolation of a resistant cell line
is not a rare event. None of the cell lines so isolated, however,
was very much more susceptible to the mutant R5000 than to
HSV-1(F), suggesting that we did not spontaneously isolate
cells showing the same mechanism of resistance as Ugl1cl19
cells. The high frequency of isolation of BHK(tk ™) cell clones
that are resistant to infection by a different mechanism(s) does,
however, suggest that any cloned BHK(tk ™) cell line, including
Ugl1cll9, may be resistant to infection by multiple mecha-
nisms. We are confident that we have characterized one such
mechanism in Ugl1cl19 cells but cannot presently rule out the
possibility that there are others superimposed.
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