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FIG. 6. Progeny virus production by KOS and dILAT1.8 in Vero
cells in single-cycle growth experiments. One-day-old Vero cell
monolayers in 35-mm dishes were infected with KOS or dlLAT1.8 at
a multiplicity of 0.01 or 2.5 PFU per cell. At 18 h postinfection,
cultures were harvested and progeny virus titers were determined
on 0-28 cell monolayers.

mutants were characterized at both high and low multiplic-
ities, dlLAT1.8 was characterized at both high and low
multiplicities of infection. Vero cells were infected with
KOS or dlLAT1.8 at multiplicities of 0.01 (low) and 2.5
(high) PFU per cell. Volumes of inocula that yield equal PFU
of KOS and dlLAT1.8 also contain approximately equal
genome numbers (data not shown). Progeny virus produced
in single-cycle growth curves (18 h) are shown in Fig. 6.
dlLAT1.8 and KOS produced virtually identical amounts of
progeny virus at both multiplicities. Therefore, the LATs
appear to play no prominent role during productive infection
of Vero cells in culture. This conclusion supports the con-
cept that the phenotypes of our mutants are caused by
mutations in ICPO. We cannot exclude the possibility, how-
ever, that the phenotypes are caused by a combined effect of
mutations in both ICPO and LAT.

Viral growth and protein synthesis in 0-28 cells. If the
phenotypes of the deletion and nonsense mutants described
above are a result of their respective mutations in the ICPO
gene, these phenotypes should be minimized or inapparent
when ICPO is provided in trans. This condition can be
achieved by characterizing the mutants in ICPO-transformed
0-28 cells. To measure the level of progeny virus production
by the mutants, we infected Vero and 0-28 cells at a
multiplicity of 0.01 PFU per cell based on titers determined
on 0-28 cell monolayers. Progeny virus titers were deter-
mined on 0-28 cells 18 h later (Fig. 7). KOS produced high
titers of progeny virus in cells of both types. In contrast,
7134 and, to a lesser extent, four nonsense mutants produced
more progeny virus in 0-28 cells than in Vero cells. The
absolute levels of mutant virus production never reached the
level of wild-type virus production in 0-28 cells. For exam-
ple, 7134 produced 3 orders of magnitude less progeny virus
than KOS in Vero cells, and the level of progeny virus
production was enhanced by 2 orders of magnitude in 0-28
cells. Therefore, 0-28 cells can complement ICPO mutants in
one-step growth curves but not to wild-type levels.
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FIG. 7. Production of progeny virus by ICPO mutants in Vero
and 0-28 cells. One-day-old Vero or 0-28 cell monolayers in 35-mm
dishes were infected with KOS at a multiplicity of 0.01 PFU per cell
or with the amount of a mutant virus stock containing an equivalent
number of genome-containing particles as in the KOS inoculum. At
18 h postinfection, cultures were harvested and progeny virus titers
were determined on 0-28 cells. *, Vero; 0, 0-28.

We next compared levels of viral protein synthesis in both
Vero and 0-28 cells following infection at low multiplicity
(0.1 PFU per cell) with KOS, 7134, and the four nonsense
mutants (Fig. 8). As expected, protein synthesis was greater
in 0-28 than in Vero cells for all viruses tested. KOS induced
the synthesis of high levels of proteins in cells of both types,
whereas 7134 induced the synthesis of low levels of viral
proteins in Vero cells and high levels (although not as high as

KOS) in 0-28 cells. Increases in protein synthesis in 0-28
cells compared with Vero cells were less obvious for the
nonsense mutants, especially for mutants that encode longer
forms of the ICPO polypeptide, e.g., n680 and n720. There-
fore, 0-28 cells can complement the more severely affected
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FIG. 8. Viral protein synthesis in Vero and 0-28 cells. One-day-
old Vero or 0-28 cell monolayers in 35-mm dishes were infected with
KOS or a mutant virus at a multiplicity of 0.1 PFU per cell. The
multiplicity was calculated based on the titers on 0-28 cells. Pulse-
labeling and immunoprecipitation were conducted as described in
the legend to Fig. 2.
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FIG. 9. Comparison of the number of ICP4-expressing cells and
the number of plaques produced per plate following transfection of
Vero cell monolayers with infectious 7134 and KOS DNA. (A) Vero
cells in 60-mm dishes containing sterile coverslips were transfected
with KOS DNA or 7134 DNA with or without pSH at a molar ratio
of 1. At 15 h posttransfection, cells were fixed for IF and stained
with antiserum R021 against ICP4. The total number of ICP4-
expressing cells on four coverslips was counted, and the total
number of ICP4-expressing cells per dish was calculated. (B) In a

parallel series of dishes, transfected cultures were overlaid with
methylcellulose-containing medium, and plaque numbers were de-
termined 4 days later.

mutants for viral protein synthesis partially, but not com-

pletely.
The failure of 0-28 cells to complement the mutants to

wild-type levels as observed in yield assays and for protein
synthesis was also observed in plaque assays. Although 0-28
cells produced nearly wild-type levels of mutant plaques
(Table 1, column 3), the sizes of the plaques were smaller
than that of KOS plaques (data not shown). This is indicative
of reduced expression of viral proteins and subsequent
reduction in progeny virus production in these cells. This
failure of 0-28 cells to fully complement ICPO mutants is
likely due to their inability to provide sufficient functional
ICPO, as the levels of ICPO mRNA expressed from 0-28
chromosomal DNA following superinfection with an ICPO
mutant were significantly lower than the levels expressed in
KOS-infected cells (62). Incomplete complementation of the
ICPO mutants by 0-28 cells may also be due to interference
by the nonsense ICPO peptides. Although 0-28 cells can

complement mutants only partially for protein synthesis, our
results indicate that the mutant phenotypes observed were a

consequence of mutations in the ICPO gene. In other words,
ICPO plays an important role in viral growth during produc-
tive infection at low multiplicities. Specifically, ICPO is
important for expression of E and L proteins.
De novo synthesis of infectious virus and the IE protein

ICP4 following transfection of intact viral DNA. ICPO is able
to enhance CAT gene expression when the CAT gene is
placed under the control of promoters of any of the three
major kinetic classes in transient expression assays (see
reference 4, for example). Despite the ability of ICPO to
upregulate IE promoters, we detected no obvious reduction

in the synthesis of the IE protein ICP4 in the ICPO mutant
7134, although the synthesis of E and L proteins was
markedly reduced during productive infection. This differ-
ential requirement for ICPO and the discrepancy between the
ability of ICPO to activate IE gene expression in transient
expression and in productive infection can be explained by
the ability of virion proteins, such as VP16, to activate IE
gene expression in the earliest stages of productive infection.
This hypothesis predicts that IE gene expression is depen-
dent on ICPO in the absence of virion proteins. To test this
hypothesis, we transfected Vero cells with purified KOS and
7134 DNAs and measured ICP4 expression by IF at 15 h
posttransfection (Fig. 9A). ICP4 was expressed in 372 cells
transfected with KOS DNA, whereas ICP4 was detected in
only 55 cells transfected with 7134 DNA. To determine
whether this reduction in ICP4 expression was caused by the
ICPO deletion, we cotransfected wild-type and mutant viral
DNAs with plasmid pSH, which specifies ICPO. Cotransfec-
tion of KOS DNA with pSH in a molar ratio of 1:1 produced
a modest decrease in the number of ICP4-expressing cells. In
contrast, cotransfection of pSH with 7134 DNA in this ratio
increased the number of ICP4-expressing cells to a level
comparable to that seen following transfection with KOS
DNA. No such complementation was observed when a
plasmid specifying the poly(A)- LATs was substituted for
pSH (data not shown). Therefore, ICPO plays a significant
role in the expression of the IE protein ICP4 following
transfection of viral DNA.
ICP4 expression is essential for plaque formation. To

correlate ICP4 expression with the infectivity of KOS and
7134 DNAs, we transfected Vero cells with these DNAs as
described above for quantitation of ICP4-expressing cells,
and the number of plaques produced on transfected mono-
layers under methylcellulose overlay was determined 4 days
later (Fig. 9B). As for ICP4 expression, 7134 DNA produced
a markedly reduced number of plaques compared with KOS
DNA. Also, as for ICP4 expression, cotransfection of KOS
DNA with pSH produced a modest reduction in plaque
number, whereas cotransfection of 7134 DNA with pSH
produced a marked increase in plaque number to the KOS
level. Cotransfection of 7134 DNA with plasmids specifying
ICP4, ICP22, or ICP27 or a combination of these three
plasmids did not result in an increase in 7134 DNA plaque
number (data not shown). These results demonstrate that
following transfection of infectious viral DNA, i.e., in the
absence of virion proteins, ICPO plays a significant role in
ICP4 expression and, by extension, in productive infection.

DISCUSSION

Three major difficulties are inherent in the characteriza-
tion of ICPO mutant viruses. The first concerns the proper-
ties of mutant stocks relative to stocks of wild-type virus.
Previously reported ICPO mutants have high physical parti-
cle-to-PFU ratios (4, 21, 62, 67). Thus, the amount of mutant
virus stock required to produce an equivalent number of
plaques as wild-type virus would, by definition, contain a
great excess of nonscoring mutant particles. Although these
particles are not able to form plaques on standard Vero cell
monolayers, they are able to enter cells and express some
viral proteins, as demonstrated in this study. In addition,
although individual ICPO mutant virions are unable to com-
plete plaque formation when entering most cells, they can
lead to productive infection when large numbers enter the
same cell. Therefore, for ICPO mutants, the number of virus
particles in a given stock is a more realistic reflection of the
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biological activity of its virions than is the number of PFU.
On the other hand, it has been reported that at high multi-
plicities of infection, ICPO mutants induce viral DNA and L
protein synthesis at lower levels than does the wild-type
virus (62). Therefore, the nature of the viral particles pro-
duced by wild-type virus and ICPO mutants must be differ-
ent; i.e., in addition to the defect in ICPO, these particles
may contain no genomes, defective genomes, or an altered
spectrum of virion proteins. For these reasons, we included
two additional parameters in our characterization of viral
stocks: genome number and ability to express ICP4. The first
parameter estimates the number of genome-containing par-
ticles, and the second estimates the number of particles that
can enter cells and express the IE protein ICP4. These two
parameters correspond very well (Table 1) and together
served to establish the basis for comparison of the wild-type
and ICPO mutant stocks in this study.
The second problem associated with characterization of

ICPO mutants is how to separate the effects of mutations in
ICPO from the effects of mutations in the LATs since these
two genes overlap. To assess the contributions of the two
gene products to the overall phenotype of a mutant virus, we
included two control experiments in the characterization of
ICPO mutants: phenotypic characterization of a LAT- mu-
tant and complementation tests of ICPO mutants by wild-
type ICPO expressed in a cell line (0-28) or from a cotrans-
fected plasmid. We showed that the defects in the ICPO
mutants can be complemented by ICPO in trans using both
approaches but that complementation of mutants in 0-28
cells did not reach wild-type levels. Studies of the LAT-
virus demonstrated that the LATs do not play a prominent
role in productive infection in vitro. Thus, mutations in the
ICPO gene, alone or in combination with LAT mutations, are
responsible for the defective phenotypes observed. Unfor-
tunately, no mutation can be introduced into the ICPO gene
without potentially affecting the synthesis or function of the
LATs and their putative protein products. Thus, we cannot
conclude unequivocally that mutations in the ICPO gene
alone are responsible for the phenotypes observed. Despite
this caveat, based on the studies herein, we conclude that
ICPO plays a regulatory role in viral gene expression during
productive infection.
The third problem with studies of ICPO mutants is a

practical one: how does one measure the effects of mutations
in ICPO on the expression of other viral proteins when the
phenotypes of ICPO mutants are obvious only at low multi-
plicities of infection? At low multiplicities, most cells are not
infected and viral proteins are difficult to visualize on the
background of cellular proteins. We circumvented this prob-
lem by employing IF and immunoprecipitation assays. These
assays are normally used to detect only one or several viral
proteins such that the majority of viral proteins go undetec-
ted and unquantified. To assess the levels of synthesis of a
spectrum of viral proteins by ICPO mutants at low multiplic-
ities, we selected six proteins representing the three major
kinetic classes of HSV proteins. Because only representa-
tives of each class were measured, however, any interpre-
tations made regarding the regulation of protein synthesis in
individual kinetic classes await further confirmation.
Because ICPO mutants express less than wild-type levels

of two E proteins and three L proteins during productive
infection at low multiplicities, we conclude that ICPO is
required for optimal viral gene expression, at least as early
as the time of maximal E gene expression. ICPO could assert
this regulatory effect either through direct regulation of
target genes or indirectly through secondary effects. The

secondary effects include enhancement of IE gene expres-
sion and enhancement of DNA replication, both of which
would lead to increased E and L gene expression. The
enhancing effect of ICPO on E and L gene expression does
not necessarily involve the enhancement of viral DNA
replication because increased E and L gene expression is
observed at very early times postinfection (Fig. 3) when
DNA replication is minimal and when DNA replication is
inhibited by PAA (Table 2). The up-regulatory effect of ICPO
also does not appear to depend on enhanced expression of
the IE protein ICP4. ICP4 synthesis is not reduced at early
times following infection with an ICPO mutant virus, yet
synthesis of the E and L proteins is reduced. On the other
hand, it remains to be determined whether the expression of
other IE proteins is affected by mutations in ICPO. Further-
more, ICPO is able to transactivate many E and L promoters
in transient expression assays in the absence of any viral
functions (see reference 4, for example). Collectively, these
observations strongly suggest that ICPO acts directly to
enhance E and L gene expression.
ICPO is able to activate IE promoters in transient expres-

sion assays, yet we did not detect the expected reduction in
ICP4 protein synthesis during productive infection with
ICPO mutants. Presumably, the presence of virion proteins
(e.g., VP16) is sufficient for IE protein synthesis in the
absence of ICPO. This observation led us to ask whether
ICPO plays a role in up-regulating IE gene expression in de
novo virus replication initiated in the absence of virion
proteins by transfection of purified viral DNA. Our results
showed that ICPO does play a significant role in enhancing
ICP4 expression from transfected DNA. It may also play a
backup role to VP16 in activating IE gene expression. The
putative role of ICPO in enhancing ICP4 expression from
transfected viral DNA is potentially important in reactiva-
tion from latency, as no virion proteins are present during
the initial stages of reactivation. If this was indeed the case,
the role of ICPO or, by extension, the ICPO-like cellular
function (5) in activating IE gene expression during reacti-
vation would be at least as significant as its role in productive
infection. ICPO mutants produce reduced amounts of infec-
tious virus following reactivation (6, 8, 35). This is likely due
to reductions in IE gene expression and in part to reductions
in E and L gene expression. It will be of interest to determine
whether IE gene expression is affected by mutations in ICPO
during reactivation from latency.
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