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Genome replication of herpes simplex viruses (HSV) in cultured cells is thought to be started by the action
of the virus-encoded origin-binding protein (OBP). In experiments using two HSV-1 mutants with tempera-
ture-sensitive lesions in the helicase domain of OBP, we demonstrated that this function is essential during the
first 6 hours of the lytic cycle. Once DNA synthesis has started, this function is no longer required, suggesting
that origin-driven initiation of viral DNA replication is a single event rather than a continuous process.

One of the virus-encoded factors essential for herpes sim-
plex virus type 1 (HSV-1) DNA replication (5, 6, 9, 42) is the
UL9 gene product (13), which due to its affinity for the origins
of HSV-1 DNA replication (36, 38) is termed origin-binding
protein (OBP). Structural and functional features of OBP have
been thoroughly characterized (see, e.g., references 1, 2, 4, 8,
12, 14, 15, 17-19, 23, 28, 29, 31, 40, and 41). Nevertheless, there
is but limited information on the temporal requirement for
OBP in vivo. It is still unknown whether OBP acts exclusively
as an initiator of HSV DNA synthesis or whether it is needed
also for elongation and possibly even for the maturation/pack-
aging of progeny genomes. To address this question, we used
two temperature-sensitive (ts) HSV-1 mutants (tsR, tsS) that
had already been characterized partially (7, 25, 27, 37). In an
earlier study (3), we identified the mutations responsible for
the ts phenotypes within the helicase-encoding portion of the
UL9 gene (tsR, V220 M; tsS, A90T), and in an origin-depen-
dent plasmid amplification assay, we found that the activity of
OBP affected by the ts lesions is in fact indispensable during
the first 8 h of the lytic cycle in cultured cells.

Since it had been argued that plasmid amplification assays
might not faithfully reflect the genuine herpesviral genome
replication process and definitely are unsuitable for the assess-
ment of potentially late functions of OBP, we scrutinized,
refined, and extended our earlier investigations in the follow-
ing way. Vero cell cultures were inoculated with tsR or tsS and,
for control purposes, with tsH (a temperature-sensitive DNA
polymerase mutant, tsPOL [10]); with the non-ts revertants
tsRrev (M220L; 3) or tsSrev (T90A; 3); or with the parental
wild-type (wt) HSV-1 17syn� (7). Cultures were kept at 33°C
(the temperature at which all the viruses inoculated are known
to grow) for a defined period of time until being either har-
vested or transferred to 39°C (the temperature at which only

the wild-type virus and the non-ts revertants are able to grow).
All cultures at 39°C were harvested simultaneously 30 h posti-
noculation (p.i.). Total DNA was isolated from all harvested
cell cultures, aliquots were applied in duplicate onto nitrocel-
lulose membranes using a filtration manifold (Schleicher &
Schüll, Dassel, Germany), and HSV-1-specific DNA was quan-
titated by dot hybridization (21) with 32P-labeled HSV-1 DNA.
Hybridization signals were calculated as genome equivalents
using a dilution series of purified HSV-1 virion DNA. As
illustrated in Fig. 1, with all non-ts viruses (wt, tsRrev, tsSrev),
temperature elevation from 33°C to 39°C had little influence
on the final yields of viral DNA. In contrast, DNA synthesis of
tsH (tsPOL) was abruptly blocked as soon as the temperature
was elevated to 39°C. With the tsOBP mutants, viral DNA
synthesis could be inhibited by shifting the cultures to the
nonpermissive temperature only within the first 6 hours postin-
fection. Temperature upshifts at later times had no major
effect on the final yields of viral DNA at 30 h p.i. These results
indicate that the function of OBP, affected by the mutations in
tsR and tsS, is essential for an early phase of genome replica-
tion but irrelevant for the gross synthesis of HSV DNA in the
advanced stages of the lytic cycle.

Since it could still be possible that the OBP function were
essential for a step in the processing of the newly synthesized
progeny genomes, we quantitated the infectious particles in the
harvested cell cultures described in the legend to Fig. 1 by
plaque assays at 33°C. As expected, in the case of non-ts vi-
ruses, temperature upshift had no major influence on the pro-
duction of virions (Fig. 2). The virion synthesis of tsH, on the
other hand, was severely inhibited by temperature elevation at
any stage of the replicative cycle. In the case of the tsOBP
mutants, virion production was inhibited by temperature up-
shift only within the first 6 hours p.i. Considerable amounts of
plaque-forming particles were produced when the cultures had
been upshifted later. An active role of the (temperature-sen-
sitive) OBP activity in DNA processing thus appears very un-
likely.

When the cultures were upshifted between 9 and 24 h
postinfection, the yields of infectious particles in the tsOBP
virus-infected cultures were marginally (i.e., 0.5 to 1.0 log
steps) but reproducibly lower than the final yields in those
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cultures held at 33°C for 30 h (i.e., the respective endpoint
yields, represented by the last triangles/circles in the graphs in
Fig. 2). One possible explanation for this observation seemed
to be an inhibitory effect of inactive OBP molecules on late
events in the lytic cycle. Since inhibition of DNA replication
had previously been observed with genetically engineered mu-
tants of OBP (22, 24, 32, 39), it appeared reasonable to test the
two tsOBP mutants for a possible dominant negative pheno-
type. Cell cultures were inoculated with wild-type HSV-1 at
multiplicities of infection (MOI) of 1.0 or 0.1 and coinfected at
an MOI of 5 either with one of a group of viruses consisting of
tsR, tsS, tsRrev, tsSrev, tsA (a putative glycoprotein B mutant),
tsH, and tsO (a putative helicase mutant) or with wild-type

HSV-1, giving total multiplicities of either 6 or 5.1 PFU, re-
spectively, per cell. The infected cultures were incubated at
39°C and harvested after 24 h, and the number of particles able
to form plaques at 39°C was determined (Fig. 3A and B). As a
control, single infections were carried out at both 33°C and
39°C with all the viruses involved in the experiment, and the
yields of infectious particles were quantitated by plaque assays
at 33°C (Fig. 3C and D). It is obvious that in coinfections of
wild-type viruses with tsOBP virus mutants, the number of
infectious wild-type particles was drastically reduced, whereas
other temperature-sensitive mutants exhibited no significant
inhibitory effects. Thus, under nonpermissive conditions, the
temperature-sensitive UL9 gene products of tsR and tsS

FIG. 1. Kinetics of viral DNA synthesis and influence of temperature upshift. A series of petri dishes (10 cm2) with approximately one million
Vero cells each was infected with viruses at an MOI of 10. After incubation at the permissive temperature of 33°C for the time in hours shown
on the abscissas, cells together with the culture media were harvested and frozen at �70°C. Total DNA was isolated, aliquots were applied to
nitrocellulose membranes, and HSV-specific sequences were quantitated by dot hybridization (21) with a radioactively labeled HSV-1 DNA probe.
Signals were calculated as genome equivalents and are symbolized by open circles (E) in the diagrams, which represent the kinetics of the
accumulation of viral DNA at the permissive temperature. A parallel series of cell cultures was infected identically, yet after initial incubations at
the permissive temperature for the shown periods of time, individual cultures, instead of being harvested immediately, were transferred to the
nonpermissive temperature (39°C). The time points of these transfers (upshift) are symbolized by filled triangles (Œ). The upshifted cultures were
finally harvested altogether at 30 h p.i. Total DNA was isolated and HSV-specific DNA was quantitated as described for the aforementioned
samples. The HSV genome equivalents of the shift kinetics experiment are also symbolized by the filled triangles.
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seemed to impede the action of unmutated OBP molecules
specified by the wild-type virus. One could speculate that at
39°C the mutated variants of OBP, although unable to initiate
DNA replication, might still be able to bind (in competition
with the wt molecules) to the origins of replication and/or to
associate with other essential DNA replication factors.

In spite of the genotypic difference between tsR and tsS,
their phenotypes in vivo appeared to be very similar in all
experiments. In search for a possible phenotypic correlate for
the genotypic difference, we analyzed the kinetics of DNA
synthesis and virion production in temperature downshift ex-
periments. Multiple cell cultures were infected with tsR or tsS
and incubated at 39°C. After 8 h, some cultures were shifted to
33°C and harvested at the time points shown in Fig. 4. The
other cultures were further kept at 39°C and harvested at 24 h
p.i. From all the harvested cultures, total DNA was isolated.
HSV-specific DNA was quantitated by dot hybridization. In
the case of tsS, genome replication started almost immediately
upon temperature downshift, whereas with tsR a measurable

increase in viral DNA could be detected only as late as 12 h
after the downshift (Fig. 4A). The harvested samples were also
assayed for plaque-forming particles at 33°C (Fig. 4B). As
could be anticipated from the kinetics of genome replication,
the synthesis of virions started early with tsS, whereas the onset
of virus growth was considerably delayed in the case of tsR.
The present data suggest that the structural alteration caused
by the mutation V220M in the tsR-OBP, in contrast to the
A90T mutation in the tsS-OBP, may be irreversible. For this
reason, the initiation of viral DNA synthesis probably has to
await de novo synthesis of new OBP that is correctly folded at
the permissive temperature (33°C).

Conclusion. The objective of this study was, firstly, to phe-
notypically characterize virus mutants which in our opinion are
highly useful tools for future studies of HSV DNA replication
and, secondly, to investigate the temporal requirement for the
UL9 gene product in lytic HSV infection.

These findings furnish experimental evidence for the com-
monly accepted opinion that in an initial phase of productive

FIG. 2. Kinetics of virion synthesis and influence of temperature upshift. The samples harvested in the experiments described in the legend to
Fig. 1 were analyzed for the presence and quantity of infectious particles by plaque titration on Vero cell cultures at 33°C. The open circles (E)
represent the kinetics of growth at the permissive temperature, whereas the filled triangles (Œ) indicate the yields of infectious particles reached
at 30 h postinfection when the infected culture was first kept at 33°C for the shown period of time (Œ) and then shifted to 39°C (shift kinetics).
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HSV infection, viral DNA is synthesized in an origin-depen-
dent manner under the control of OBP, and that in a later
stage, DNA synthesis switches to an origin-independent repli-
cation mode, finally giving rise to progeny genomic DNA mol-
ecules packaged into capsids (reviewed in references 5 and 34).
It is noteworthy that the late phase appears to start relatively
early, i.e., by 6 hours postinfection (Fig. 1). When the time
required for the expression of the beta genes and the subse-
quent assembly of the replication complexes is subtracted, the-
oretically just a quite short period remains for but a few ge-
nome copies to be synthesized. Consequently, the huge mass of
viral DNA accumulated after the switch (shift to nonpermis-

sive temperature) must have arisen by some kind of origin-
independent replication. A rolling-circle (sigma-like) mecha-
nism in a strict sense (i.e., without any kind of reinitiation on
the nascent DNA molecules) appears too slow for that rapid
burst of progeny genome production. Nor does it explain the
occurrence of four isomeric forms of genomic DNA molecules,
in any case. It is true that the HSV DNA replication machinery
is in fact capable of acting exactly in a sigma-like fashion in
generating large concatemeric head-to-tail multimers starting
from relatively small monomeric DNA seed units, as observed
in defective interfering particles (16) or even for heterologous
(i.e., polyomaviral) DNA sequences (11, 26), and yet it is very

FIG. 3. Growth of wild-type virus after coinfection with ts mutants. (A) Vero cells were inoculated with tsR, tsS, tsRrev, tsSrev, tsA, tsO, or tsH
at an MOI of 5 and simultaneously coinfected with HSV-1 wild type at an MOI of 1.0, while a control culture was singly infected with wt virus at
an MOI of 6.0. After 24 h at 39°C, the cells together with the culture media (3 ml) were harvested and analyzed by plaque assays at 39°C. (B) The
experimental protocol is identical to that for panel A, with the exception of the use of a 10-fold lower multiplicity of the wt virus in the double
infections and of an MOI of 5.1 in the wt single infection. The infectious virus yields (both assayed at 33°C) obtained 24 h after single infections
at the permissive (C) or the nonpermissive (D) temperature, respectively, are shown. Values are means of data from three independent
experiments; error bars represent standard deviations.
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unlikely that the majority of HSV genome copies are multi-
plied in this way, as is particularly evidenced by the apparent
absence or paucity of circular HSV DNA molecules in produc-
tive infections (20). Thus, one must postulate some kinds of
reinitiation processes occurring concomitantly with the elon-
gation of herpesviral DNA chains without the involvement of
the origins and/or the origin-binding proteins. The observation
of branched DNA molecules in HSV-infected cells (35) and
the demonstration of HSV-encoded factors being able to in-
duce recombination-dependent DNA replication (30, 33)
could explain in a most elegant way the very early switch from
origin-dependent to origin-independent DNA replication in
our experiments.
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