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Herpes simplex virus (HSV) type 1 DNA synthesis and packaging occur within the nuclei of infected cells;
however, the extent to which the two processes are coupled remains unclear. Correct packaging is thought to
be dependent upon DNA debranching or other repair processes, and such events commonly involve new DNA
synthesis. Furthermore, the HSV UL15 gene product, essential for packaging, nevertheless localizes to sites of
active DNA replication and may link the two events. It has previously been difficult to determine whether
packaging requires concomitant DNA synthesis due to the complexity of these processes and of the viral life
cycle; however, we have recently described a model system which simplifies the study of HSV assembly. Cells
infected with HSV strain tsProt.A accumulate unpackaged capsids at the nonpermissive temperature of 39°C.
Following release of the temperature block, these capsids proceed to package viral DNA in a single, synchro-
nous wave. Here we report that, when DNA replication was inhibited prior to release of the temperature block,
DNA packaging and later events in viral assembly nevertheless occurred at near-normal levels. We conclude
that, under our conditions, HSV DNA packaging does not require detectable levels of DNA synthesis.

Herpes simplex virus (HSV) type 1 (HSV-1) is a complex
double-stranded DNA virus which replicates its genome in the
nuclei of infected cells (21, 29, 35). Seven viral genes are
known to be essential for HSV DNA replication (4, 5, 8, 13, 21,
25, 35), and replication is thought to occur by a rolling circle
mechanism, generating head-to-tail concatamers of the 152-kb
viral chromosome (4, 29). An additional, inherently recombi-
nogenic replication mechanism may also exist and give rise to
branched forms of viral DNA (4, 17, 30).

Packaging, which also occurs in the nucleus, involves cleav-
age of the concatameric viral DNA at the flanking “a” se-
quences and engulfment of a single full-length copy of the viral
chromosome by the maturing viral capsids (19, 29, 31–33).
Cleavage at the a sequence appears to be inseparable from
packaging and can be readily monitored by Southern blotting
since it results in cleavage of the viral SQ BamHI fragment to
discrete S and Q fragments. The molecular apparatus respon-
sible for packaging is poorly understood, but one key compo-
nent is the product of the HSV UL15 gene. This protein has
possible homology with the large subunit of the terminase
complex responsible for cleavage and packaging of the phage
T4 genome (3, 7, 9), and HSV-1 mutants defective in UL15 fail
to cleave and package viral DNA (1, 2, 23, 37). At least five
other HSV gene products, UL6, UL25, UL28, UL32, and
UL33, are also required for the packaging process (references
1, 29, and 37 and references therein).

Replication of viral DNA takes place in large globular re-
gions termed replication compartments (8, 25, 28) which ini-
tially form adjacent to nuclear subdomains known as ND10
(12, 18). Replication compartments contain all seven virally
encoded proteins essential for DNA replication (5, 8, 11, 14–
16, 22) but surprisingly also contain the packaging factor UL15
(34). UL15 colocalizes with the DNA synthesis machinery even
late in infection, when further levels of nuclear compartmen-
tation become apparent. At these late times, when capsid as-

sembly is thought to be maximal, at least some HSV strains
generate dense structures termed assemblons at the periphery
of their nuclei (34). Assemblons are recognized by antibodies
which react with the major viral capsid protein VP5 and the
capsid scaffold protein ICP35 (34). It has been hypothesized
that they may represent sites of capsid assembly and matura-
tion, positioned so as to gain access to the pool of actively
replicating viral DNA in replication compartments. It has fur-
ther been proposed that UL15 could actually be an accessory
component of the DNA replication machinery (34) and may
couple the process of DNA replication to that of genome
cleavage and packaging.

One of a number of issues which remain unaddressed con-
cerning replication and packaging in HSV-1 is the degree of
interdependence between the two events. Does packaging re-
quire ongoing DNA synthesis, or can the UL15-dependent
packaging machinery capture and process DNA from a previ-
ously replicated pool? Similarly, the resolution of branched
HSV DNA may be important for production of packaged nu-
cleocapsids capable of further maturation (17, 30). Such events
and other kinds of DNA repair generally require DNA syn-
thesis, at least in uninfected cells (36).

Determination of the dependence of packaging upon DNA
replication would help advance our understanding of the mo-
lecular nature of the packaging process. Unfortunately, the
inherent complexity of the assembly pathway of HSV and the
fact that packaging and replication occur simultaneously and
continuously from a point very early in infection make it ex-
tremely difficult to dissect the relationship between these two
processes. We have recently described a model system to fa-
cilitate the study of late events in HSV assembly: the virus
strain tsProt.A carries a reversible temperature-sensitive mu-
tation in its maturational protease, which results in accumula-
tion of unpackaged capsids at the nonpermissive temperature
of 39°C (10, 24). Following downshift to the permissive tem-
perature of 31°C, these capsids mature, package DNA, and
give rise to infectious particles in a single, synchronized wave
(6). In the present study, we made use of this system to test the
requirement for DNA synthesis in packaging. When DNA
replication was inhibited by addition of acyclovir (ACV), we
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found that packaging and PFU production could subsequently
take place at near-normal levels. We conclude that, although
DNA packaging and detectable levels of DNA synthesis occur
simultaneously during a normal infection, they are not coupled
together in an obligate fashion.

MATERIALS AND METHODS

Cells and viruses. All cells were grown in Dulbecco modified Eagle’s medium
supplemented with 1% penicillin-streptomycin (GIBCO Laboratories) and 10%
newborn calf serum (Vero cells) or 10% fetal calf serum (the UL15-comple-
menting cell line M-3). During routine passage, M-3 cells were cultured in the
presence of 250 mg of G418 (Sigma Chemical Co.) per ml. HSV strains tsProt.A
and SC16 were grown as previously described (6). The UL15 null mutant hr81-2
was grown by low-multiplicity infection of M-3 cells, and its titer was determined
by plaque assay on preformed M-3 monolayers.

Preparation of total infected cell DNA and packaged viral DNA. Cell extracts
were prepared as previously described (6). Packaged DNA was isolated by a
modification of the method of Shao et al. (30): extracts were incubated with 70
U of DNase I (Sigma) per ml in the presence of 2 mM Mg21 for 2 h at 37°C and
then adjusted to 10 mM EDTA–0.3% sodium dodecyl sulfate–50 mg of protein-
ase K per ml, and incubation was continued for a further 2 h. Total cell DNA was
prepared in a similar way but with omission of the incubation with DNase.
Finally, samples were subjected to exhaustive extraction with phenol and chlo-
roform prior to ethanol precipitation. When DNA was to be Southern blotted, it
was first digested to completion with BamHI and then blotted and probed with
the SQ junction fragment and/or a loading control fragment derived from the
UL22 gene, as previously described (6).

Trichloroacetic acid (TCA) precipitation assay to measure HSV DNA pack-
aging. Vero or M-3 cells were infected with HSV at a multiplicity of infection of
10 and then incubated in Dulbecco modified Eagle’s medium containing 1%
dialyzed newborn calf serum (to deplete intracellular pools of thymidine). After
2 h, [3H]thymidine (New England Nuclear) was added to a final concentration of
25 mCi/ml and incubations were continued as required. Total DNA and packaged
DNA were prepared as described above, except that samples were neither phe-
nol-chloroform extracted nor ethanol precipitated. Instead, aliquots were spot-
ted onto 24-mm-diameter glass fiber filters (Whatman GF/C) and incubated in
ice-cold TP buffer (5% TCA, 20 mM sodium pyrophosphate) for 5 min. After
incubation in a second sample of TP buffer at 65°C for 5 min, filters were rinsed
in 70% ethanol at room temperature for 2 min and then dried, and bound counts
per minute of tritium were determined by liquid scintillation counting.

Scoring levels of infectious progeny virus. The yield of progeny virions from
infected Vero cells was determined as described previously (6). Briefly, following
infection cells were rinsed in a pH 3.0 buffer to inactivate virus that had not
penetrated, overlaid with prewarmed medium, and then incubated. At the ap-
propriate time, cells were frozen, thawed, collected by scraping, and sonicated,
and the resulting extract was titrated onto preformed Vero cell monolayers.

RESULTS

Establishing conditions suitable for inhibition of DNA rep-
lication during synchronized assembly of the tsProt.A virus.
To establish conditions for these studies, we first wished to
determine the time required for accumulated capsids to pack-
age viral DNA following downshift of tsProt.A-infected cells
from 39 to 31°C. In earlier studies, which made use of Southern
blotting to detect BamHI SQ fragment cleavage, we could not
properly define the kinetics of DNA packaging due to a rela-
tively high background of cleaved fragments from input viral
DNA (6). We modified our earlier conditions by reducing the
multiplicity of infection to 3 and increasing the length of the
39°C incubation to 9 h. This substantially improved the quality
of our DNA packaging data (Fig. 1A), and these conditions
were adopted for our current study. Figure 1A demonstrates
the kinetics of DNA packaging, as determined by Southern
blot analysis of the cleavage of the SQ junction BamHI frag-
ment to S and Q fragments. Following the shift to 31°C, there
was no detectable packaging for about 50 min. There was then
a burst of DNA packaging, which appeared to be complete
within 3 h of the temperature downshift. We therefore de-
signed our experiments as depicted in Fig. 1B, to test how
much DNA packaging could occur by the 3-h point when DNA
synthesis had been inhibited by addition of the replication
inhibitor ACV (26, 27). ACV was added 1 h prior to shifting

cells to 31°C, in order to ensure maximum opportunity for the
drug to inhibit replication before packaging could begin.

We next determined what concentration of ACV was re-
quired to completely inhibit measurable DNA replication un-
der these unusual conditions. Varying concentrations of ACV
were added to infected cells, and incubations were performed
as described for Fig. 1B. At the end of the 31°C incubation,
cells were collected and used to prepare total infected cell
DNA. This was dot blotted onto a filter and incubated with a
radiolabeled SQ junction probe. Figure 2A demonstrates that
either 5 or 25 mM ACV appeared to prevent any increase in
the levels of viral DNA during the 31°C incubation. Indeed, in
cells treated with these concentrations of ACV, levels of viral
DNA at the end of the 3-h incubation were lower than those in

FIG. 1. Time course of DNA packaging and choice of incubation conditions.
(A) Vero cells were infected with HSV tsProt.A and incubated at 39°C for 9 h.
Following cycloheximide addition (to inhibit new protein synthesis and to ensure
a single wave of packaging) and downshift to 31°C, total infected cell DNA was
prepared at particular times, digested with BamHI, separated on a 1.0% agarose
gel, blotted onto a nylon membrane, and hybridized to a mixed 32P-labeled probe
corresponding to the SQ cleavage junction and to a region within the UL22 gene.
The latter probe hybridizes to a BamHI fragment which should not change in
abundance during packaging and which provides a convenient loading control.
The top of the figure shows different exposures of the region of the filter
containing the S and Q fragments or the UL22 fragment (L) as indicated.
Numbers above lanes indicate the time of incubation at 31°C in minutes. Lane
T0, sample recovered immediately postinfection. The lower part of the panel
represents a densitometric analysis of the data. The broken line indicates back-
ground levels of S and Q fragments contributed by residual input virus (calcu-
lated from the T0 lane). The vertical arrowhead indicates 3 h after downshift. (B)
Time course and conditions used for many of the experiments in this study.
Numbers correspond to the times after completion of viral infection, in hours.
ACV was added either immediately postinfection (0 h) to confirm the efficacy of
the drug or after 8 h at 39°C or omitted. After 9 h at 39°C, samples were
incubated for a further 3 h at 31 or 39°C.
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non-drug-treated cells harvested at the start of the 3-h incu-
bation. This implies that the ACV had shut down viral DNA
synthesis before the end of the final hour of incubation at 39°C
or that DNA was undergoing turnover in ACV-inhibited cells.
As expected, the probe was specific for viral DNA since only
low levels of hybridization to DNA prepared immediately
postinfection (0-h sample) occurred.

In an effort to confirm the efficacy of the drug in an alter-
native and more quantitative way, cells were infected and in-
cubated as shown in Fig. 1B except that, at the time of down-
shift to 31°C, [3H]thymidine was added to the samples. At the
end of the incubation, total infected cell DNA was purified and
levels of incorporated radioactivity were determined with a
liquid scintillation counter. Figure 2B demonstrates that 25
mM ACV was sufficient to reduce the incorporation of radio-
labeled thymidine to background levels under these conditions.

Viral DNA becomes packaged and cleaved despite inhibition
of DNA replication. Having confirmed the efficacy of 25 mM
ACV addition under these conditions, we tested whether pack-
aging of the viral genome could occur after inhibition of DNA
replication. Figure 3 demonstrates packaging of the viral ge-
nome, as measured by protection from DNase I digestion and
cleavage of the BamHI SQ junction fragment, under a variety
of incubation conditions for strain tsProt.A and the wild-type
virus SC16. When ACV was added to tsProt.A-infected cells
immediately postinfection and cells were subsequently taken
through the complete time course of incubation, levels of pack-

aged viral DNA actually fell below that detectable in samples
harvested immediately postinfection (compare lane 1 with
lanes 2, 3, and 15), which presumably derives from input virus.
This suggests that some level of turnover of viral DNA pro-
ceeds during incubation under these conditions. After 9 h of
incubation at 39°C, SC16 and tsProt.A had synthesized com-
parable amounts of DNA (lanes 11 and 12) and DNA pack-
aging was easily visible for SC16 (lane 5). A small amount of
DNA packaging was measurable for tsProt.A (lane 4), suggest-
ing some leakage through the temperature block in this exper-
iment; however, no additional leakage through the block was
observed if incubations were continued for 3 further h at 39°C
(compare lanes 4 and 9). In contrast, following downshift to
31°C for 3 h a substantial amount of tsProt.A packaging oc-
curred (lane 6), as expected from the data in Fig. 1A. Wild-
type virus, which does not accumulate a synchronized popula-
tion of immature capsids at 39°C, showed only a modest
increase in packaging over the same time period (compare
lanes 5 and 8). Levels of DNA replication in the wild-type virus
were also quite low over this 3-h period, perhaps because of the
temperature of incubation (compare total DNA levels at the
beginning and the end of the 31°C incubation [lanes 12 and 14,
respectively]). When ACV was added to the tsProt.A infection,
it prevented this small amount of viral DNA synthesis (com-
pare lanes 11 and 13).

In the presence of 25 mM ACV, sufficient to reduce DNA
replication to undetectable levels (lane 1 and data presented
above), there was still a substantial degree of DNA cleavage
and packaging (lane 7). Although levels were lower than those
in the absence of drug (lane 6), they were above background
(lanes 4 and 10).

To attempt to more carefully quantitate the amount of pack-
aging which could occur in the presence and absence of 25 mM
ACV, we performed an experiment similar to the one pre-
sented in Fig. 3 but probed the filter with a radiolabeled UL22-
specific probe. Following exposure to film, the regions of the
filter which had hybridized to the probe were excised, and the
amount of bound probe was determined by Cerenkov count-
ing. The effects of ACV upon total levels of viral DNA for two
independent Southern blots are reported in Table 1. Compar-
ison of the amounts of total viral DNA at the beginning and
the end of the 3-h, 31°C incubation revealed a 50 to 71%

FIG. 2. Effect of ACV on DNA synthesis by tsProt.A. (A) Dot blot of total
infected cell DNA. Vero cells were infected with tsProt.A and then incubated for
9 h at 39°C and 3 h at 31°C. ACV was added after 8 h at 39°C to the concen-
trations indicated. Total infected cell DNA was prepared immediately postin-
fection (0 h), at the time of shift to 31°C (9 h 39°C), or 3 h later and then dot
blotted and hybridized to a radiolabeled probe prepared from the HSV-1 SQ
junction fragment. (B) The same procedure as for panel A was followed except
that 25 mCi of [3H]thymidine per ml was added at the time of shift to 31°C.
Following purification, infected cell DNA was counted in a liquid scintillation
counter. The vertical axis indicates the degree of radiolabeled thymidine incor-
poration into DNA as a percentage of that in the absence of ACV. The hori-
zontal axis indicates the concentration of ACV added at 8 h of infection. The
broken line represents background incorporation, determined from a sample
which received no ACV but which was shifted to 4°C for 3 h at the time of
addition of [3H]thymidine.

FIG. 3. Packaging of the HSV genome in the absence of measurable DNA
replication. Vero cells were infected with tsProt.A or with SC16 (t or S, respec-
tively, as indicated). ACV was added at a concentration of 25 mM either imme-
diately postinfection (lane 1) or 8 h postinfection (lanes 7, 10, and 13) or omitted
(all other lanes) as indicated by 1 or 2. Samples were harvested immediately
postinfection (lanes 2, 3, and 15), at the end of 9 h at 39°C (lanes 4, 5, 11, and
12), or after a further 3 h at 31°C (lanes 1, 6, 7, 8, 13, and 14) or 39°C (lanes 9
and 10), as indicated at the top of the figure. Packaged DNA (lanes 1 to 10) or
total infected cell DNA (lanes 11 to 15) was then prepared, digested with
BamHI, Southern blotted, and probed exactly as described in the legend to Fig.
1A. The positions of the SQ junction fragment and the S and Q cleavage
products are indicated at the left of the figure.
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increase in the absence of drug, but a 21 to 50% reduction in
the presence of drug, consistent with our earlier findings (Fig.
2A). From Table 1, it is also clear that when 25 mM ACV was
added at the beginning of the 39°C incubation it was able to
prevent any measurable level of new viral DNA synthesis. The
amounts of total and protected DNA were used to calculate
the percentage of packaged DNA under each set of conditions,
and the results from two independent Southern blots are listed
in Table 2. A complication of these studies is that total DNA
levels continued to increase during the 3-h, 31°C incubation in
the absence, but not the presence, of ACV. Thus, even pack-
aging of equal numbers of HSV genomes would lead to an
apparent higher percentage of packaged DNA in the presence
of drug. For this reason, the percentage of packaged DNA was
calculated by comparison with the total amount of DNA
present at the beginning of the 31°C incubation (at which time
levels were similar between samples) rather than at the end.
From Table 2, it is apparent that packaging occurs in the
presence of ACV, although at somewhat lower levels than in
non-drug-treated controls. Possible reasons for this will be
considered in the discussion.

Nucleocapsids formed without attendant DNA synthesis can
mature to infectious particles. Although genomic cleavage and
protection from DNase I occurred in the presence of ACV, the
inhibition of DNA replication could nevertheless have resulted
in abnormal packaging not detectable by these assays. There is
a precedent for such a phenomenon; HSV mutants lacking the
gene encoding alkaline nuclease are able to cleave and encap-
sidate DNA at near-wild-type levels; however, yields of infec-
tious progeny are drastically reduced (17, 30), suggesting some
defect in the structure of the viral genome or the matured
nucleocapsid. To test whether capsids packaged in the absence
of DNA replication could efficiently mature to infectious viri-
ons, we performed a drug addition and temperature shift ex-
periment similar to that described for Fig. 3, but this time we

scored PFU yields. Figure 4 demonstrates that when accumu-
lated, immature tsProt.A virions were shifted from 39 to 31°C,
a 2.7-log increase in PFU occurred (samples 3 and 5), com-
pared with a 0.5-log increase for wild-type virus (samples 4 and
6). This increase was dependent upon return to 31°C (sample
8). As we demonstrated previously (6), the final yield of infec-
tious tsProt.A virions following release of the temperature
block is similar to the yield resulting from gradual accumula-
tion of virus in a wild-type infection (samples 5 and 6). When
DNA replication was inhibited by addition of ACV at 8 h,
yields of progeny virus were diminished by about 0.2 logs
(samples 5 and 7). Addition of 25 mM ACV immediately
postinfection (sample 9) resulted in PFU yields similar to those
obtained when infected cells were harvested immediately
postinfection (samples 1 and 2), providing an additional inter-
nal control for the efficacy of the drug.

Measurement of DNA packaging by TCA precipitation. We
sought to test DNA packaging by independent means and
established conditions in which packaged, radiolabeled DNA
could be TCA precipitated, washed free of low-molecular-
weight radioactive contaminants, and then quantitated by scin-
tillation counting. Figure 5 summarizes two different experi-
ments to test the validity of this approach. When wild-type
virus or the UL15 null HSV strain hr81-2 (37) was grown in
M-3 cells (stably transformed to express UL15 [37]) for 14 h,
approximately 35% of the total high-molecular-weight DNA
became protected (samples 1 and 2), similar to that of wild-
type SC16 virus growing in a noncomplementing cell line (sam-
ple 4). However, the apparent level of packaging fell to 7%
when the UL15 null virus was grown on a noncomplementing
cell line (sample 3). In a separate experiment, wild-type or
tsProt.A virus was grown for 14 h at 31 or 39°C. Whereas
tsProt.A packaged about half as much DNA as SC16 at 31°C
(samples 5 and 6), it packaged only about 2% as much at 39°C
(samples 7 and 8).

Figure 6 demonstrates the effect of ACV addition upon

FIG. 4. Production of infectious progeny virions in the absence of measur-
able DNA replication. An experiment identical to that for Fig. 3 was performed,
except that the resulting cell extracts were titrated for PFU production. Plotted
values indicate the means and standard deviations from the means of single
samples titrated in duplicate (samples 1, 2, 8, and 9) or duplicate samples, each
titrated in duplicate (samples 3, 4, 5, 6, and 7). Hatched bars represent data from
tsProt.A-infected cells, and open bars represent data from SC16-infected cells.

TABLE 1. Levels of viral DNA synthesis in the absence and the
presence of ACV

Exptl condition
and no.

% Increase in HSV DNA after:

3 h at 31°Ca 9 h at 39°C and
3 h at 31°Cb

No ACV
Expt 1 171 12,133
Expt 2 150 11,718

With ACV
Expt 1 221 269
Expt 2 250 272

a When ACV was present, it was added after 8 h at 39°C.
b When ACV was present, it was added at the beginning of the 39°C incuba-

tion.

TABLE 2. Percentage of viral DNA packaged under various
growth conditions

Growth conditions
% Packaged

Expt 1 Expt 2

9 h at 39°C, no ACV 1.2 1.7
9 h at 39°C, with ACV 1.2 1.2
9 h at 39°C, 3 h at 31°C, no ACV 3.6 3.9
9 h at 39°C, 3 h at 31°C, with ACV 3.4 2.7
12 h at 39°C, no ACV 1.1 0.9
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DNA replication and packaging as measured by this method.
As can be seen in Fig. 6A, when ACV was absent the mean
amount of tritium incorporated into TCA-precipitable mate-
rial increased by 28% over the course of the 3-h incubation
(samples 1 and 2). However, when ACV was added prior to the
start of the 31°C incubation the mean level of TCA-precipita-
ble tritium fell by 7% over the 3-h period (samples 3 and 4). In
other experiments, TCA-precipitable tritium levels fell by as
much as 30% in the presence of ACV (data not shown).

We next tested whether packaging occurred despite inhibi-
tion of incorporation of tritiated thymidine into DNA. The cell
extracts used to prepare the data in Fig. 6A were assayed for
their level of DNase I-resistant DNA. The data in Fig. 6B
indicates that comparable amounts of DNA packaging oc-
curred in the presence or absence of detectable levels of DNA
replication. We have not attempted to represent packaging as
a percentage of total DNA since total TCA-precipitable counts
may include not only viral DNA but also host cell DNA syn-
thesis at this relatively early time in infection. Nevertheless,
comparison of tritium incorporation in infected cells with that
in uninfected cells suggests that less than 30% of the total
TCA-precipitable counts are contributed by host cell DNA
synthesis under these conditions (data not shown).

DISCUSSION

A number of basic questions in herpesvirus biology remain
unresolved. Some of the most intractable problems concern
late events in virus assembly. Despite the central importance of
DNA packaging to the viral life cycle, and to potential thera-
peutic intervention, very little is known about the molecular
details of the process. At least six gene products are known to
be required for packaging and cleavage; however, their role,
and that of other viral and cellular proteins, remains cryptic.

Studies with double-stranded DNA bacteriophage have re-
vealed that, in some cases, the structure of the viral DNA
profoundly affects the rate and extent of packaging (3). Phage
T4 packaging is inhibited in the absence of a functional topo-
isomerase II (40) or following inactivation of gene 49, which
encodes endonuclease VII (3). In the latter case, it is thought

that packaging arrests as a result of the accumulation of DNA
branches generated by recombination, and a similar mecha-
nism has been proposed to explain why packaging in alkaline
nuclease-defective HSV mutants gives rise to defective nucleo-
capsids (17, 30). T4 packaging also requires a DNA ligase
activity (38) and can be slowed by UV irradiation (39), sug-
gesting that repair and replication functions may be required
for encapsidation (3).

We have addressed the question of whether the HSV pack-
aging machinery requires a functional DNA replication appa-
ratus or actively replicating DNA as a substrate. Such a re-
quirement could result from the need to carry out DNA
debranching or other repair processes (17, 30, 36), although
the role of DNA synthesis in HSV DNA repair remains un-
clear. The localization of the DNA packaging factor UL15 in a
compartment enriched for replicating DNA (34) also suggests
the possibility that these two phenomena might be coupled
during viral assembly.

Using two different approaches, we found that, when DNA
synthesis fell below detectable levels due to ACV addition,
packaging nevertheless could continue. Furthermore, the re-

FIG. 5. Characterization of the TCA precipitation assay. Vero cells or the
Vero cell-derived UL15-complementing cell line M-3 was infected with tsProt.A
(hatched bars), SC16 (black bars), or the UL15 null virus hr81-2 (open bars) and
incubated at 31, 37, or 39°C in the presence of tritiated thymidine. At 14 h
postinfection, cell extracts were prepared and processed as described in Mate-
rials and Methods. The vertical axis represents DNase I-resistant (packaged)
DNA as a percentage of the total DNA in the sample. Samples 1 to 4 and 5 to
8 represent data from separate experiments.

FIG. 6. Quantitation of replication and packaging by a TCA precipitation
assay. Vero cells were infected with tsProt.A and incubated in the presence of
tritiated thymidine, and then extracts were prepared after 9 h at 39°C (samples
1 and 3) or after a further 3 h at 31°C (samples 2 and 4). Samples 3 and 4 received
ACV 1 h before the end of the 39°C incubation. (A) Amounts of total DNA
present in each sample, determined by TCA precipitation as described in Ma-
terials and Methods. Plotted values and error bars indicate the means and
standard deviations from the means for cell extracts TCA precipitated in two
separate experiments, each in triplicate. (B) Amounts of DNase I-resistant
(packaged) DNA present, determined as described in Materials and Methods.
TCA precipitations were performed in two separate experiments, each in tripli-
cate.
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sulting nucleocapsids were able to mature to infectivity. Al-
though we cannot exclude the possibility that some undetect-
able level of DNA synthesis persists under our conditions (see
below), we were able to inhibit the apparent level of DNA
replication to less than 6% of normal (compare the 5 and 25
mM points in Fig. 2B) but still retain an efficiency of packaging
within about 80% of non-drug-treated controls (Table 2 and
Fig. 6). This data implies that normal levels of ongoing DNA
replication are not a prerequisite for proper packaging under
our conditions. Our findings are consistent with earlier work
which demonstrated that a plasmid incapable of replication but
containing a sequences could be specifically cleaved during the
course of an HSV infection (20), although packaging was not
directly demonstrated in that study.

The ACV-dependent decrease in the extent of packaging
(Fig. 3, Table 2, and Fig. 6) and in infectious virus production
(Fig. 4) may reflect a genuine reduction in the efficiency of
packaging of prereplicated rather than replicating DNA or
could suggest that DNA synthesis does play some role in the
proofreading or repair of molecules immediately prior to their
encapsidation. Alternatively, it may be a consequence of our
experimental design. Infected cells which did not receive ACV
were free to continue replicating their DNA for 4 h longer than
drug-treated samples (1 h at 39°C and then 3 h at 31°C). It is
conceivable that a higher concentration of packageable DNA,
or of gene products expressed from it, could explain the dif-
ferences observed in the presence and the absence of drug.
Consistent with this latter possibility, levels of protein synthesis
over the 3-h, 31°C incubation were 20% lower in ACV-treated
cells than in untreated cells, as determined by the extent of
incorporation of [35S]cysteine and [35S]methionine into a
TCA-precipitable fraction (data not shown).

The two different methods used to measure packaging,
Southern blotting and TCA precipitation, may indicate the
fates of different populations of viral DNA molecules. As
noted by Roizman and Sears (29), changes in intracellular
levels of deoxynucleotides during the course of an infection
mean that incorporation of labeled nucleotides is most rapid at
early time points. Our TCA precipitation study therefore may
tend to reflect the fate of older viral genomes, whereas South-
ern blotting reveals the behavior of the entire population.
Furthermore, it is important to emphasize that this study was
conducted under extremely unusual incubation conditions. Ar-
tificially separating early and late events in HSV assembly by
use of the tsProt.A temperature-sensitive mutant could lead to
conclusions not relevant to a normal viral infection, and it is
certainly possible that under normal conditions the processes
of replication and packaging are mechanistically coupled. Nev-
ertheless, our growth conditions do generate packaged, infec-
tious virus particles at an efficiency comparable to that of
similarly grown wild-type virus. A further concern is that DNA
appears to turn over in ACV-treated cells (Fig. 2A and 3;
Table 1); we therefore cannot rule out the possibility that this
DNA degradation could be masking a low level of new DNA
synthesis. Nevertheless, we suggest that, although replication
and packaging could still be linked under normal circum-
stances, our data implies that under our conditions normal
levels of the former are not an absolute prerequisite for the
latter.
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