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Production of an infectious herpes simplex virus (HSV) particle requires sequential progression of maturing
virions through a series of complex assembly events. Capsids must be constructed in the nucleus, packaged
with the viral genome, and transported to the nuclear periphery. They then bud into the nuclear membrane to
acquire an envelope, traffic through the cytoplasm, and are released from the cell. Most of these phenomena
are very poorly defined, and no suitable model system has previously been available to facilitate molecular
analyses of genomic DNA packaging, capsid envelopment, and intracellular virion trafficking. We report the
development of such an assay system for HSV type 1 (HSV-1). Using a reversible temperature-sensitive
mutation in capsid assembly, we have developed conditions in which an accumulated population of immature
capsids can be rapidly, efficiently, and synchronously chased to maturity. By assaying synchronized scaffold
cleavage, DNA packaging, and acquisition of infectivity, we have demonstrated the kinetics with which these
events occur. Kinetic and morphological features of intranuclear and extranuclear virion trafficking have
similarly been examined by indirect immunofluorescence microscopy and electron microscopy. This system

should prove a generally useful tool for the molecular dissection of many late events in HSV-1 biogenesis.

The biogenesis and intracellular trafficking of herpes simplex
virus (HSV) are complex and poorly understood events. HSV
assembly begins in the infected-cell nucleus with the construc-
tion and maturation of the viral capsid. An early intermediate
in this process is believed to be the large-cored B capsid (29,
38), which contains an electron-translucent inner shell com-
posed of several related polypeptides (8, 20, 25, 28). The most
abundant core component is ICP35 (26), present at about
1,100 copies per capsid and thought to be analogous to the
scaffold protein of double-stranded DNA bacteriophage (7).
Full-length ICP35, termed ICP35¢,d, is modified to ICP35e,f
by proteolytic cleavage of its 25 carboxy-terminal amino acids
(4, 18-20). The protease responsible is the product of the HSV
UL26 gene, and UL26 inactivation blocks capsid maturation
(11, 29). ICP35c,d cleavage correlates with condensation of the
inner shell to generate small-cored B capsids (29, 38) and is
also required for maturation of the outer shell, since the major
capsid protein VPS5 fails to display certain epitopes if ICP35
cleavage is blocked (11, 21, 22). Small-cored B capsids are
probably able to package the viral genome, resulting in expul-
sion of the scaffold core (13, 32) and the formation of C
capsids, which contain an irregular electron-dense center. Ma-
ture C capsids bud into the inner nuclear membrane and ac-
quire a lipid envelope (33).

Little is known concerning the kinetics or molecular details
of viral DNA packaging, capsid-nuclear membrane interaction,
or capsid envelopment. Subsequent events in HSV biogenesis
are equally obscure. One view is that enveloped virions accu-
mulate in the perinuclear space, then move via vesicular trans-
port to the Golgi complex, and are eventually secreted from
the cell (6, 10, 33). Alternatively, Stackpole (37) suggested that
perinuclear virions catalyze fusion of their envelopes with the
outer nuclear or endoplasmic reticulum membrane, releasing
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naked capsids into the cytoplasm. These capsids must subse-
quently reenvelope by budding into the lumen of a cytoplasmic
organelle such as the Golgi apparatus (40). Similar egress
pathways have been proposed for other herpesviruses (12, 24,
43). In support of this model, retention of a viral glycoprotein
in the nuclear membranes and endoplasmic reticulum prevents
its incorporation into the envelopes of secreted virions (5).
Also consistent with the reenvelopment model is the presence
of naked extranuclear capsids in infected cells (27, 43), but it
has been suggested that these capsids may represent a “dead-
end,” nonproductive population which has erroneously and
irreversibly de-enveloped (6, 33). In summary, the pathway of
viral trafficking within and egress from cells, the rate at which
capsids travel from the nucleus to cell periphery, and the rate
of formation (and significance) of naked cytoplasmic capsids
all remain unknown.

A serious obstacle to the study of HSV assembly and egress
is that all viral maturation and trafficking intermediates exist
simultaneously within infected cells. This makes it extremely
difficult to define not only the sequence of events in HSV
assembly but also their kinetics. The ability to follow a single
population of virions as they assemble and traffic in a synchro-
nous wave would be an important tool in the molecular dis-
section of HSV biogenesis.

Here we report the establishment and initial characteriza-
tion of such a synchronous assay system. Using a reversible
temperature-sensitive defect in capsid assembly, we have es-
tablished conditions in which an accumulated population of
HSV matures, becomes packaged, envelopes, and acquires in-
fectivity in a single, near-synchronous wave. By monitoring the
fate of this synchronous population, we have obtained data
concerning the kinetics of scaffold cleavage, DNA packaging,
infectious virion production, and intracellular viral trafficking.
It is anticipated that this assay will provide a useful model
system for the study of many late events in HSV biogenesis.

MATERIALS AND METHODS

Viruses and cells. African green monkey kidney (Vero) cells were grown in
DMEM-NCS-PS (Dulbecco modified Eagle medium supplemented with 10%
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newborn calf serum and 1% penicillin-streptomycin) (GIBCO Laboratories).
HSV tsProt.A, derived from strain KOS1.1 as previously described (11), was a
kind gift from Min Gao and Richard J. Colonno (Bristol-Myers Squibb Phar-
maceutical Research Institute). Stocks of tsProt.A and the wild-type strain SC16
were grown by low-multiplicity passage on Vero cells at 31 and 36°C, respec-
tively. Titers were determined by plaque assay on preformed Vero monolayers at
31 or 36°C (titers of tsProt.A were identical at both temperatures).

Time courses of PFU production. Vero cells were infected with HSV at a
multiplicity of infection of 10 in DMEM-NCS-PS for 1 h at 37°C, then (with
chilled solutions) washed in phosphate-buffered saline (PBS), treated for 0.5 min
with 135 mM NaCl-10 mM KCI-100 mM glycine, pH 3.0 (to inactivate unpen-
etrated virus), returned to neutral pH by washing the cells with PBS and then
with a 1:1 mixture of PBS-DMEM, and finally overlaid with prewarmed DMEM-
NCS-PS. Infected cells were either collected immediately or incubated for var-
ious times at 39 or 36°C. Temperature downshifts were accomplished by trans-
ferring dishes of infected cells to shallow trays of water in a 31°C gassed
incubator. The dishes were transferred to a prechilled metal surface in a —20°C
freezer at various time points. To determine PFU yields, the cells were thawed,
collected by scraping, and sonicated and the resulting extract was titrated onto
preformed Vero cell monolayers.

Analysis of viral DNA. Cells were infected, acid washed, and incubated as
described above for PFU production, except that the multiplicity of infection was
3. Total infected-cell DNA was prepared by a modification of the method of
Shao and colleagues (34). Cells were rinsed with prechilled Tris-buffered saline
(TBS; 130 mM NaCl-20 mM KCI-25 mM Tris-Cl, pH 7.4), then frozen, thawed,
sonicated, and digested with 100 pg of proteinase K (Sigma Chemical Co.) per
ml in the presence of TBS containing 0.4% sodium dodecyl sulfate (SDS) for 3 h
at 37°C. Pancreatic RNase A (Sigma Chemical Co.) was added to a final con-
centration of 100 pg/ml, and incubation continued for a further 30 min before
exhaustive phenol and chloroform extractions followed by ethanol precipitation.
DNA was digested to completion with the restriction endonuclease BamHI,
subjected to electrophoresis on a 1.0% agarose gel, and blotted to a nylon
membrane (Schleicher and Schuell). The membrane was hybridized with a 32P-
radiolabelled DNA probe prepared by random hexanucleotide priming from a
mixture of two different DNA fragments: one bridging the SQ cleavage junction
(kindly provided by Sandra K. Weller, University of Connecticut Health Center)
and another derived from the UL22 gene. Following hybridization, the filter was
exposed to DuPont X-ray film.

Western blotting. Cells were infected and samples were taken as described
above for DNA analysis. After the cells were freeze-thawed and sonicated,
extracts were heated in Laemmli buffer at 65°C for 5 min and then subjected to
denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with a 12.5%
polyacrylamide gel. Proteins were transferred to a nitrocellulose filter at 125 mA
for 2 h with a Hoffer semidry blotter, and the filter was incubated overnight in
blocking buffer (PBS-0.1% Tween 20-5% dried milk) at 4°C. The filter was
probed for 2 h at room temperature with a 1:1,000 dilution of the mouse
monoclonal antibody MCA406 (Serotec) in blocking buffer and washed for 20
min with four changes of PBS-0.1% Tween 20. After a 1-h incubation with
peroxidase-conjugated goat anti-mouse immunoglobulin G (Sigma Chemical
Co.) diluted 1:2,000 in blocking buffer, the filter was washed as described above,
treated for 1 min with chemiluminscence reagent (DuPont-NEN), and exposed
to X-ray film.

Indirect immunofluorescence microscopy. Vero cells were grown to 90% con-
fluence on glass coverslips and then infected with HSV at a multiplicity of 10 for
1 h at 37°C. The medium was replaced, and infection was allowed to continue at
36 or 39°C for 6.5 h. Cycloheximide was added to a final concentration of 20
wg/ml, and incubation continued for 30 min before transfer to a 31°C water bath.
At specific times after temperature downshift, coverslips were processed for
indirect immunocytochemistry as follows (all procedures were performed at
room temperature). Cells were rinsed in PBS, fixed in PBS-2% paraformalde-
hyde-0.2% glutaraldehyde for 10 min, and made permeable by immersion in
PBS-0.1% Triton X-100 for 10 min, and fixative was quenched by incubation
with a 1-mg/ml sodium borohydride-PBS solution for 15 min. Samples were
incubated for 30 min with blocking buffer (PBS—-20% NCS) and then for 1 h with
anti-VP5 monoclonal antibody 6F10 or 8F5 (kindly provided by Jay Brown,
University of Virginia) diluted in blocking buffer. After four 5-min washes with
PBS, cells were incubated for 1 h with Texas Red-conjugated goat anti-mouse
antibody (Southern Biotechnology Associates), washed with PBS as described
above, and mounted by using a 25-mg/ml solution of 1,4,-diazabicyclo(2,2,2)
octane (DABCO; Sigma Chemical Co.) in PBS-50% glycerol. Specimens were
examined with a Biorad MRC 600 scanning laser confocal microscope.

Electron microscopy. Vero cells were grown in 6-cm-diameter tissue culture
dishes and then infected with HSV #sProt.A, and temperature was shifted in the
presence of cycloheximide exactly as described above for indirect immunofluo-
rescence microscopy. At appropriate times, cells were rinsed in PBS, fixed in
2.5% glutaraldehyde-0.1 M sodium cacodylate for 45 min, rinsed in 0.1 M
sodium cacodylate, postfixed in 1% osmium tetroxide—0.1 M sodium cacodylate,
stained in 1% uranyl acetate, dehydrated, and embedded.
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FIG. 1. tsProt.A matures to infectivity following temperature downshift.
Vero cells were infected with tsProt.A (hatched bars) or SC16 (shaded bars), acid
washed to inactivate residual input virus, and then harvested immediately or
incubated under a variety of conditions. Extracts were prepared and titrated for
levels of PFU production. The values plotted are the means of four samples, and
error bars indicate the standard deviations from the means. Cells were harvested
immediately after acid wash (bars 1) or incubated for 7 h at 39°C (bars 2) and
then for 3 h at 31°C (bars 3, 4, and 5). Cycloheximide (20 pg/ml) was added 0.5 h
before the start of the 31°C (bars 4) or 39°C (bars 5) incubation. All extracts were
adjusted to the same cycloheximide concentration before titration.

RESULTS

Synchronized tsProt.A can mature to infectivity in the ab-
sence of new protein synthesis. The viral strain tsProt.A (11)
carries a thermolabile defect within the UL26-encoded matu-
rational protease. This UL26 allele, originally generated and
characterized in the context of HSV strain £51201 (29), results
in the accumulation of uncleaved ICP35c,d and large-cored B
capsids at the nonpermissive temperature of 39°C. Impor-
tantly, this phenotype was shown to be at least partially revers-
ible: upon return to the permissive temperature, ICP35c,d
cleavage and DNA packaging resumed even in the presence of
cycloheximide (1, 29, 32). We wished to determine whether
tsProt.A, arrested at the point of the 39°C block, could subse-
quently mature to infectivity, providing a model system for
HSV assembly.

To test this, Vero cells were infected with zsProt.A or the
wild-type virus strain SC16, and after 1 h, residual input virus
was inactivated by acid wash. Infected cells were incubated
under various conditions, extracts were prepared, and levels of
progeny PFU were determined by plaque titration. Figure 1
shows that after 7 h of incubation at 39°C, SC16 PFU yields
had increased by about 3 log units over levels of surviving input
virus (compare shaded bars 1 and 2). In contrast, tsProt.A
failed to replicate at the nonpermissive temperature, and PFU
yields were below background (hatched bars 1 and 2). Follow-
ing downshift to 31°C for 3 h, SC16 PFU numbers increased
about fivefold; in contrast, the yields of infectious tsProt.A
increased about 10,000-fold (bar 3). Three log units of this
increase resulted from maturation of pre-existing polypeptides
rather than de novo protein synthesis, as shown by the addition
of 20 pg of cycloheximide per ml 30 min prior to the 31°C
temperature shift (bar 4). The cycloheximide used in this ex-
periment was sufficient to block new protein synthesis, since it
prevented any PFU production when added immediately
postinfection to cells subsequently incubated at 39°C for 7 h
and then at 31°C for 3 h (bar 5). The results of these experi-
ments suggest that accumulated immature #sProt.A virions are
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FIG. 2. Kinetics of maturation to infectivity. Cells were infected with
tsProt.A (solid circles) or SC16 (open circles), acid washed, and incubated at
39°C. After 6.5 h, cycloheximide was added, and after another 30 min, the
incubation temperature was downshifted to 31°C. Extracts were prepared at
various time points and titrated to determine PFU yield. The values plotted are
the means of four samples, and error bars indicate the standard deviations from
the means. (A) Entire time course of incubation. The arrowhead indicates the
time of downshift to 31°C. (B) Expansion of tsProt.A data to show kinetics of
PFU production.

able to mature to infectivity upon temperature downshift and
that the maturation of synchronized tsProt.A may be used to
model events occurring during a normal, nonsynchronous in-
fection.

We next used this assay system to determine the kinetics of
synchronous PFU production and to compare PFU yields with
those of a wild-type HSV infection over the same time course.
As expected, wild-type HSV replication proceeded at 39°C, but
following cycloheximide addition, there was little or no further
increase in PFU upon prolonged incubation at 31°C (Fig. 2A).
In contrast, no new tsProt.A PFU were generated during the
39°C incubation. Following downshift from 39°C, there was a
lag period in which no new tsProt.A PFU were produced (typ-
ically 40 to 50 min [Fig. 2 and data not shown]). There was then
a 3-log-unit increase in PFU between 40 and 140 min of down-
shift, followed by a slow twofold rise in infectivity over the next
7 h. Like the initial rapid burst of PFU, the slowly maturing
population resulted from consumption of preexisting polypep-
tides because (i) the levels of ICP35 synthesis and cleavage did
not significantly increase over this time period (see below), (ii)
the concentrations of cycloheximide used totally abolish de
novo PFU production (Fig. 1), and (iii) infected cells returned
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FIG. 3. Kinetics of ICP35 cleavage following temperature downshift. Vero
cells were infected with HSV #sProt.A and incubated at 39°C for 7 h. Following
cycloheximide addition and downshift to 31°C, cell extracts were prepared, sep-
arated by SDS-PAGE, blotted, and probed for ICP35 by using monoclonal
antibody MCA406. At the top of the figure is the Western blot, with lanes 1 to
8 corresponding to time at 31°C, namely, 0, 20, 40, 50, 70, 105, 150, and 180 min,
respectively. Lane TO; cell extract prepared immediately postinfection. The
graph represents a densitometric analysis of the data, showing changes in the
percentage of ICP35 present in the uncleaved (ICP35c,d) and cleaved (ICP35e,f)
form with time.

to nonpermissive conditions after 2 h at 31°C demonstrated a
similar slow increase (data not shown). The results of these
experiments suggest that temperature-arrested tsProt.A virions
can mature to infectivity in a single, near-synchronous wave,
and for the first time, the kinetics of this process have been
measured. We have obtained similar results with COS7 and
HepG2 cells (data not shown).

Kinetics of ICP35 cleavage and DNA packaging following
recovery of tsProt.A from temperature arrest. Since matura-
tion to infectivity occurred with rapid and near-synchronous
kinetics, we anticipated that these conditions could also be
used to monitor the biology of earlier steps in viral assembly.
We therefore examined two key events in viral maturation: the
processing of ICP35¢c,d to ICP35e,f and packaging of DNA
into the viral capsid. Earlier studies using mutant #s1201, which
initially demonstrated that these events can occur after down-
shift, were principally concerned with single time points at
extended periods (4 to 8 h) after return to the permissive
temperature (1, 2, 29).

Vero cells were infected with tsProt.A, incubated at 39°C for
7 h, and then downshifted to 31°C in the presence of cyclohex-
imide. Extracts were prepared at particular times and then
subjected to SDS-PAGE and Western blotting to monitor
cleavage of ICP35c,d to ICP35e,f (Fig. 3). Approximately 7%
of total cellular ICP35c,d was cleaved by the end of the 39°C
incubation, but upon temperature downshift, the level in-
creased to about 50% over the next 80 min. Little or no further
cleavage occurred, even when incubation was continued for
another 14 h at the permissive temperature (data not shown).

Since it is unclear what proportion of total ICP35 is encap-
sidated, these data do not permit us to determine the kinetics
with which large-cored B capsids mature to small-cored B
capsids. Nevertheless, since encapsidated ICP35 is thought to
be cleaved at the same rate as unencapsidated ICP35 (9, 30),
we conclude from these data that it requires about 26 min to
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FIG. 4. Kinetics of synchronized DNA packaging. Vero cells were infected
and incubated exactly as described in the legend to Fig. 3. At the indicated times
after downshift to 31°C, total DNA was prepared, digested with BamHI, sepa-
rated on a 1.0% agarose gel, blotted to a nylon membrane, and hybridized to a
mixed 3?P-labelled probe corresponding to the SQ cleavage junction and to a
region within the UL22 gene. The full-length SQ fragment (derived from an
internal duplication of the SQ-containing region and from uncleaved concatam-
ers) and the S and Q terminal fragments are indicated by arrows. A different
exposure of the region of the filter bearing the UL22 loading control fragment
(LC) is shown at the bottom of the figure. Lane TO, cell extract prepared
immediately postinfection.

LC#

process half of the total cleavable, encapsidated ICP35c,d un-
der these conditions.

We next tested the kinetics of DNA packaging (Fig. 4).
Packaging is tightly coupled to cleavage of head-to-tail con-
catameric viral DNA to genome-length pieces, generating dis-
crete termini (33). BamHI digestion of packaged DNA re-
leases these termini, known as S and Q fragments, which can
be detected following Southern blotting and hybridization with
a radiolabelled probe bridging the site of cleavage (34). Un-
packaged DNA is endless and does not generate these terminal
BamHI fragments. We prepared BamHI-digested DNA from
tsProt.A-infected cells at different times after temperature
downshift and subjected it to agarose gel electrophoresis. After
Southern blotting, the filter was hybridized with a mixed ra-
diolabelled probe to detect not only S and Q fragments but
also a BamHI fragment derived from the UL22 gene. The
abundance of the UL22-derived fragment should remain con-
stant following temperature downshift and provides a control
for variations in DNA recovery between samples. Figure 4
shows the production of the S and Q terminal fragments with
time and a different exposure of the UL22 region (LC). For up
to 70 min after return to the permissive temperature, the
abundance of cleaved DNA was comparable to that present
immediately after infection (lane T0) and presumably derives
from residual input virus. Packaging appeared to initiate by
approximately 70 min of downshift and was complete by 105 to
150 min. No additional packaging took place over the next
14 h. Taking Fig. 3 and 4 together, it appears as though the
wave of DNA packaging did not initiate until all of the cleav-
able ICP35¢,d had been processed.

Intracellular trafficking of maturing HSV particles. We
used indirect immunofluorescence microscopy to examine in-
tracellular trafficking of HSV during this synchronized wave of
assembly (Fig. 5). To monitor trafficking and capsid matura-
tion, we used monoclonal antibodies 6F10 and 8F5 which rec-
ognize distinct epitopes on the major capsid protein VP5. The
6F10 antibody binds to the surfaces of large-cored B capsids
and apparently all downstream assembly intermediates. In con-
trast, the hexon-specific 8F5 epitope (39) is efficiently dis-
played only after ICP35 cleavage (21, 23).
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Vero cells infected with wild-type HSV strain SC16 and
grown for 7 h at 39°C displayed substantial immunoreactivity
to both antibodies (Fig. 5C and D). All of this staining is HSV
specific, since it is absent in mock-infected cells incubated
under identical conditions (Fig. 5SA and B). As expected,
tsProt.A-infected cells incubated at 39°C displayed the 8F5
epitope poorly (Fig. SH), despite the presence of substantial
levels of 6F10 immunoreactivity (Fig. 5G). Failure to present
the 8F5 epitope was a consequence of the ts lesion within
tsProt.A, because the epitope was detectable as dispersed nu-
clear staining in cells grown at the permissive temperature of
36°C (Fig. 5F). In this study, wild-type-virus-infected cells dis-
played more cytoplasmic reactivity to 6F10 than did tsProt
A-infected cells grown at 36°C (compare Fig. 5C and E);
however, this reactivity was somewhat variable between exper-
iments (data not shown). Both wild-type-virus-infected (Fig.
5C) and tsProt.A-infected cells incubated at either the permis-
sive (Fig. SE) or nonpermissive (Fig. 5G) temperature dis-
played a diffuse nuclear 6F10 immunoreactivity. However, mu-
tant-virus-infected cells also contained a bright punctate
pattern of nuclear 6F10 staining (Fig. SE and G).

We monitored the appearance and intranuclear distribution
of the 8F5 epitope following temperature downshift to 31°C.
Immediately at the end of the 39°C block, the epitope was
faintly visible within punctate structures resembling those re-
active to 6F10 (compare Fig. 5G and H). Twenty minutes after
downshift, the staining pattern appeared largely unchanged
(Fig. 51), but 40 min after downshift, 8F5 immunoreactivity was
more readily detectable and had adopted a diffuse staining
pattern throughout the nucleus, with occasional bright punc-
tate peripheral staining (Fig. 5J). No substantial change in the
intranuclear distribution of the 8F5 epitope was observed at
later time points, but an increasing amount of extranuclear
antigen began to appear. Cytoplasmic antigen was most easily
detected after 2 or 2.5 h of incubation at 31°C (Fig. 5K and L).
In serial confocal sections, we found this punctate extranuclear
8F5 staining to be evenly distributed throughout the cell body
(data not shown).

Ultrastructural analysis during a wave of HSV assembly. To
better understand the generation and distribution of maturing
capsids, we analyzed virion assembly by electron microscopy.
As shown in Fig. 6A, samples fixed at the end of the 39°C block
contained clusters of capsids at the nuclear periphery, as pre-
viously reported for strain z51201 (29). Occasionally, discrete
capsids were observed at more interior nuclear locations (data
not shown), but no cytoplasmic capsids were observed. As
expected, all capsids appeared to be of the large-cored type
(Fig. 6B). We then examined cells which had been incubated at
the permissive temperature for 2 h (Fig. 6C to J). At this time
point we have shown that infected cells contain dispersed 8F5-
reactive nuclear capsids, occasional bright 8F5-reactive spots
(usually close to the nuclear periphery), and cytoplasmic 8F5
reactivity (Fig. 5SL). As shown in Fig. 6C to E, at this same time
point peripheral nuclear clusters contained small-cored B cap-
sids and C capsids. These clusters were often found in the
vicinity of budding C capsids (Fig. 6E, left arrow) or next to
distortions in the nuclear membrane (Fig. 6H). Small-cored B
and C capsids were also seen as discrete, dispersed capsids
throughout the interior of the nucleus (data not shown), as
reported after long periods of temperature downshift (4 h) in
strain 751201 (29).

We frequently observed capsids which appeared to be bud-
ding through both nuclear membranes simultaneously (Fig. 6E
and F). Occasionally we observed extranuclear capsids still
associated with the outer nuclear membrane (Fig. 6G). These
capsids appear to be enveloped, tegumented C capsids, com-
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pletely enclosed by a lipid membrane and still tethered to the
outer nuclear membrane by a stalk (indicated by an arrow).
Enveloped and naked capsids were also readily detectable in
the cytoplasm at this time point. A naked cytoplasmic C capsid,
adjacent to the nuclear envelope, is indicated by an arrowhead
at the extreme left of Fig. 6H. Figure 61 shows a number of
naked cytoplasmic capsids, and Fig. 6] is an expansion of this
region of the cytoplasm. These capsids lack the surrounding
electron-dense layer of tegument visible on budding virions
(Fig. 6F).

Generation of the maturing viral particles visible in Fig. 6C
to J was dependent upon release of the temperature block. If
infected cells were not downshifted to the permissive temper-
ature at the end of 7 h but were maintained at 39°C for another
2 h, capsids remained in the large-cored B state (Fig. 6L).
Examination of greater than 20 infected-cell sections revealed
no budding capsids and a single example of a possible cyto-
plasmic capsid (indicated with an arrow in Fig. 6K). Consistent
with these observations, no detectable levels of ICP35¢,d cleav-
age, DNA packaging, or PFU production were found to have
occurred in cells incubated at 39°C for 9 h (data not shown).
Nevertheless, all of these events resumed upon downshift to
the permissive temperature (data not shown).

DISCUSSION

A powerful tool in the study of complex biological phenom-
ena is the ability to monitor the fate of a discrete, synchronized
population of molecules, organelles, or cells. One common
means of achieving this is to use a thermoreversible block to
accumulate a population at a discrete stage in its biogenesis
and then to release it as a synchronous wave. This approach
has proven useful in the study of phenomena as diverse as
protein trafficking through the secretory pathway (15, 31), en-
docytosis (36), control of the cell cycle (3), and pseudorabies
virus capsid assembly (16, 17). Here we show that a thermo-
reversible mutation in the UL26 protease can be used to ac-
cumulate a population of immature HSV capsids and that
following release of the block, the virus rapidly and efficiently
matures to infectivity in a single synchronous wave. We have
monitored capsid scaffold cleavage, DNA packaging, acquisi-
tion of infectivity, and intracellular trafficking in order to dem-
onstrate the efficacy of this system and to begin a kinetic
analysis of events in HSV assembly.

Upon release of the accumulated population, ICP35c,d
cleavage begins immediately and reaches its maximum value of
50% processing within 60 to 70 min. It is unclear why cleavage
of ICP35c,d does not proceed to completion, but this is also the
case in wild-type virus infections, where approximately 50% of
a pulse-labelled population of ICP35c,d remained uncleaved
after 4 to 5 h of chase (32, 42). The 70-min delay between
temperature downshift and initiation of DNA packaging cor-
relates well with the time required to fully complete scaffold
cleavage and is distinct from the 2-h lag seen in s packaging
mutants which must synthesize new polypeptides before pack-
aging can resume (35). Once packaging had initiated, it ap-
peared to be essentially complete within 35 min (105 min after
downshift).

Infectious virion production could be detected as early as 60
min after downshift (Fig. 2) and then increased by about 2 log
units over the next 80 min. An approximately twofold increase
took place over the next 6 h. Of the total yield of infectious
virions, 80% were generated after 105 min of downshift (by
which time most DNA packaging had been completed [Fig. 4]).
This close correspondence between the kinetics of packaging
and PFU production suggests that newly formed C capsids very
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rapidly proceed to acquire infectivity. Although it is tempting
to speculate that the data in Fig. 2 define the kinetics of capsid
envelopment, the nature of the rate-limiting step for acquisi-
tion of HSV infectivity is not known. In principle, this study
could be timing the processing of a critical viral polypeptide or
even the delivery of mature virions to a compartment from
which they are efficiently released upon cell breakage. Avail-
ability of this assay system should now make it possible to
address such issues in the future.

A striking result was the sudden appearance of dispersed
8F5-reactive nuclear antigen between 20 and 40 min after
downshift to the permissive temperature. The monoclonal an-
tibody 8F5 has been shown to recognize a conformational
epitope displayed by the major capsid protein VPS5 when
present within hexons (39). Furthermore, display of this
epitope occurs efficiently only in the context of the maturing
capsid: 8F5 reacts poorly with nuclear VP5 when capsid as-
sembly is blocked or slowed upstream of ICP35 cleavage by
deletion of UL26 or ICP35 (11, 21). The increase in intensity
of nuclear 8F5 antigen upon temperature downshift may there-
fore measure the rate at which VPS5 assembles into this hexon-
specific conformation. The hexon-specific conformation was
inefficiently displayed by 20 min after downshift, when only
about 17% of ICP35c,d had been cleaved to the mature form,
but was readily visible by 40 min after downshift when about
35% of the ICP35c¢,d had been cleaved.

The pattern of 6F10 immunoreactivity was distinct from that
of wild type, even at the permissive temperature. Although
both wild-type- and mutant-virus-infected cells displayed dif-
fuse 6F10 nuclear reactivity, mutant-virus-infected cells also
contained bright punctate staining, commonly at the nuclear
periphery and showing some resemblance to assemblons, as
defined by Ward and coworkers (41). It remains to be deter-
mined whether this punctate VPS staining is directly related to
the properties of the ts UL26 allele and what significance these
structures have for viral assembly.

By about 2 to 2.5 h of temperature downshift, when 30 to
60% of virions had acquired infectivity, 8F5-reactive antigen
was visible in the extranuclear regions of the cells (Fig. 5K and
L). It is known that the 8F5 antibody does not bind unas-
sembled VP5 (39) and that 8FS5 fails to recognize extranuclear
VPS5 when capsid maturation is rendered inefficient by ICP35
deletion, despite it being readily detectable in the cytoplasm
and nucleus when stained with other anti-VP5 antibodies (21).
Because of this, we speculate that the cytoplasmic 8F5 staining
visible in our study could represent matured HSV capsids
(singly or in aggregates) which have trafficked from the cell
nucleus. As would be expected, 8F5 antigen is readily detect-
able in the cytoplasm during a wild-type virus infection con-
ducted at 39°C (Fig. 5D). Further studies will be necessary to
properly characterize the nature and location of this cytoplas-
mic hexon-associated antigen.

Our ultrastructural analyses were consistent with the kinetics
of ICP35c,d cleavage, DNA packaging, acquisition of infectiv-
ity, and intracellular trafficking of VP5. Immediately after the
end of the 39°C block, when only very low levels of ICP35
cleavage had occurred, nuclei contained only large-cored B
capsids. These capsids were present in aggregates as previously
reported (29), and no capsids were observed in the cytoplasm.
Following 2 h of incubation at the permissive temperature
(time sufficient for completion of scaffold cleavage and most or
all DNA packaging), capsid aggregates were found to contain
small-cored B capsids and packaged C capsids. Packaged C
capsids could also be seen budding through both nuclear
membranes, and naked C capsids could be observed within
the cytoplasm.
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FIG. 5. Intracellular redistribution of maturing HSV capsids during a single wave of assembly. Vero cells were mock infected (A and B) or infected with SC16 (C
and D) or with #sProt.A (E to L) and then incubated at 36°C (E and F) or 39°C (all other samples) for 7 h. Samples were then either fixed and processed immediately
(A to H) or first incubated at 31°C in the presence of cycloheximide for 20 min (I), 40 min (J), 120 min (K), or 150 min (L). After fixation, cells were made permeable
and incubated with anti-VP5 monoclonal antibody 6F10 (A, C, E, and G) or 8F5 (B, D, F, and H to L). Arrowheads in panel K point to extranuclear capsid antigen.

Budding through and pinching off of both nuclear mem-
branes (Fig. 6E and F) could result in the formation of an
enveloped virion within a outer lipid vesicle, as in Fig. 6G.
Upon detachment, these vesicles could deliver enveloped par-
ticles to later stages of the secretory pathway, a model similar
to that proposed by Harson and Grose for varicella-zoster virus

(14). Alternatively, these structures might be an important
intermediate in virion de-envelopment, since they provide
an effective way of bringing the outside surface of the en-
velope and the inner surface of the outer nuclear membrane
into intimate contact over a large surface area. This close
apposition of the entire envelope surface with the outer
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FIG. 5—Continued.

nuclear membrane and the high degree of curvature im-
posed upon the two membranes could combine to facilitate
fusion of the bilayers and entry of naked capsids into the
cytoplasm. If fusion were possible only under these circum-
stances, it would remove any likelihood of spurious and
harmful fusion events between the inner and outer nuclear
membranes.

A unique feature of our microscopic analyses is that we are
able to impose narrow limits upon the age of any matured
particles which we observe. All of the packaged virions in Fig.
6C to J must have matured from large-cored B capsids in the
preceding 2 h. Further, since extranuclear C capsids were not
seen in ultrastructural analyses after 60 min at 31°C (data not
shown) and since packaging did not initiate until approxi-

mately 70 min after downshift (Fig. 4), we think it likely that
most of the enveloped or naked extranuclear capsids in Fig. 6G
to J are no more than 50 to 60 min old. This places an upper
limit on the time required to bud through both nuclear mem-
branes and to travel into the cytoplasm. The ready detection of
naked cytoplasmic capsids at this time point also suggests that
newly enveloped capsids are able to very rapidly de-envelope
upon leaving the nucleus. This finding excludes the possibility
that de-envelopment into the cytoplasm occurs only after en-
veloped particles have persisted in an infected-cell cytoplasm
for many hours. Quantitative electron microscopy at more-
frequent time points during a synchronous release should now
make it possible to precisely time and order each of the events
in assembly and trafficking.
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FIG. 6. Ultrastructural analysis following temperature downshift. Vero cells were infected with zsProt.A and then incubated for 7 h at 39°C, and cycloheximide was
added. Samples were processed for electron microscopy immediately (A and B) or following 2 h of incubation at 31°C (C to J) or 39°C (K and L). Capsids are indicated
by arrowheads (large-cored B capsids), thin arrows (small-cored B capsids), or thick arrows (C capsids). Bars, 200 nm. (A) Cluster of capsids adjacent to the inner
surface of the nuclear membrane (arrowhead). No capsids are visible in the cytoplasm. (B) Higher-magnification image of the cluster in panel A showing that capsids
appear to be of the large-cored B type. (C and D) Maturing capsid cluster shown at two different magnifications, containing large- and small-cored B capsids and
peripheral C capsids. (E) Capsid cluster similar to that in panel C, with a packaged C capsid budding through both nuclear membranes (left arrow). (F) Nuclear C capsid
budding through both inner and outer nuclear membranes. (G) Enveloped C capsid within a sealed vesicle anchored to the surface of the nuclear membrane by a stalk
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(arrow). (H) Capsid cluster similar to that in panels C and E. A naked C capsid (left arrow) is visible in the cytoplasm adjacent to the nuclear membrane. (I) Cytoplasm
lying between nuclear rim (bottom right corner) and plasma membrane. Several naked C capsids are visible (arrows). (J) Higher-magnification image of three capsids
from the top right of panel I. (K) Rare example of a naked capsid in cytoplasm of cells maintained at the nonpermissive temperature. (L) Capsids in cells held at the
nonpermissive temperature maintain the large-cored B phenotype.
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