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During herpes simplex virus (HSV) assembly, immature procapsids must expel their internal scaffold pro-
teins, transform their outer shell to form mature polyhedrons, and become packaged with the viral double-
stranded (ds) DNA genome. A large number of virally encoded proteins are required for successful completion
of these events, but their molecular roles are poorly understood. By analogy with the dsDNA bacteriophage we
reasoned that HSV DNA packaging might be an ATP-requiring process and tested this hypothesis by adding
an ATP depletion cocktail to cells accumulating unpackaged procapsids due to the presence of a temperature-
sensitive lesion in the HSV maturational protease UL26. Following return to permissive temperature, HSV
capsids were found to be unable to package DNA, suggesting that this process is indeed ATP dependent.
Surprisingly, however, the display of epitopes indicative of capsid maturation was also inhibited. We conclude
that either formation of these epitopes directly requires ATP or capsid maturation is normally arrested by a
proofreading mechanism until DNA packaging has been successfully completed.

Herpes simplex virus (HSV)-infected cells accumulate three
different types of capsid in their nuclei. C capsids contain the
viral DNA genome and are thought to be the precursors to en-
veloped, infectious viral particles. B capsids lack the viral ge-
nome but instead contain an electron translucent core of scaf-
folding proteins, including the major scaffold polypeptide ICP35
(11, 20, 25, 30). A capsids lack both DNA and scaffold proteins
and are thought to be the dead-end products of a failed DNA
packaging reaction. It is likely that A, B, and C capsids arise
from the maturation of a short-lived unstable capsid precursor,
termed the procapsid or large-cored B capsid (27, 32, 42, 45).
The procapsid contains immature forms of the capsid scaffold
proteins and has been considered analogous to the prohead of
double-stranded (ds) DNA bacteriophage (27, 45).

Rapidly after its formation the spherical procapsid is thought
to undergo a dramatic structural transformation, in which the
surface shell angularizes into the polyhedral form characteris-
tic of B and C capsids. The polyhedral capsid is considerably
more stable than the procapsid and has a thicker surface shell
with a much less open structure (27, 45). In addition, angular-
ization is accompanied by the exposure of several new epitopes
in the major capsid shell protein VP5 (9, 14, 21, 47). In vivo,
the maturation of the procapsid usually correlates with pro-
teolytic cleavage and the reorganization of the capsid scaffold
proteins, including the most abundant scaffold polypeptide,
ICP35 (11, 20, 25, 26, 30). The responsible protease, Pra, en-
coded by the UL26 gene, is itself a scaffold constituent and
cleaves itself at two internal positions, known as the matura-
tion and release sites, to generate the VP24 and VP21 polypep-
tides (6, 18-20, 26, 33, 34). UL26 proteolytic activity and self-
cleavage at the release site are required for the conversion of
the procapsid to the polyhedral form in vivo (14, 22, 32). The
role of this cleavage in structural transformation, however,
remains unclear (22, 27, 35).

Elegant studies using baculovirus expression systems both in
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vivo (40, 43, 46) and in vitro (27, 28, 45) have demonstrated
that the major structural polypeptides of the HSV capsid are
capable of spontaneous self-assembly, generating angular poly-
hedral B capsids in the absence of any other herpesvirus pro-
teins. Strikingly, procapsids assembled in vitro are capable of
maturing into polyhedral capsids lacking scaffolds, suggesting
that scaffold ejection has also been reconstituted under these
conditions (27). It is unclear whether, during the course of a
normal HSV infection, such a spontaneous assembly and mat-
uration are allowed to occur or whether additional regulatory
pathways exist, for example, to couple polyhedral capsid for-
mation to the machinery of DNA packaging and capsid envel-
opment.

The packaging of DNA into the maturing viral capsid re-
quires the activity of at least seven HSV gene products: UL6,
UL15, UL17, UL2S, UL28, UL32, and UL33 (1-3, 15, 16, 24,
29, 31, 37, 41, 51). Little is known of the molecular function of
each of these proteins; however, it has been noted that the
product of the HSV UL15 gene has some homology with the
large subunit of the terminase complex responsible for cleav-
age and packaging of the phage T4 genome (4, 10, 13). UL15
is known to be present as multiple polypeptide species (2, 51)
and interacts with capsids in a manner dependent on other
components of the packaging apparatus (36, 53).

In dsDNA-containing bacteriophage, terminase-mediated
DNA packaging is generally thought to be ATP dependent, and
all in vitro phage DNA packaging systems require ATP (4, 7,
44, and references therein). Interestingly, the terminase-relat-
ed region of UL15 includes a putative ATP binding motif essen-
tial for packaging (52); however, in the absence of an in vitro
assay it has been difficult to test whether HSV DNA packaging
is truly an ATP-dependent process. In the present study we
address this question by making use of a synchronized HSV
assembly assay recently established in our laboratory (8, 9).
This experimental system is based upon the properties of the
HSV mutant strain zsProt.A, which carries a reversible tem-
perature-sensitive lesion in its UL26 protease gene. At the
nonpermissive temperature of 39°C tsProt.A-infected cells ac-
cumulate procapsids (14, 32), and following a downshift to the
permissive temperature of 31°C these procapsids mature, pack-
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age DNA, and give rise to infectious particles in a single,
synchronized wave (9). This assay system enables us to sepa-
rate early events in HSV replication, such as entry, DNA syn-
thesis, and gene expression, from the later events of capsid
maturation, DNA packaging, and egress.

Here we report that when accumulated tsProt.A procapsids
were released from their temperature block in the presence of
diminished levels of cellular ATP, capsid scaffold cleavage pro-
ceeded normally but DNA packaging was completely inhibited.
Unexpectedly, two VP5 epitopes characteristic of capsid mat-
uration also failed to form, suggesting the inability of the pro-
capsid shell to properly mature. In contrast, an HSV mutant
strain lacking the essential packaging gene ULLS gave rise to
capsids with normal antibody reactivity. Our findings suggest
that DNA packaging is indeed ATP dependent but that, unex-
pectedly, so are some of the events in HSV capsid maturation.

MATERIALS AND METHODS

Cells and viruses. Vero cells and the UL15-complementing cell line M-3 were
grown as previously described (8). Stocks of HSV strains tsProt.A, SC16, and the
UL15 null mutant 4r81-2 were prepared, and titers were determined as in earlier
studies (8, 9).

Measurements of scaffold cleavage in total cell extracts and pelleted capsids.
Cell extracts were prepared and Western blotted as in earlier studies (9). Cleav-
age of ICP35c,d was monitored with the monoclonal antibody MCA406 as
previously described (9). Cleavage of Pra at the carboxy-terminal maturation site
and production of the VP24 amino-terminal cleavage product were monitored by
Western blotting with an anti-VP24 rabbit polyclonal antiserum. To test the
extent of scaffold cleavage within capsids, infected cells were incubated under
appropriate conditions of temperature and ATP depletion and then washed in
phosphate-buffered saline (PBS). All subsequent procedures were carried out at
4°C. Cells were collected by scraping in distilled water, and then Triton X-100
was added to a final concentration of 2%. Following overnight incubation on ice
the mixture was sonicated and subjected to a 1,500-g clearing spin for 10 min.
The supernatant was collected, and then the pellet was resuspended in TNE (500
mM NaCl, 1 mM EDTA, 10 mM Tris - Cl; pH 8.0) and centrifuged as before.
After the supernatant had been collected the pellet was subjected to one further
round of TNE extraction, and the three supernatants were combined. The
pooled supernatants were layered on top of a 35% (wt/vol) sucrose—10 mM Tris -
Cl (pH 8.0) cushion and then spun at 25,000 X g in a Beckman TLS55 swinging
bucket rotor for 75 min. The pellet was resuspended in PBS and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting.

Measurements of DNA packaging. Southern blotting with the SQ junction
fragment probe was performed as in earlier studies (9). Total and encapsidated
infected cell DNA for Southern blot analysis was prepared as previously de-
scribed (8). The trichloroacetic acid (TCA) precipitation assay used to measure
DNA packaging was modified from an earlier published method (8) as follows.
Vero cells were infected with HSV at multiplicity of infection (MOI) of 10 and
then incubated at 39°C in Dulbecco modified Eagle medium (DMEM) contain-
ing 1% dialyzed newborn calf serum (NCS). After 2 h, [*H]thymidine (New
England Nuclear) was added to a final concentration of 25 p.Ci/ml, and incuba-
tions were continued as required. At the appropriate times cells were rinsed
twice in Tris-buffered saline (130 mM NaCl-20 mM KCI-25 mM Tris - Cl; pH
7.4) and then were frozen, thawed, collected by scraping, and sonicated. The
resulting extracts were incubated in the presence of 2 mM MgCl, and 70 U of
DNase per ml for 2 h at 37°C, and then EDTA and SDS were added to final
concentrations of 10 mM and 0.3%, respectively. Aliquots were spotted onto
24-mm-diameter glass fiber filters (GF/C; Whatman) and incubated in ice-cold
TP buffer (5% TCA, 20 mM sodium pyrophosphate) for 5 min. After two further
incubations in fresh TP buffer at 65°C for 5 min, filters were rinsed in 70%
ethanol at room temperature for 3 min and then dried, and levels of TCA-
precipitable radioactivity were determined by liquid scintillation counting.

Determining levels of protein synthesis. Vero cells were infected with HSV
tsProt.A at an MOI of 10 and then incubated at 39°C in DMEM containing 10%
NCS. After 5.5 h cells were washed twice in prewarmed PBS and then starved of
methionine and cysteine by incubation at 39°C in DMEM lacking these amino
acids and containing 1% dialyzed NCS. After 1 h of starvation the cell culture
medium was supplemented with 10 pCi of **S-radiolabeled methionine and
cysteine per ml (New England Nuclear) and also with either 20 pg of cyclohex-
imide per ml or an ATP depletion cocktail, consisting of 25 mM sodium azide
and 25 mM 2-deoxyglucose, or was mock treated. A control sample was recov-
ered immediately after the addition of radiolabel to determine the level of
unincorporated background radioactivity. The other samples were incubated for
a further 0.5 h at 39°C and then shifted to 31°C, harvested after 40 or 150 min,
washed twice in Tris-buffered saline, and collected by scraping. After freezing,
thawing, and sonication cell extracts were adjusted to concentrations of 0.4%
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FIG. 1. General experimental design. Numbers correspond to the time (in
hours) after completion of initial infection. An ATP depletion cocktail was added
(+) or omitted (—) after 6.5 h of incubation at the nonpermissive temperature
of 39°C, and cells were incubated for a further 0.5 h before being shifted to 31°C. At
particular times samples of infected cells were collected and assayed as described in
the text.

SDS and 10 mM EDTA, and aliquots were TCA precipitated on GF/C filters as
described above.

Immunocytochemistry and electron microscopy. Infected Vero or M-3 cells
were processed for indirect immunocytochemistry or electron microscopy, ex-
actly as described previously (9).

RESULTS

ATP depletion blocks production of new infectious progeny
following release of the temperature block. To determine the
requirement for normal cellular levels of ATP in HSV assem-
bly we used the experimental approach shown in Fig. 1. Vero
cells were infected for 1 h at 37°C at an MOI of 10 with HSV
strain sProt.A, the residual input virus was inactivated by acid
washing, and cells were incubated at the nonpermissive tem-
perature of 39°C to accumulate a population of procapsids.
After 6.5 h an ATP depletion cocktail consisting of 25 mM
2-deoxyglucose and 25 mM sodium azide was added or omit-
ted, and after a further 30 min the infected cells were shifted to
31°C to allow HSV assembly to proceed. In earlier studies (9)
it has been demonstrated that infectious virus assembly was
essentially complete by 140 min of incubation under these
conditions, so 150 min of incubation was selected as a conve-
nient end point for these experiments. The concentrations of
2-deoxyglucose and sodium azide used in these studies are
comparable to those routinely used for ATP depletion exper-
iments (38, 48, 50), and its addition under these conditions did
not result in increased levels of trypan blue sensitivity com-
pared to that of untreated cells (data not shown) or lead to
gross morphological changes (see Fig. 5 and 6).

Figure 2 shows that when this protocol was followed and
samples were assayed for PFU production at successive times
after shifting to 31°C, there was a rapid burst of infectious virus
yield in control cells, resulting in a 4-log increase in viral titer
over the time course of the experiment. In contrast, cells de-
pleted of ATP were unable to support the production of in-
fectious particles. We conclude that one or more HSV assem-
bly steps downstream of procapsid formation require normal
levels of cellular ATP for completion.

We previously showed that, following the shift to 31°C, a
wave of infectious zsProt.A particles were assembled, even in
the presence of a cycloheximide concentration sufficient to
completely abolish PFU production in a wild-type HSV infec-
tion (9). This led us to conclude that the wave of infectious
tsProt.A virions resulted from the assembly of presynthesized
polypeptides. However, we could not discount the possibility
that some low level of ongoing protein synthesis was necessary
to permit infectious #sProt.A production, for example, to sup-
ply some essential polypeptide which is normally present in
limiting amounts. If this were true, ATP depletion could be
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FIG. 2. Effect of ATP depletion on production of infectious virus. Vero cells
were infected with #sProt.A and processed as shown in Fig. 1. Cells were recov-
ered at particular times after shifting to the permissive temperature (indicated on
the horizontal axis), and extracts were prepared. Levels of PFU present in each
extract are represented on the logarithmic vertical axis. Plotted points represent
the mean and standard deviation from the mean for triplicate plaque assays.
Viral yields at zero time after the temperature shift derive from residual input
virus (9). @, control-treated cells; O, ATP-depleted cells.

inhibiting PFU production, simply by acting as a more potent
inhibitor of protein synthesis than cycloheximide. To test this
possibility we performed an experiment similar to that de-
picted in Fig. 1 but added [**S]methionine and [**S]cysteine at
the time of addition of cycloheximide or the ATP depletion
cocktail. Following a further 30-min incubation at 39°C cells
were downshifted to 31°C and incubated for 40 or 150 min, and
crude cell extracts were prepared. The amount of protein syn-
thesis which had occurred since the drug addition was then
determined by measuring the amount of TCA-precipitable ra-
dioactivity present. As can be seen in Table 1, the ATP deple-
tion cocktail inhibited protein synthesis by 82% when mea-
sured over the entire 31°C time course. By comparison, 20 pg
of cycloheximide per ml, the concentration used in our stan-
dard HSV assembly assays (9), inhibited protein synthesis by
about 94%. Since this concentration of cycloheximide never-
theless permits a 3-log increase in PFU production under these
conditions (9), we conclude that the abolition of PFU produc-
tion by ATP depletion is not due to its effect on protein syn-
thesis. That the cells are able to maintain 18% of the normal
level of protein synthesis is further evidence that the ATP
depletion cocktail is not having a gross toxic effect during the
course of this experiment.

TABLE 1. TCA-precipitable **S radioactivity and
inhibition of protein synthesis

% Inhibition of

35
Mean (SD) cpm of S label protein synthesis®

Minutes
after
. Cyclo- Cyclo-
downshift  ypireated heximide dAlT f g  heximide dAlT f d
added cpiete added P
—30° 250 (6)
40 11,989 (432) 768 (22)  2,747(279) 936 77
150 19.975(863) 1,119(102) 3,595(276)  94.4 82

“ Calculated by comparing mean incorporated counts per minute with un-
treated control.
> Sample collected 30 min before downshift, at time of addition of radiolabel.
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FIG. 3. ATP depletion does not affect the rate or extent of capsid scaffold
cleavage. Vero cells were infected with #sProt.A and incubated as shown in Fig.
1. At 6.5 h postinfection cells were mock treated (ND, nondepleted control cells)
or treated with an ATP depletion mixture (D, cells depleted of ATP), incubated
for a further 0.5 h at 39°C, harvested, and processed as follows. (A) Cell extracts
were prepared immediately or after successive times of incubation at 31°C (as
indicated above the figure in minutes), subjected to SDS-PAGE, and Western
blotted for ICP35. (B) Cell extracts were prepared immediately or after 150 min
of incubation, subjected to SDS-PAGE, Western blotted, and probed with anti-
sera specific for the amino-terminal portion of Pra. The positions of Pra and
VP24 are indicated at the left of the figure. (C) Cell extracts were chilled,
solubilized in Triton X-100, and subjected to several high-salt extractions in
order to release viral capsids. Capsids were then pelleted through a sucrose
cushion, and the pellet was subjected to SDS-PAGE, Western blotted, and
probed for ICP35. The positions of Pra and ICP35 are indicated by the upper and
lower pair of arrowheads, respectively. The uppermost of each pair of arrow-
heads indicates the position of the unprocessed form of the scaffold polypeptide.
The autoradiograph is deliberately overexposed to show the low levels of un-
cleaved ICP35c,d and Pra in the capsid pellet. The reactive bands at the top of
the gel appear to be capsid specific and may represent aggregated or multimeric
Pra.

ATP depletion does not block capsid scaffold cleavage.
We tested whether ATP depletion affected the earliest
known event following the release of the temperature block:
cleavage of the capsid scaffold polypeptides. The results shown
in Fig. 3A demonstrate that when ICP35 cleavage was exam-
ined by Western blotting, the kinetics and extent of processing
of full-length ICP35c¢,d to mature ICP35e,f were similar in both
the presence and absence of the ATP depletion cocktail. Sim-
ilarly, as shown in Fig. 3B the extent of cleavage of the full-
length UL26 gene product Pra at the terminal maturation site,
generating a slightly smaller polypeptide, and at the internal



VoL. 73, 1999

release site, generating the VP24 polypeptide, was also unaf-
fected by ATP depletion.

Although similar amounts of scaffold cleavage occurred in
both control and ATP-depleted cells, it is unclear from these
data how much processing occurred within capsids, since
ICP35c,d cleavage occurs at similar rates whether or not cap-
sids are able to assemble (12, 22). It is therefore possible that
only a small proportion of total ICP35 is present within pro-
capsids under our conditions. In this case, even if ATP deple-
tion had prevented scaffold cleavage within capsids this inhibition
would have been difficult to detect against a high background
level of soluble ICP35¢,d processing. To resolve this question we
prepared a crude capsid fraction from infected cells by Triton
X-100 solubilization, followed by two rounds of high-salt extrac-
tion from the nuclear pellet (see Materials and Methods). The
capsids were then centrifuged through a sucrose cushion to sep-
arate them from soluble polypeptides, and the resulting pellet was
blotted for the presence of ICP35. As can be seen in Fig. 3C,
samples which had not been shifted to 31°C failed to yield any
pelletable scaffold antigens. This is consistent with the cold sen-
sitivity of the procapsid (27), which would be expected to disin-
tegrate under these isolation conditions, and suggests that any
pelleted immunoreactive material is truly capsid associated. In
contrast, extracts prepared from cells which had been shifted to
31°C for 150 min did contain pelletable, cold-stable capsids,
whether ATP had been depleted or not. Both ICP35 and Pra
appeared to have been efficiently processed at the carboxy-
terminal maturation site. This is in contrast to the composition
of scaffold antigen in total cell extracts, where cleaved scaffolds
are present at similar (Fig. 3A) or reduced (Fig. 3B) levels
compared to their uncleaved precursors. We conclude that
ATP depletion affects neither scaffold cleavage within capsids
nor conversion of the procapsid to a cold-resistant structure.

ATP depletion blocks DNA packaging. We found that ATP
depletion resulted in a striking inhibition of DNA packag-
ing (Fig. 4A). When ATP was depleted, little or no new DNA
cleavage occurred by the 150-min time point, and no viral
DNA became protected from DNase I digestion, suggesting
that the DNA packaging machinery had failed. Although in
this particular experiment the final levels of cleaved DNA in
ATP-depleted cells appear slightly higher than the background
level (Fig. 4A, lanes 5 and 7), this was not reproducible be-
tween experiments (data not shown). Figure 4B shows that
similar results were obtained when we independently quanti-
tated packaging by measuring the rate of production of DNase
I-resistant [°H]thymidine-labeled TCA-precipitable DNA, as
previously described (8). We conclude that, as for dsDNA-
containing bacteriophage, the packaging of the HSV genome
requires ATP. This requirement is unlikely to be at the level of
DNA synthesis, since we have previously shown that under
these conditions, DNA packaging does not require measurable
levels of ongoing DNA replication (8).

Infected cells depleted of ATP accumulate nuclear B cap-
sids. In order to investigate assembly arrest at the ultrastruc-
tural level we performed electron microscopy at the time of
release of the temperature block, after 40 min at 31°C and after
150 min at 31°C in either mock-treated or ATP-depleted cells
(Fig. 5). As observed previously (9) under normal conditions
large-cored B capsids (procapsids) were the sole species visible
at the end of the 39°C incubation, irrespective of whether an
ATP depletion cocktail was present or not (Fig. SA and B).
Similarly, by 40 min of 31°C incubation (a time sufficient to
process most of the cleavable ICP35c,d [Fig. 3A and reference
9]), both ATP-depleted and control cells contained numerous
nuclear B capsids both in clusters (data not shown and refer-
ence 9) and dispersed (Fig. 5C and D). Under both sets of
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FIG. 4. DNA packaging is inhibited following ATP depletion. (A) Following
the procedure summarized in Fig. 1, cell extracts were prepared after 0 or 150
min of incubation at 31°C, as indicated at the top of the figure. The extracts were
used to prepare total infected cell DNA or first were treated with DNase I to
permit isolation of only that DNA present in viral capsids. In each case the
resulting purified DNA was digested with BamHI, electrophoresed on a 1.0%
agarose gel, blotted onto a nylon membrane, and hybridized to a 3*P-labeled
probe corresponding to the SQ cleavage junction. The positions of the SQ and Q
fragments are indicated by black and white arrowheads, respectively. D, cells
depleted of ATP; ND, nondepleted control cells. (B) Results of an experiment
similar to that in panel A, except that DNA synthesized during infection was
labeled with [*H]thymidine, and the rate of production of DNase I-resistant,
TCA-precipitable counts per minute was determined. Plotted points indicate the
means and standard deviations from the mean for triplicate precipitates. @,
control-treated cells; O, ATP-depleted cells.

conditions we observed structures resembling large-cored B
capsids (procapsids) and small-cored B capsids (for example,
in the top right-hand corners of Fig. 5C and D); however, it is
extremely difficult to unambiguously discriminate between pro-
capsids and small-cored B capsids by thin-section electron mi-
croscopy, and we did not attempt to quantitate these capsid
forms at either 40 or 150 min of incubation. In both ATP-
depleted (Fig. SF, H, and K) and nondepleted (panels E, G, I,
and J) cells there were numerous dispersed capsids and also
some remaining capsid clusters which appeared to mainly be
composed of immature procapsids (panels H and J). Nonde-
pleted cells also contained numerous A and C capsids in the
nucleoplasm (Fig. 5E, G, and I), in the perinuclear space, and
more rarely in the cytoplasm (panel E, inset). In contrast, A
and C capsids were extremely rare in ATP-depleted cells, al-
though occasional examples could be found (in Fig. 5H, a C
and an A capsid are visible at the left edge of the panel). The
absence of A capsids is a common phenotype in viral mutants
unable to encode an essential packaging function and is com-
monly interpreted to mean that the DNA packaging process
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FIG. 5. Ultrastructural analysis of capsid maturation in ATP-depleted and control cells. Vero cells were infected with zsProt.A and incubated (see Fig. 1). They were
mock treated (left-hand panels) or depleted of ATP (right-hand panels) and then downshifted to 31°C. Samples were fixed in 2.5% glutaraldehyde immediately (A and
B), after 40 min (C and D), or after 150 min (E to K) and processed for electron microscopy. (A and B) Clustered procapsids accumulating close to nuclear rim. (C
and D) Dispersed nuclear capsids resembling B capsids. (E, G, I, and J) Mixture of A, B, and C capsids dispersed within the nucleus and also present within clusters.
(Insets in E) Two images from the same field of cells, revealing a cytoplasmic C capsid (upper inset) and an enveloped C capsid lying between the nuclear membranes
(lower inset). (I and J) Different regions of the same nucleus. (F, H, and K) ATP-depleted cells accumulate mainly B capsids. Bars, 500 nm.

could not be initiated. Although in the absence of the essential Generation of mature capsid-specific epitopes is inhibited
packaging factors UL28 and UL15 B capsids are able to be following ATP depletion. To further examine the effects of
enveloped and traffic into the cytoplasm (2, 41), we observed ATP depletion on HSV assembly we investigated the distribu-
no extranuclear B capsids in ATP-depleted cells. tion of viral capsids in normal and ATP-depleted cells by
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FIG. 5—Continued.

indirect immunocytochemistry, by using the anti-VP5 mono-
clonal antibodies 6F10 and 8F5. Although both of these anti-
bodies are specific for VP5 when it resides within hexons, the
6F10 epitope is present both in procapsids and in mature
capsids (27, 39), whereas the 8F5 epitope is only generated
following the conversion of the procapsid to the polyhedral
form (9, 14, 21, 23, 47). As shown in Fig. 6, 6F10-reactive VP5
was readily detectable in the nuclei of infected cells at the time
of and up to at least 150 min following the shift to 31°C. There
was no apparent difference in the pattern of 6F10 reactivity
during the time course of incubation or when comparing ATP-
depleted and nondepleted cells (Fig. 6A, C, E, G, I, and K). In
contrast, reactivity to the 8F5 antibody was dramatically dif-
ferent between the ATP-depleted and nondepleted cells. Al-
though 8F5 reactivity was readily detectable by 40 min after
release of the temperature block in normal cells (as previously
reported in reference 9) there was little immunoreactivity in
ATP-depleted cells (Fig. 6F and H). Even incubation for 150
min failed to yield levels of 8F5 immunoreactivity above the
background level (Fig. 6B and L). We obtained identical re-
sults with the anti-VP5 monoclonal antibody 5C (data not
shown), which is also specific for mature hexons but recognizes
an epitope at a site quite distinct from that of 8F5 (47). These
results suggest that depletion of intracellular ATP results in an
inhibition of capsid maturation.

Generation of the 8F5 epitope can occur in the absence of
DNA packaging. We were surprised to find that 8F5 failed to
react with the capsids accumulated in ATP-depleted cells,
since purified, unpackaged B capsids are known to react with
8F5 (47) and the capsids accumulated under our depletion
conditions are cold resistant (Fig. 3C), suggesting that some
degree of capsid shell maturation has occurred. Nevertheless,
a simple interpretation of our data is that under our conditions,
DNA packaging is a prerequisite for exposure of the 8F5
epitope. To directly test this possibility we examined the ability
of packaging-defective viruses to react with 8F5. Vero cells or
the UL15-expressing Vero cell line, M-3, was infected with the
wild-type HSV strain SC16 or with the UL15 null mutant
hr81-2. As shown in Fig. 7, infections carried out in the pres-
ence of wild-type levels of ULLS (panel C) or no UL1S5 (panel
E) resulted in a similar level of 8F5 reactivity in infected cell
nuclei. Similarly, 8F5 reactivity appeared unaffected when
wild-type or UL15 null virions were provided with UL15 by the
complementing cell line M-3 (Fig. 7D and F). In Fig. 7A and
B are shown fields of uninfected Vero or M-3 cells, demon-
strating the specificity of the 8F5 antibody. We conclude that
the failure to package DNA is not sufficient to block the ex-
pression of the 8F5 epitope, consistent with earlier in vitro
findings (47).
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FIG. 6. Immunoreactivity and nuclear distribution of maturing HSV capsids in ATP-depleted (D) or nondepleted (ND) cells. Vero cells were infected and incubated
(see Fig. 1) and fixed following 0 min (A to D), 40 min (E to H), or 150 min (I to L) of incubation at 31°C. After fixation, samples were permeabilized, incubated with
anti-VP5 monoclonal antibody 6F10 or 8F5 and a fluorescein isothiocyanate secondary antibody, and viewed by laser scanning confocal microscopy.
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M-3

FIG. 7. Immunoreactivity and nuclear distribution of maturing HSV capsids in the presence and absence of UL15. Vero cells or UL15-expressing M-3 cells were
mock infected (A and B) or infected with HSV SC16 (C and D) or 4r81-2 (E and F), incubated for 9.5 h at 37°C, fixed, and permeabilized. Samples were incubated
with monoclonal antibody 8F5 and a fluorescein isothiocyanate secondary antibody and viewed by laser scanning confocal microscopy.

DISCUSSION

Studies of the assembly of dsDNA bacteriophage such as T4
and A\ have revealed roles for ATP at several different steps in
the packaging process. By analogy, we reasoned that ATP
would be required for HSV DNA packaging, and in this
study we have used the reversible temperature-sensitive mu-
tant tsProt.A to test this prediction. As anticipated, the deple-
tion of intracellular ATP resulted in a complete abolition of
HSV DNA encapsidation and cleavage and prevented the as-
sembly of any measurable levels of infectious virus. We con-
clude that ATP is required for some step in the process of HSV
DNA packaging.

Since HSV capsid assembly can occur spontaneously in cell
extracts lacking ATP, we anticipated that it would also occur
normally under our conditions, giving rise to B capsids with a
matured, polyhedral 8F5-reactive and 5C-reactive outer shell.
When we examined the maturation of the viral capsids, we
found that total cellular and capsid scaffold maturation did

indeed appear to be normal in ATP-depleted cells and that the
Pra and ICP35 polypeptides were proteolytically cleaved to the
same extent as those in control cells. Furthermore, capsids
became cold resistant, an event believed to accompany the
transformation of the fragile procapsid shell to the mature,
stable angular form. Unexpectedly, however, the accumulated
capsids failed to react with the antibodies 8F5 and 5C, which
recognize epitopes presented by mature angular capsids. Re-
activity with the anti-VP5 antibody 6F10, however, which rec-
ognizes both procapsids and mature capsids, appeared to be
normal. Although the ultrastructural examination of infected
cell nuclei revealed the accumulation of apparently normal
large- and small-cored B capsids in ATP-depleted cells (Fig. 5),
it is extremely difficult to unambiguously discriminate between
procapsids and small-cored B capsids by thin-section electron
microscopy (27).

We have considered two possible models to explain these
unexpected findings. The first is based on the observation
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made by Baines and colleagues, who demonstrated that in the
absence of UL15 large numbers of B capsids were assembled
and subsequently could traffic from the cell nucleus into the
cytoplasm (2). Similar results were obtained by Tengelsen and
coworkers for viruses lacking the packaging factor encoded by
UL28 (41). These observations led to the suggestion that the
packaging machinery could also serve as a proofreading appa-
ratus which normally prevents unpackaged capsids from pro-
ceeding to later stages of assembly (2). Under our conditions of
ATP depletion, DNA packaging fails to occur, but the proof-
reading apparatus could remain fully functional and might
prevent the maturation of the capsid shell. In this model, UL15
deletion would disrupt the proofreading apparatus, allow com-
plete capsid maturation, and lead to generation of the 8F5
epitope, as seen in Fig. 7. Note that this model requires UL15
only to be an essential component of the proofreading appa-
ratus and not necessarily directly responsible for monitoring
the completion of packaging. The model does require, how-
ever, that whatever stage in capsid maturation is blocked by the
proofreading mechanism, it must lie after the formation of
cold-resistant capsids and before the conformational changes
which accompany 8F5 and 5C epitope formation. Further, it
requires that it is the stable, presumably angularized capsid
which is competent to package DNA and not the cold-sensi-
tive, porous procapsid.

An alternative model, which we favor, is that 8F5 and 5C
epitope formation requires ATP-dependent conformational
changes subsequent to the ATP-independent generation of
cold-resistant shells and independent of DNA packaging. One
speculative possibility is that the ATP dependence lies in the
recruitment of the capsid subunit VP26, which binds to the tips
of VP5 when present in hexons but not in pentons (5, 54). In
this scenario the 8F5 and 5C epitopes might be dependent on
the formation of a VP26-VP5 complex. However, this model
presumes that VP26 is normally absent from the procapsid and
is recruited only following the release of the temperature
block; unfortunately, the time of VP26 assembly into capsids is
not known. A further limitation of this model is that the bind-
ing of VP26 to capsids does not require ATP in vitro (49). An
alternative and interesting possibility is that the formation of
the 5C and 8F5 epitopes may require the action of ATP-
requiring chaperones, as has been suggested for the correct
assembly of other animal virus capsids (17, 48).
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