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Summary
Initiation of infection by herpes simplex virus (HSV-1) involves a step in which the parental virus
capsid docks at a nuclear pore and injects its DNA into the nucleus. Once “uncoated” in this way,
the virus DNA can be transcribed and replicated. In an effort to clarify the mechanism of DNA
injection, we examined DNA release as it occurs in purified capsids incubated in vitro. DNA ejection
was observed following two different treatments, trypsin digestion of capsids in solution, and heating
of capsids after attachment to a solid surface. In both cases, electron microscopic analysis revealed
that DNA was ejected as a single double helix with ejection occurring at one vertex presumed to be
the portal. In the case of trypsin-treated capsids, DNA release was found to correlate with cleavage
of a small proportion of the portal protein, UL6, suggesting UL6 cleavage may be involved in making
the capsid permissive for DNA ejection. In capsids bound to a solid surface, DNA ejection was
observed only when capsids were warmed above 4°C. The proportion of capsids releasing their DNA
increased as a function of incubation temperature with nearly all capsids ejecting their DNA when
incubation was at 37°C. The results demonstrate heterogeneity among HSV-1 capsids with respect
to their sensitivity to heat-induced DNA ejection. Such heterogeneity may indicate a similar
heterogeneity in the ease with which capsids are able to deliver DNA to the infected cell nucleus.

Keywords
herpes simplex virus; DNA uncoating; portal complex; virus capsid; DNA ends

Introduction
Replication of herpes simplex virus (HSV-1) involves a step in which the virus DNA is
uncoated and delivered into the infected cell nucleus. Uncoating occurs when a parental capsid
binds to a nuclear pore and injects its DNA through the pore into the nucleoplasm. Once inside
the nucleus, the DNA is transcribed and replicated to propagate the infection. In contrast to the
DNA, the parental capsid shell does not enter the nucleus or participate further in the infectious
process.1–5

Previous studies of HSV-1 DNA uncoating have led to the identification of both cellular and
viral proteins involved in the process. For example, analysis of capsid binding to purified nuclei
in vitro demonstrated a requirement for both importin β and Ran-GTP.1 This observation
suggests that attachment of the HSV-1 capsid to a nuclear pore may involve components of
the importin β-dependent nuclear import pathway. A role for the virus-encoded UL36 protein

*Corresponding Author Dr. Jay C. Brown, Department of Microbiology Box 800734, University of Virginia Health System, 1300
Jefferson Park Ave., Charlottesville, VA 22908, Phone: 434-924-1814, FAX: 434-982-1071, Email: JCB2G@VIRGINIA.EDU
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2008 July 20.

Published in final edited form as:
J Mol Biol. 2007 July 20; 370(4): 633–642.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is suggested by studies with a temperature-sensitive mutant, tsB7, in its gene. When cells are
infected with tsB7 at the non-permissive temperature, capsids bind normally to nuclear pores,
but no DNA release takes place.4 Release is observed, however, when cells are shifted to the
permissive temperature. A similar mutant in pseudorabies virus has been described.6

HSV-1 DNA uncoating is thought to resemble uncoating as it occurs in infections by dsDNA
bacteriophage such as T4 and λ.7–12 After the phage tail recognizes a specific receptor on the
host cell surface, DNA exits the capsid as a single double helix that is extruded beginning at
one genome end. As DNA is released, it traverses the channel of the portal, a structure found
at a unique capsid vertex and specialized for function in DNA entry and exit. DNA uncoating
in HSV-1 is considered to resemble that in dsDNA bacteriophage because of similarities in the
portal structure and in the arrangement of DNA inside the capsid. For instance, in both HSV-1
and dsDNA bacteriophage the portal is located at a single capsid vertex and is cylindrical in
shape with twelve–fold rotational symmetry.13–19 In both, the packaged DNA is arranged in
close-packed strands, and DNA molecules contain no bound protein.20–22

We have been testing the idea that release of DNA from the HSV-1 capsid in vitro may serve
as a useful model system to clarify the way egress occurs in infected cells. Experiments are
carried out with DNA-containing capsids (C capsids) that are isolated from the nuclei of
HSV-1-infected cells. C capsids are closely similar in structure to capsids found in infectious
HSV-1 virions, and in infected cells they have the potential to exit the nucleus and mature into
live virus. In contrast, two other capsid types, A capsids and B capsids, also accumulate in
infected cell nuclei, but do not mature into virions. A capsids and B capsids have the same
shell structure as C capsids, but they differ in the contents of the capsid cavity. Whereas C
capsids contain the virus DNA, B capsids contain only the scaffolding protein while the A
capsid cavity lacks substantial amounts of either DNA or protein. 39,40

In the experiments described here, purified C capsids were subjected to test treatments in vitro
and examined for DNA release through a single capsid vertex. The results show that phage-
like DNA release can be induced by: (i) treatment of capsids with trypsin; and (ii) attachment
of C capsids to a solid surface by followed by warming.

Results
Trypsin treatment of C capsids

Purified C capsids were treated with trypsin in solution, and then examined for DNA release
by sucrose density gradient centrifugation. On such gradients C capsids migrate more rapidly
than capsids lacking DNA (A and B capsids). Examination of the untreated capsid population
indicated it consisted predominately of C capsids (~85%) with small amounts of A and B
capsids also present (Fig. 1, gradient 1). In contrast, C capsids were not detected when capsids
were treated with 20 μg/ml trypsin (Fig. 1, gradient 4). Loss of C capsids was accompanied by
a corresponding increase in a band migrating coincidently with A capsids (Fig. 1), which we
interpret as resulting from loss of DNA from C capsids. Disappearance of the C capsid band
indicates that DNA was lost from all C capsids treated with 20 μg/ml trypsin (Fig. 1, gradient
4). Intermediate levels of C capsid loss were observed after treatment of capsids with 0.2 μg/
ml and 2 μg/ml trypsin (Fig. 1, gradients 2 and 3). Electron microscopic examination of trypsin-
treated C capsids confirmed that DNA had been lost and that capsids had not suffered gross
morphological damage at any of the trypsin doses tested (micrographs not shown). Control
experiments demonstrated that DNA loss from C capsids was promoted by treatment with
chymotrypsin at concentrations of 2 μg/ml and 20 μg/ml (data not shown).
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Capsids treated with 0.2 μg/ml trypsin were examined further by: (a) electron microscopic
analysis of shadowed preparations; and (b) SDS-polyacrylamide gel electrophoresis and
immunoblotting to identify protein cleavages that may correlate with DNA release.

Electron microscopic analysis was performed with capsids that were treated with trypsin,
adsorbed to electron microscope grids and rotary shadowed. A dose of 0.2 μg/ml trypsin was
chosen with the goal of maximizing the possibility that DNA would be observed in the process
of exiting the capsid. In practice, ~3% of capsids were seen to be actively releasing thir DNA
(Fig. 2) although many more eventually did so (see Fig. 1, gradient 2). Capsids in which
extruded DNA was not observed were assumed to be those that: (i) had not yet released DNA;
(ii) had already released all their DNA; or (iii) were enmeshed in DNA tangles in which the
capsid source could not be definitively assigned (micrographs not shown).

More than 100 images of capsids in the process of ejecting their DNA were examined. In all
cases, DNA was found to be extruded only as a single thread originating at a single capsid
vertex. Extrusion at multiple sites was not observed nor was unambiguous evidence for
extrusion of DNA loops or release at a non-vertex site. The amount of extruded DNA varied
from a few capsid diameters to much longer segments. In some images the distal DNA end
was seen suggesting DNA was extruded beginning at an end (see sites labeled with an asterisk
in Fig. 2).

SDS-polyacrylamide gel analysis was carried out with trypsin-treated capsids after separation
on a sucrose gradient. Results shown in Fig. 1 (lane 2) demonstrated that a trypsin concentration
of 0.2 μg/ml caused approximately half of the C capsids to lose their DNA. This can be seen
as a reduction in the C capsid band and a corresponding increase in A capsids. The different
capsid species from this gradient were isolated, subjected to immunoblot analysis and
compared to determine if there was a unique peptide cleavage that correlated with DNA release.

The results showed no evidence for cleavage of the major capsid (UL19) or the large triplex
protein (UL38) in A, B or C capsids (Fig. 3a, 3b). In contrast, little intact UL25 was observed
after trypsin treatment in any of the three capsid types (Fig. 3b). A doublet of digestion products
replaced the intact protein in all cases. A small amount of UL6 cleavage was observed in B
and C capsids, and a larger amount (~10%) in A capsids. In control capsids not exposed to
trypsin, UL25 cleavage was minimal and cleavage of UL6 was not observed (Fig 3b).

Capsids attached to a solid surface
DNA release from C capsids was also examined with capsids after they were adsorbed to the
surface of an electron microscope grid. Preliminary studies with grid-associated capsids
demonstrated that DNA release did not depend on treatment of capsids with trypsin as it did
with capsids in solution. DNA release was observed after grid-associated capsids were simply
warmed above 4°C. In a representative experiment, capsids were bound to an electron
microscope grid, warmed to 37°C in the absence of trypsin, stained to allow DNA-containing
capsids to be distinguished from empty ones, and examined by electron microscopy (Fig. 4).

Results with this system showed that when grid-associated capsids were incubated for 2 hrs at
37°C, 94% lost their DNA compared to 15% when incubation was at 4°C (Table 1).
Observations with C capsids contrasted markedly with similar studies carried out with mature
phage λ. Warming of grid associated λ had little effect on the initial proportion of phage with
DNA-filled heads (Table 1). We interpret this finding to indicate that the effect of heat to cause
DNA release from C capsids was not due to a severe effect that would cause release of any
packaged DNA. When C capsids were incubated at 34°C, nearly 80% released their DNA over
a period of approximately 130 min as shown in Fig. 5a. DNA was lost from half the capsids
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in approximately 30 min. Only a background level of DNA ejection (10%–15%) was observed
when incubation was at 4°C.

Incubation temperature was found to affect the proportion of C capsids that released their DNA.
For instance, when capsids were incubated for 2 hrs, 95% of capsids were found to release
their DNA when incubation was at 37°C. Lower proportions were observed when the
incubation temperature was lower as shown in Fig. 5b. DNA release was almost completely
suppressed when grid-associated capsids were treated with 1% formaldehyde prior to
incubation at elevated temperature (Table 1). This effect is suggested to result from cross-
linking of virus DNA to the capsid shell preventing its ejection.23 Similar suppression of DNA
release by 1% formaldehyde was observed with trypsin-treated capsids in solution (data not
shown).

In view of the role of trypsin in promoting DNA release from C capsids in solution, we tested
the idea that action of an endogenous protease may contribute to DNA release from grid-
associated capsids. Cellular protease(s) and the HSV-1-encoded proteases (UL26 and UL36)
24, 25 were considered as possible sources of activity. Tests involved heating grid-associated
C capsids in the presence of protease inhibitors, which are expected to suppress DNA ejection
if protease activity is involved. Tests were performed with a cocktail of protease inhibitors
(Roche Complete) and with diisopropyl-fluorophosphate (DFP), an inhibitor of the HSV-1-
encoded protease.26 The results demonstrated only a modest effect of either inhibitor (Table
1). For example, whereas DNA release from 94% of capsids was observed in uninhibited
reactions, release was 71% in the case of the inhibitor cocktail and 86% in the case of 10 mM
DFP. The modest effect of protease inhibitors suggests either that: (i) inhibitors did not have
access to the protease as would be the case, for instance, if they did not enter the capsid; or (ii)
DNA release is promoted to a greater extent by capsid binding to the carbon-Formvar surface
than by the effect of proteases that may be present.

Electron microscopy
Release of DNA from grid-associated capsids was examined by electron microscopy in two
ways: (i) by shadowing to identify the site from which DNA is released; and (ii) by examination
of frozen hydrated specimens to determine the proportion of DNA released from individual
capsids. Both studies were carried out with C capsids that were adsorbed to carbon-Formvar
coated grids and warmed for 30 min at 37°C to initiate DNA extrusion.

Of more than 150 capsids examined by shadowing, DNA was found to arise from 30%–35%.
As in the case of trypsin-treated capsids, a single DNA thread appeared to extend from a capsid
vertex in every case (Fig. 6). DNA loops were not observed nor were capsids with multiple
extruded DNA strands. The length of released DNA strands was found to vary from one or a
few capsid diameters in some images to tens or perhaps 100 in others (Fig. 6). A DNA end
was identified in many images as shown in Fig. 6 (asterisks) suggesting that DNA extrusion
was initiated at an end.

Images of frozen-hydrated capsids were recorded with the idea that, since specimens are not
stained, the total image density ought to correspond to the DNA remaining inside the capsid
plus an invariant density arising from the capsid shell. By subtracting the contribution of the
shell, it should be possible to estimate the proportion of DNA remaining in the capsid.
Micrographs were therefore recorded of C capsids that had been warmed to 37°C for 30 min
and then preserved in the frozen-hydrated state. The integrated density of individual capsid
images was then determined by scanning and corrected for the contribution of the protein shell
to yield a value proportional to the amount of DNA present.
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Representative micrographs are shown in Fig. 7 at low and higher magnification (upper and
lower panels, respectively). Compared to control, unheated capsids (4°C), most capsid images
in heated specimens were found to be lighter in density as expected from previous results
showing that DNA is released from heated capsids. Images showed no evidence of damage to
the integrity of the capsid shell. Heated capsids were indistinguishable from controls except
for differences due to DNA loss. Among the capsids in the heated specimens it was possible
to distinguish: (i) filled capsids whose density is comparable to unheated ones; (ii) empty
capsids with a density comparable to the lightest capsids in the field; and (iii) capsids with an
intermediate density assumed to be partially filled capsids. Representative filled (F), empty
(E) and intermediate (I) capsid images are indicated in Fig. 7 (bottom right).

The fraction of DNA remaining in 97 randomly selected capsids was determined and the results
are shown in Fig. 8. Most capsids (88 of 97) were found to have lost 30% or more of their DNA
after 30 min of incubation. Among these capsids, a wide variation of DNA loss was observed.
In some, DNA loss was complete or nearly so while in others 60% or more of the DNA was
retained. The variability in the amount of DNA remaining is suggested to indicate that there is
a difference among capsids in the time at which DNA ejection begins or perhaps in the rate at
which DNA is released. The existence of a capsid population from which DNA loss is minimal
(30% or less in 9 of 97 capsids; Fig. 8) indicates there may be a small population of capsids in
which DNA is resistant to extrusion at 37°C.

Discussion
DNA uncoating in vitro

Electron microscopic analysis of capsids extruding their DNA supported the view that release
in vitro resembles DNA uncoating as it is thought to occur in infected cells. Images of both
trypsin treated and grid-associated capsids showed that DNA was extruded as a single double
helix with ejection occurring at a single capsid vertex assumed to be the portal. Tests of the
suggested portal involvement are now in progress. No evidence was obtained for release of
DNA at multiple vertices or as loops or multi-strand bundles as observed in C capsids treated
in vitro with guanidine-HCl.27 Similarly, we did not observe release of DNA as a condensed
mass following large-scale damage to the capsid shell as observed by Shahin and colleagues.
28 In many images, a single DNA double helix could be traced from its origin at the capsid to
a distal end suggesting that DNA extrusion begins at a genome end as expected of DNA
uncoating in vivo (Figs. 2 and 6).

In studies of trypsin-treated capsids, Western immunoblotting was employed to test for capsid
protein cleavages that might correlate with DNA release. Four capsid proteins were examined,
the major capsid protein (UL19), the large triplex protein (UL38), UL25, and the portal protein
(UL6). The results showed that of the four only UL6 and UL25 were cleaved and only UL6
cleavage correlated with DNA loss from the capsid (Fig. 3). Since DNA is thought to exit the
capsid by way of the portal, it is easy to imagine that digestion of the portal protein might
promote DNA release. The small amount of UL6 affected (~10%), however, indicates that
DNA release must be able to be initiated by cleavage of no more than one UL6 molecule per
capsid. Proteases potentially involved in UL6 cleavage include VP24 (UL26 gene product)
and UL36. VP24 is located inside the capsid where it functions to cleave the scaffolding protein.
24, 39 UL36 is found outside the capsid shell. As described above, it is required for DNA
uncoating in infected cells making it attractive as a candidate for a function in initiation of
DNA release.25,4
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Grid-associated capsids
In order to examine DNA release from single capsids rather than from capsid populations,
experiments were carried out with C capsids bound to a solid surface, a coated electron
microscope grid. Experiments with such preparations showed that DNA was extruded when
capsids were heated above 4°C. A study of the effect of temperature on the proportion of capsids
releasing their DNA demonstrated that DNA was extruded from nearly all capsids incubated
for 2 hrs at 37°C (see Fig. 5b). When incubation was at a lower temperature, however, a lower
fraction of capsids lost their DNA. We interpret the effects of temperature to indicate that the
population of C capsids is heterogeneous with respect to the activation energy required to
induce DNA extrusion from grid-associated specimens. We believe our observations are the
first to demonstrate a functional heterogeneity among HSV-1 C capsids. This heterogeneity
may reflect a related difference in the ease with which capsids are able to deliver their DNA
to the infected cell nucleus. In the future, it would be of interest to determine whether the
observed functional heterogeneity is correlated with a feature of the capsid structure.

Heterogeneity among C capsids was also observed when cryo-electron microscopy was
employed to measure the amount of DNA remaining in capsids incubated for 30 min at 37°C
(see Figs. 7–8). Although nearly all capsids had lost some DNA after 30 min of incubation,
capsids exhibited a wide variation in the amount of DNA remaining encapsidated (Fig. 8). As
described above, this variation may be due to heterogeneity in the time at which DNA release
is initiated or in the rate of DNA egress.

In contrast to the situation with capsids in solution, DNA release from grid-associated capsids
did not depend on proteolytic digestion of the capsid. Added protease was not required, and
ejection was not strongly suppressed by the presence of protease inhibitors (Table 1). We
interpret these observations to indicate that attachment to the carbon surface of the grid makes
the capsid permissive for DNA egress. For instance, a strong capsid-grid attachment could
perturb or compress the capsid in such a way that DNA release would be favored. Alternatively,
attachment could produce a perturbation that would be transmitted to the portal to potentiate
portal opening and DNA release. Such compression of the capsid or subtle change to the portal
could function like trypsin treatment to lower the energy necessary to initiate DNA extrusion.

Cryo-electron microscopic analysis of heated capsids supports the view that the DNA in grid-
associated capsids is subject to a degree of internal pressure. DNA exits spontaneously from
capsids after warming above 4°C. The amount of DNA released, however, suggests the level
of internal pressure must be relatively modest. Even after 30 min of incubation at 37°C, most
capsids still contained a substantial amount of DNA (Fig. 8).

DNA uncoating in vivo
It is difficult to define the role internal capsid pressure may play in HSV-1 DNA uncoating in
vivo. In view of the relatively modest amount of internal pressure observed here (i.e. enough
to cause ejection of ≥30% of the DNA from most capsids in 30 min; see Fig. 8), it would be
unreasonable to assume that pressure is a major force propelling the majority of DNA into the
nucleus. Some other factor is likely to be involved. Candidates would include diffusion or
possibly a property of the nuclear pore complex (NPC). A role for the NPC is suggested by
the results of Salman et al.29 who observed in vitro uptake of free DNA into reconstituted
nuclei. Such observations suggest a minimal role for the capsid in HSV-1 DNA transport into
the nucleus. The role of the capsid may be to deliver the virus DNA to the vicinity of the NPC
and release it. Pore proteins would then complete the transport process. Uncoating would
therefore resemble the “push-pull” mechanism suggested for ejection of phage ϕ29 DNA.37,
38 The role of the capsid would be to maintain the DNA in a condensed state before it reaches
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the NPC. The capsid would thereby minimize the resistance to diffusion in the cytoplasm that
would apply to an extended DNA molecule.

In vitro uncoating of the HSV-1 genome as described here has important features in common
with DNA uncoating in dsDNA bacteriophage. In both, DNA is extruded as a single double
helix through the portal vertex, with release initiated at a genome end.12 The major difference
has to do with participation of a receptor. Extrusion of DNA from phage such as λ, T5 and
SPP1 occurs only after the phage tail has interacted with a specific receptor on the host cell
surface.11, 30, 31 The requirement for a receptor is observed for DNA extrusion both in vitro
and in vivo. In contrast, no requirement for a receptor was observed in the studies described
here. Two possible explanations suggest themselves: (i) A receptor may be involved in HSV-1
DNA uncoating in infected cells, but in vitro the role of the receptor may be substituted by
trypsin treatment or capsid binding to a solid surface as described here. (ii) Alternatively, DNA
release in vivo may involve a non-specific feature of the capsid-nuclear pore complex
environment (e.g. phenylalanine-glycine-containing nucleoporins36) and not a specific
receptor. Studies of uncoating in infected cells will be required to resolve this and other issues
regarding how DNA is delivered to the host cell nucleus.

Materials and Methods
Cells, viruses and capsids

Experiments were performed with C capsids prepared from the nuclei of BHK-21 cells infected
for 20 hrs with the 17MP strain of HSV-1. A recent publication describes the methods used
for cell growth, virus infection and capsid purification by sucrose density gradient
sedimentation of nuclear lysates.32 Preparations yielded 100 μg–200 μg of C capsids in TNE
buffer (0.01 M Tris-HCl, 0.5 M NaCl, 1 mM EDTA, pH 7.5). Contamination with A and B
capsids was approximately 10%. For most studies, capsids were adjusted to a concentration of
0.25 mg/ml and stored at 4°C. Purified λ phage (1 × 1010 pfu/ml) was the gift of Dr. Dwight
Anderson (University of Minnesota).

Trypsin treatment of C capsids
C capsids (50 μl) were added to 5 μl TNE containing trypsin adjusted to yield a final
concentration of 20 μg/ml, 2 μg/ml or 0.2 μg/ml, and the mixtures were incubated for 45 min
at 37°C. Capsids were then isolated by centrifugation on a 600-μl gradient of 20%–50% sucrose
prepared in TNE containing protease inhibitors (0.1 volume of a solution prepared by
dissolving one tablet of Roche Diagnostics Complete in 5 ml phosphate-buffered saline [PBS]).

Centrifugation was for 40 min at 23,000 rpm in a Beckman SW55Ti rotor operated at 4°C.
DNA release was not observed if capsids contained protease inhibitors prior to trypsin
treatment. Previously described procedures were employed for SDS-polyacrylamide gel
electrophoresis, dot blotting to identify capsid-containing fractions, immunoblotting and
staining with specific antibodies.32,33 Antibodies used for immunoblotting were: UL25,
monoclonal antibody (MAb) 2D9 (1:2000 dilution34; UL6, MAb 1C9 (1:10,000 dilution14);
UL38, MAb 4A11 (culture supernatant diluted 1:5,00032); UL19, MAb 3E8 (culture
supernatant; diluted 1:50035). Reprobing of blots was performed as described previously.32

DNA extrusion from trypsin-treated C capsids was examined by electron microscopy
beginning with 20 μl aliquots of capsids, which were adjusted to 0.2 μg/ml trypsin and
incubated for 10 min at 37°C. A 1 μl aliquot of capsids was then mixed with 50 μl 1%
formaldehyde at room temperature for 10 seconds, and a sample was loaded onto a carbon-
Formvar-coated electron microscope grid. The grid was washed in a drop of TNE (four times)
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to remove the formaldehyde, stained, rotary shadowed and examined by electron microscopy
as described below.

DNA ejection from grid-associated C capsids
An 8 μl aliquot of C capsids (5 μg/ml) was pipetted onto a glow discharged, Formvar-carbon
coated electron microscope grid and allowed to attach for 10 seconds at room temperature.
Unbound capsids were then removed by floating the grid for one minute face down on a drop
(100 μl) of TNE. For warming, as necessary, grids were placed in a 0.5 ml microcentrifuge
tube containing 0.4 ml TNE. The tube was laid on its side with the grid face up and incubated.
After incubation, the grid was removed from the tube and submerged sequentially at room
temperature in: (1) a drop of PBS containing 1% formaldehyde (10 seconds); (2) a drop of
TNE containing a 1:500 dilution of Photo-flo (Kodak Photo-flo 200; twice; 30 seconds each);
(3) 1% uranyl acetate in 1:500 Photo-flo; and (4) 1:500 Photo-flo (five times). The grid was
then placed face up on filter paper and allowed to dry for 5 min prior to examination in the
electron microscope or rotary shadowing followed by electron microscopy (see below). In
particular experiments, incubation mixtures also contained protease inhibitors (see above), 10
mM diisopropyl-fluorophosphate (DFP), or 1% formaldehyde as described in the text.

Electron microscopy
All electron microscopy was performed on a Philips EM400T transmission instrument operated
at 80 keV. Images were recorded on film and converted to digital form by scanning in a flatbed
scanner. UN-SCAN-IT v5.1 (Silk Industries) was used to make quantitative measurements of
capsid images. Rotary shadowing of specimens was carried out with Pt-carbon at a 15° angle
in a Bal-Tec Med-020 instrument operated at 1.90keV and 70 mA. For examination of frozen-
hydrated specimens, grids were quick frozen in liquid ethane and maintained at −170°C with
liquid nitrogen in a Gatan model 626 cold holder. Images were recorded in low-dose mode on
Kodak SO-163 film.
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Figure 1.
Sucrose density gradient analysis of control HSV-1 C capsids (gradient 1) and C capsids after
treatment with the indicated dose of trypsin (gradients 2–4). Sedimentation is from top to
bottom and the positions of A, B and C capsids are indicated. Note that with increasing trypsin
dose the amount of C capsids declines while that of A capsids increases as expected as DNA
is lost from C capsids.
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Figure 2.
Electron micrographs showing HSV-1 C capsids in the process of releasing their DNA.
Micrographs show DNA release following trypsin treatment of capsids in solution. DNA ends
are indicated with asterisks. Note that in each case the DNA originates at a capsid vertex.
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Figure 3.
SDS-polyacrylamide gel and immunoblot analyses of control HSV-1 capsids (left three lanes)
and HSV-1 capsids after treatment with 0.2 μg/ml trypsin (right three lanes). Procedures
described in Materials and Methods were used to treat capsids in solution with trypsin and to
separate capsids by sucrose density gradient centrifugation. Capsid-containing fractions were
then examined by SDS-polyacrylamide gel electrophoresis (a) and immunoblot analysis for
UL6, UL25, UL38 and UL19 (b). Bands corresponding to individual proteins are identified on
the right where an asterisk indicates the cleaved form of a protein. Note that cleavage of UL25
is observed in all capsid types while appreciable cleavage of UL6 is found only in A capsids.
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Figure 4.
Electron micrographs of HSV-1 C capsids bound to Formvar/carbon-coated electron
microscope grids. Capsids were maintained at 4°C (left) or warmed to 37°C (right) for 2 hrs
and stained with uranyl acetate. Note that DNA loss, as evidenced by a lighter image, is
observed only in capsids heated at 37°C.
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Figure 5.
Effect of time and incubation temperature on extrusion of DNA from grid-associated HSV-1
C capsids. (a) Capsids were adsorbed to grids, incubated under the indicated conditions, stained
and examined in the electron microscope to determine whether DNA was released. Note that
most capsids had released their DNA after 120 minutes of incubation at 34°C. (b) Capsids were
absorbed to grids and incubated for 2 hrs at the temperatures indicated. They were then stained
and examined for DNA release. Note that the proportion of capsids that released DNA increased
with increasing incubation temperature.
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Figure 6.
Electron micrographs showing grid-associated HSV-1 C capsids in the process of releasing
their DNA. Capsids were warmed to 37°C for 30 min to promote DNA release, and prepared
for electron microscopy by shadowing as described in Materials and Methods. White asterisks
indicate DNA ends. Note that in each case the DNA originates at a capsid vertex.
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Figure 7.
Electron micrographs showing grid-associated capsids preserved in the frozen-hydrated state.
C capsids were bound to grids, incubated for 30 min at 4°C (left) or 37°C (right) and examined
after freezing at liquid nitrogen temperature (−170°C). Upper and lower panels show capsids
at lower and higher magnification, respectively. Note that DNA loss, as evidenced by a lighter
image, is observed only in capsids heated at 37°C and that DNA loss is not accompanied by
morphological damage to the capsid shell. Indicated in the lower right panel are capsids filled
with DNA (F), empty capsids (E) and capsids with an intermediate amount of DNA (I).
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Figure 8.
Histogram showing the fraction of DNA remaining in C capsids after incubation at 37°C for
30 min. Capsids were adsorbed to grids, incubated and images were recoded by electron
microscopy of frozen-hydrated specimens. The integrated density of individual capsid images
(after correction for the contribution of the capsid shell) was then determined as a measure of
the DNA remaining inside the capsid. A total of 97 images were measured and the values are
shown. Note that most capsids (88 of 97) have lost 30% or more of their DNA.
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Table 1
Effect of incubation at 37°C on DNA uncoating in HSV-1 C-capsids and bacteriophage lambdaa

Specimen Incubation Temperature Treatment Full (%) Empty (%)

HSV-1 C-capsids 4°C None 252 (85%) 44 (15%)
HSV-1 C-capsids 37°C None 26 (6%) 407 (94%)
HSV-1 C-capsids 37°C 1% formaldehyde 330 (97%) 10 (3%)
HSV-1 C-capsids 37°C Protease inhibitorsb 176 (29%) 431 (71%)
HSV-1 C-capsids 37°C 10 mM DFPc 39 (14%) 240 (86%)
Bacteriophage λ 4°C None 172 (86%) 28 (14%)
Bacteriophage λ 37°C None 369 (88%) 50 (12%)

a
HSV-1 C capsids were adsorbed to electron microscope grids, heated in TNE for 2 hrs at 37°C, and stained as described in Materials and Methods. The

same procedure was used for bacteriophage λ. Capsids or λ virions where then examined in the electron microscope and scored visually for the presence
of DNA inside the capsid.

b
Roche Diagnostics Complete diluted as described in Materials and Methods.

c
Diisopropyl-fluorophosphate
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