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ABSTRACT: Herpes simplex virus type 1 (HSV-1) packages its micrometers-long
double-stranded DNA genome into a nanometer-scale protein shell, termed the
capsid. Upon confinement within the capsid, neighboring DNA strands experience
repulsive electrostatic and hydration forces as well as bending stress associated with
the tight curvature required of packaged DNA. By osmotically suppressing DNA
release from HSV-1 capsids, we provide the first experimental evidence of a high
internal pressure of tens of atmospheres within a eukaryotic human virus, resulting
from the confined genome. Furthermore, the ejection is progressively suppressed by
increasing external osmotic pressures, which reveals that internal pressure is capable of
powering ejection of the entire genome from the viral capsid. Despite billions of years
of evolution separating eukaryotic viruses and bacteriophages, pressure-driven DNA
ejection has been conserved. This suggests it is a key mechanism for viral infection and
thus presents a new target for antiviral therapies.

■ INTRODUCTION

Herpes simplex virus type 1 (HSV-1) is one of 8 human
pathogenic herpesviruses known today, including Epstein−Barr
virus (EBV), cytomegalovirus (CMV), and Kaposi’s sarcoma-
associated herpesvirus (KSHV).1 Herpesviruses consist of a
double-stranded DNA (dsDNA) molecule contained within a
rigid protein shell, termed the capsid. HSV-1 is a prototypical
model system to study the general infection mechanisms of
herpesviruses and other viruses that release their genome into
the cell nucleus without capsid disassembly.2 During viral
replication and infection, DNA enters and presumably exits the
HSV-1 capsid through a specialized opening formed by the
portal vertex.3 Additional proteins and a lipid membrane
surround the DNA-filled capsid, which facilitate viral entry into
host cells.4 Figure 1 illustrates the HSV-1 infection process as
observed by transmission electron microscopy. After binding at
the outer membrane (Figure 1a), viruses enter the cell
cytoplasm and are transported toward the nucleus (Figure
1b). The viral capsid ejects its genome upon docking to a
nuclear pore complex,5 which forms a passageway for molecular
traffic into the nucleus (Figure 1c).
Current drug therapies targeting specific viral proteins6 have

poor long-term success due to the development of drug
resistance that often results from high mutation rates during
viral genome replication. Resistance to many antiviral drugs can
occur from single amino acid substitutions in the targeted viral
protein.7 This highlights the importance of understanding the
less specific physical properties of the virus particle regulating
replication and infectivity.8 Recent investigations include the
increasing mechanical stability of HSV-1 during capsid

maturation9 as well as correlation between human immunode-
ficiency virus (HIV) stiffness and its ability to enter a host
cell.10

The HSV-1 DNA packaging process resembles that of the
more extensively studied dsDNA bacteriophages11,12 (viruses
that infect bacteria), which package their micrometers-long
genome into a nanometer-scale capsid. This confinement
requires DNA to bend along radii that are energetically
unfavorable given its 50 nm persistence length, creating
bending stress on the packaged genome.13−15 (Persistence
length defines the stiffness of a polymer, describing the
minimum radius of curvature it can adopt by the available
thermal energy. Bending it to a smaller radius requires
additional work.) DNA can fill as much as 60% of the internal
capsid volume, with the remaining volume fraction occupied by
water molecules and small ions that freely diffuse through the
capsid wall. At these high packaging densities, DNA interaxial
spacings as small as 25 to 30 Å (corresponding to 5−10 Å
surface separations) create repulsive electrostatic forces
between the negatively charged strands of DNA. Furthermore,
removal of water molecules from their hydration layers between
neighboring DNA helices causes additional repulsive hydration
forces16 on the tightly packaged genome. This hydration force
scales directly with the interaxial spacings and dominates over
the electrostatic and van der Waals interactions as DNA
surfaces approach to within 10 Å of each other.16
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To overcome these forces viral DNA packaging motors
generate over 50 pico-Newtons, making them the strongest
known molecular machine.17,18 The work done by the motor
during genome packaging is stored as the repulsive and bending
energies described above, which create an internal pressure
within the capsid that is responsible for DNA ejection.13−15,19

The energetics and mechanical properties associated with tight
genome confinement have been probed using microcalorim-
etry20 and atomic force microscopy (AFM).8,21,22 We have

investigated this internal pressure for HSV-1 using solutions
containing an osmotic stress agent, polyethylene glycol with
molecular weight 8000 g/mol (PEG 8000).23 The capsid wall is
permeable to water and small ions but not to PEG 8000, thus
creating an osmotic pressure gradient between the bulk
solution and DNA within the capsid. By determining the
PEG concentration required to completely suppress genome
ejection, an internal capsid pressure of tens of atmospheres was
first confirmed for bacteriophage λ.19 Although measured for

Figure 1. Visualization of HSV-1 infection process. Artificially colored electron micrographs of HSV-1 at the cell membrane (a), in transport to the
nucleus (b), and bound at a nuclear pore complex (NPC) embedded within the nuclear envelope (c). The dsDNA genome appears as an electron-
dense region within the capsid, which is visible in (a) and (b) but absent in (c) due to DNA ejection upon NPC binding. Scale bar, 50 nm.

Figure 2. Osmotic suppression of HSV-1 genome ejection. (a) Schematic of experimental assay. DNA ejection from HSV-1 capsids is initiated by
trypsin digestion in the presence (or absence) of PEG and DNase I at 37 °C. Nonejected DNA was extracted from capsids by sodium dodecyl sulfate
(SDS) and protease K treatment and analyzed by pulse field gel electrophoresis (PFGE). (b) PFGE of osmotically suppressed DNA remaining inside
viral capsids in the presence of varying concentrations of PEG (lanes 2−8). For all experiments, DNA within unopened capsids resulted in an
additional band of approximately 147 kbp. This band was also present for DNA isolated from mature virions as well as phenol/chloroform extracted
capsid DNA, independent of PEG or trypsin (not shown). The source of this additional band is not clear, but may relate to variations in a-repeats49

or an alternative genetic discrepancy involved in viral replication or recombination present in a subpopulation of viruses. The faint smears of lower
molecular weight DNA present in lanes 6−8 represent sheared DNA fragments that occur from manipulation of large DNA molecules. (c) The
fraction of viral genome ejected from HSV-1 capsids (circles) as a function of the external osmotic pressure (conversion of PEG concentration to
osmotic pressure is described in the Materials and Methods section), compared to our earlier results for a bacteriophage λ mutant containing 78% of
the wild type DNA length (triangles). Vertical error bars represent the standard deviation of the gel band intensity profile. The dashed line is shown
as a visual guide for the fraction ejected from HSV-1.
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several bacteriophages, an internal genome pressure has not
been measured in a eukaryotic virus. A similar packaging
process11,12 and DNA packaging density24,25 for HSV-1
compared to dsDNA bacteriophages has led to years of
speculation for the existence of internal pressure within HSV-1
capsids.26,27 By osmotically suppressing DNA ejection from
HSV-1, this work provides the first experimental evidence of a
high internal pressure within a eukaryotic human virus.

■ RESULTS AND DISCUSSION
Mild trypsin treatment induces DNA ejection from HSV-1
capsids in vitro by cleaving the portal protein (UL63) without
degrading the major capsid protein (VP5) or causing
morphological damage to capsids.28 Approximately 40% of
capsids eject their DNA in response to trypsin treatment, as
determined by UV absorbance spectroscopy (Supporting
Information, SI, Figure S1). Although this proportion increases
with higher trypsin concentrations, a lower concentration
reduces the risk of morphological damage or degradation of the
major capsid protein, which was not observed to occur for the
trypsin concentrations used here.28 Southern blot analysis
confirms that trypsin-induced DNA ejection follows the
expected directionality, with ejection beginning at the S end
of the HSV-1 genome29 (SI Figure S2). This directional
ejection supports the notion of DNA release occurring through
the portal vertex, as expected for genome ejection in vivo.
After triggering ejection with trypsin, DNA released into

solution is degraded by addition of DNase. The nonejected
DNA within capsids was then extracted by SDS and protease K
treatment for analysis by pulse field gel electrophoresis
(PFGE). Extraction was done in the presence of excess
EDTA, which chelates Mg ions, to inactivate DNase from
further DNA degradation; Figure 2a illustrates the experimental
assay. In standard buffer conditions (Figure 2b, lane 2) only
full-length genomes (151 kbp, GenBank accession number
JQ780693) are observed, representing the proportion of
capsids not opened by trypsin. Absence of DNA molecules
smaller than the full genome length confirms that the ∼40% of
capsids opened by trypsin release their entire genome. We then
investigated internal pressure within HSV-1 by inducing DNA
ejection in the presence of varying concentrations of PEG. After
ejection equilibrates, and the ejected DNA portion is digested
by DNase, the nonejected DNA was extracted from capsids for
PFGE analysis, as described above. In this way, we could
monitor DNA ejection from HSV-1 as a function of the
external solution osmotic pressure set by the PEG concen-
tration.23 When HSV-1 capsids are opened by trypsin treatment
in the presence of PEG, DNA exits the capsid until the
decreasing ejection force equals the resisting force imposed by
the external osmotic pressure. Higher external osmotic
pressures (increasing PEG concentrations) impose larger
resisting forces, which suppress longer DNA lengths within
the capsid. This results in shorter than full-length genomes
retained within capsids, observed for PEG concentrations
between 5% and 25% (w/w) (Figure 2b lanes 3−7). Since not
all capsids are opened by trypsin treatment, partial-genomes
(opened capsids) and full-length genomes (unopened capsids)
are present for PEG concentrations of 25% (w/w) and below.
In the presence of 30% (w/w) PEG, complete suppression of
DNA ejection occurs, yielding only full-length genomes
observed by PFGE (Figure 2b, lane 8). This corresponds to
an internal pressure of ∼18 atm within HSV-1 capsids balanced
by an external osmotic pressure of equal magnitude. These

results demonstrate the existence of genome pressure within
HSV-1 and reveal that this pressure is responsible for ejection
of the entire packaged DNA molecule out of the viral capsid.
The fraction of HSV-1 DNA ejected as a function of the

external osmotic pressure follows a similar dependence as our
earlier results19,30 for a bacteriophage λ mutant containing 78%
of the wild type DNA length (Figure 2c). As in the case for
HSV-1, full suppression of DNA ejection from the λ mutant
occurs at ∼18 atm, compared to approximately 25 atm pressure
required to suppress ejection from wild type DNA length λ.30

Cryo-electron microscopy (cryo-EM) reconstructions of HSV-
1 and the 78% DNA length λ mutant show the packaged
genome as multiple layers along the inner capsid wall with 26 Å
interlayer spacings for both viruses.25,31 This suggests that
internal capsid pressure directly correlates with the measured
DNA interlayer spacings of the packaged genome. At these high
packaging densities, electrostatic and hydration forces attempt
to maximize spacings to reduce the repulsive interactions
between neighboring DNA strands. Yet, the packaging density
(volume of DNA divided by the internal capsid volume) is
approximately 20% lower for HSV-1 than the λ mutant,9

revealing that packaging density alone does not determine
DNA−DNA spacings and the resulting internal capsid pressure.
X-ray scattering measurements of DNA in solution condensed
by PEG demonstrate that DNA adopts a hexagonal packaging
structure at the DNA−DNA spacings found in viral capsids.16 If
the 26 Å interlayer distance is applied to the entire hexagonally
packaged HSV-1 genome, then a significant volume unoccupied
by DNA would exist toward the center of the capsid. However,
as observed by cryo-EM reconstructions,25 DNA is in fact
dispersed throughout the HSV-1 capsid with densely packaged
layers at the periphery of the capsid volume. This suggests that
a balance between repulsive interactions and bending stress
results in a lower DNA packaging density toward the center of
the capsid, and the consequently decreased spacings along the
capsid wall.
Our results suggest that DNA ejection during HSV-1

infection is initially a passive process powered by the internal
pressure of the tightly packaged genome. Accordingly, a
significant fraction of HSV-1 DNA is released into isolated
cell nuclei independent of cellular metabolic energy.32 It may be
that after a portion of DNA is ejected, which reduces the
internal capsid pressure and the corresponding ejection force,
cellular or enzymatic processes could facilitate release of the
remaining viral DNA.32 A similar enzymatic mechanism has
been proposed for delivering the final portion of phage
genomes during infection.33,34 In addition to enzymatic
processes, there are alternative suggestions focusing on the
osmotic pressure differential across the lipid membrane to
promote genome ejection.35 Furthermore, to directly measure
internal capsid pressure, we use DNase to digest the ejected
DNA so that the resulting osmotic pressure balance is
determined only by the DNA remaining within the capsid.
However, during viral infection in vivo, the ejected DNA is not
digested and additionally contributes to the pressure balance.
As previously shown for bacteriophage λ, in the absence of
DNase the external solution’s osmotic pressure causes ejected
DNA to condense, resulting in a force that pulls additional
DNA out of the capsid.36 Thus, the osmotic pressure within the
cell nucleus created by the high concentration of macro-
molecules could similarly promote condensation37 of the
ejected HSV-1 DNA, thereby pulling out of the capsid any
nonejected portion of the genome. Additionally, this process
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may also be facilitated by DNA condensing proteins binding to
incoming HSV-1 DNA.38

The similarities between osmotically suppressed DNA
ejection for a eukaryotic human virus and an E. coli-infecting
bacteriophage demonstrates the universality of internal capsid
pressure resulting from tight genome confinement. This
protease-based assay permits investigation of viral genome
pressure independent of a receptor protein to initiate DNA
release, a requirement that has previously limited osmotic
suppression experiments to a few bacteriophages for which
purified receptors were available.19,34,39 Determining the
presence of internal pressure for other eukaryotic viruses with
high genome packaging densities, such as cytomegalovirus,40

would be of particular interest. The dependence of internal
capsid pressure on genome bending stress and nonspecific
electrostatic and hydration forces suggests that pressure may
also play a role in replication of the double-stranded RNA
viruses that utilize an energy-dependent packaging motor41 and
have RNA interaxial spacings comparable to those of
pressurized dsDNA viruses.42−44 Potential viral replication
pathways utilizing internal capsid pressure are summarized in
Figure 3.
As we have recently shown for bacteriophage λ, a one

percent increase in the length of the packaged genome above
the wild type length leads to a 10-fold decrease in the viral titer.
This occurs from an imbalance between the packaging force of
the terminase motor and the internal capsid pressure.45

Bending energy and repulsive forces acting on the densely
packaged viral genome yield a stressed state distinct from
condensed cellular DNA. Variations in the degree of DNA
condensation can alter the binding of small molecules and
proteins to DNA.46,47 Additionally, the associated thermody-
namics of these interactions are influenced by the number of
co-ions released upon binding DNA, which can vary depending
on its condensation state.48 Developing ways to alter this
stressed state of the packaged viral genome could potentially

serve as a future antiviral drug target to interfere with genome
packaging or ejection during viral replication. The unique
physical properties of the tightly confined viral genome, as
opposed to a specific nucleotide sequence or encoded protein,
represent an evolutionarily static target for antiviral therapies.
This limits the potential for development of drug resistance that
can occur due to rapid adaptive mutations of viral genomes.

■ CONCLUSIONS

Genome ejection from HSV-1 was progressively suppressed by
solutions of varying external osmotic pressure. This result
provides the first experimental demonstration of internal
genome pressure within a human virus, which is of the same
order of magnitude as in dsDNA bacteriophages. The
evolutionary conservation of pressure-driven DNA ejection
for bacteriophages and eukaryotic viruses suggests that it is a
key mechanism for viral infection.

■ MATERIALS AND METHODS

HSV-1 Capsid Isolation. African green monkey kidney
cells (Vero) grown in Dulbecco’s Modified Eagle’s Medium
(Cellgro) with 5% fetal calf serum (GeneMate) and 5%
penicillin/streptomycin (Cellgro) were infected with HSV-1
KOS strain at a multiplicity of infection (MOI) of 5 PFU/cell
for 20 h at 37 °C. Cells were scraped into solution and
centrifuged at 3500 rpm for 10 min in a JLA-16.250 rotor. The
cell pellet was resuspended in 20 mM Tris buffer (pH 7.5) on
ice for 20 min and lysed by addition of 1.25% (v/v) Triton X−
100 (Alfa Aesar) for 30 min on ice. Samples were centrifuged at
2000 rpm for 10 min and the nuclei pellet resuspended in TNE
(10 mM Tris, 0.5 M NaCl, 1 mM EDTA) buffer with protease
inhibitor cocktail (Complete; Roche). Nuclei were disrupted by
sonication for 30 s. Large debris were cleared by brief
centrifugation and the supernatant spun in a 20−50% (w/w)
TNE sucrose gradient at 24 000 rpm in a Beckman SW41 rotor

Figure 3. Potential roles of internal capsid pressure during viral replication. (a) An increasing internal pressure (“P”) during genome packaging
triggers expansion and maturation of the preassembled immature procapsid. (b) As the genome packaging density increases, the mounting internal
pressure demands larger forces of the packaging motor, which may serve as the signal to terminate the packaging reaction. (c) During genome
packaging eukaryotic reoviruses replicate single-stranded RNA to double-stranded RNA inside the capsid analogous to dsRNA bacteriophage ϕ6,
which results in genome packaging densities similar to dsDNA viruses. Such intracapsid replication could be regulated, at least in part, by the
generation of an internal pressure resulting from the increasing genome packaging density as newly synthesized dsRNA continues to fill the internal
capsid volume. Furthermore, as packaged single-stranded RNA is replicated into double-stranded RNA within the capsid, pressure-induced genome
ordering may help organize the tightly packaged genome in a manner that facilitates efficient intracapsid transcription. (d) Internal capsid pressure
powering genome ejection into the host cell (dsDNA bacteriophages) or nucleus (herpes viruses).
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for 1 h. The C-capsid band was isolated by side puncture,
diluted in TNE buffer and centrifuged at 24 000 rpm for an
additional 1 h. Capsids were resuspended in TNE and stored at
4 °C.
Trypsin-Induced HSV-1 Genome Ejection. HSV-1 C-

capsids were diluted into TM buffer (50 mM Tris, 10 mM
MgSO4, pH 7.4). To determine the total amount of protected
viral DNA present, capsids were thermally ruptured by
incubation at 90 °C for 15 min followed by slow cooling.
Heated capsids, as well as intact capsids with and without
trypsin (MP Biomedicals) were incubated at 37 °C for 1.5 h in
the presence of 0.1 mg/mL DNase I (Akron) to digest DNA
released from capsids, followed by filtration (Pall, 10 kDa
MWCO) to remove capsids and their nonejected DNA. The
digested nucleotide concentration of the filtrate was determined
by the 260 nm absorbance peak (SI Figure S1) using an Agilent
8453 Spectrophotometer with a 1 cm path length quartz
cuvette. Samples containing trypsin and DNase (but without
HSV-1 capsids) were prepared to account for the absorbance
contribution due to the presence of trypsin and DNase. The
amount of HSV-1 DNA ejected in response to trypsin
treatment was determined by comparing the UV absorbance
intensity to that of the heated and untreated capsids (SI Figure
S1). Trypsin concentrations were adjusted so that ∼40% of
DNA is ejected, which corresponded to approximately 2 μg/
mL.
Osmotic Suppression of DNA Ejection. HSV-1 C-

capsids along with varying concentrations of 8000 MW
polyethylene glycol (PEG) (Fisher) were incubated at 37 °C
for 1.5 h with trypsin and DNase as described above. The
corresponding osmotic pressure (Π) as a function of the PEG
weight−weight percentage (w) was determined by the
empirical relation19 Π(atm) = −1.29G2T + 140G2 + 4G,
where G = w/(100 − w) and T is the temperature (°C).
Horizontal error bars of Figure 2c represent the standard error
in the osmotic pressure resulting from pipetting viscous PEG
solutions. Nonejected DNA was extracted from capsids by
addition of 10 mM ethylenediaminetetra-acetic (EDTA)
(Duchefa), 0.5% (w/v) SDS (Sigma), and 50 μg/mL protease
K (Amresco) followed by a 1 h incubation at 65 °C. The length
of osmotically suppressed DNA within capsids was determined
by pulse field gel electrophoresis using a Bio-Rad CHEF II DR
at 6 V/cm with initial and final switch times of 4 and 13 s
respectively. Gels were stained with SybrGold and size
estimations performed with UVP VisionWorksLS software
using the Midrange molecular weight standard from New
England BioLabs as a reference.
Southern blot hybridization was used to identify the genome

end osmotically suppressed within capsids in the presence of
5% (w/w) PEG. Samples were prepared as described above,
except that gels were stained with ethidium bromide. Blotting
was then performed with probes specific to the L and S
segments of the HSV-1 genome (GenBank accession number
JQ780693).
Electron Microscopy. Vero cells were infected at an MOI

of 300 PFU/cell and fixed with 2% gluteraldehyde in phosphate
buffered saline (PBS) 1 to 3 h post infection, followed by 1 h
incubation with 1% osmium tetroxide in PBS. Samples were
dehydrated by a graded ethanol series and propylene oxide,
embedded in Epon, and further contrasted with lead citrate and
uranyl acetate.
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(22) Hernando-Peŕez, M.; Miranda, R.; Aznar, M.; Carrascosa, J. L.;
Schaap, I. A. T.; Reguera, D.; de Pablo, P. J. Small 2012, 8, 2366−
2370.
(23) Parsegian, V. A.; Rand, R. P.; Fuller, N. L.; Rau, D. C. Methods
Enzymol. 1986, 127, 400−416.
(24) Booy, F. P.; Newcomb, W. W.; Trus, B. L.; Brown, J. C.; Baker,
T. S.; Steven, A. C. Cell 1991, 64, 1007−1015.
(25) Zhou, Z. H.; Chen, D. H.; Jakana, J.; Rixon, F. J.; Chiu, W. J.
Virol. 1999, 73, 3210−3218.
(26) Gelbart, W. M.; Knobler, C. M. Science 2009, 323, 1682−1683.
(27) Liashkovich, I.; Hafezi, W.; Kühn, J. M.; Oberleithner, H.;
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