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Abstract

DNA in the human Herpes simplex virus type 1 (HSV-1) capsid is packaged to a tight density.
This leads to tens of atmospheres of internal pressure responsible for the delivery of the herpes
genome into the cell nucleus. In this study we show that, despite its liquid crystalline state inside
the capsid, the DNA is fluid-like, which facilitates its ejection into the cell nucleus during
infection. We found that the sliding friction between closely packaged DNA strands, caused by
interstrand repulsive interactions, is reduced by the ionic environment of epithelial cells and
neurons susceptible to herpes infection. However, variations in the ionic conditions corresponding
to neuronal activity can restrict DNA mobility in the capsid, making it more solid-like. This can
inhibit intranuclear DNA release and interfere with viral replication. In addition, the temperature
of the human host (37 °C) induces a disordering transition of the encapsidated herpes genome,
which reduces interstrand interactions and provides genome mobility required for infection.

Herpesviruses are a leading cause of human viral disease, second only to influenza and cold
viruses?. Herpesvirus infections are life-long with extended latency periods between
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recurrent reactivations, making treatment of herpesvirus infections more difficult?. Current
anti-herpes drugs consist primarily of viral DNA polymerase inhibitors, which can be
effective. Unfortunately, high mutation rates during viral genome replication lead to drug
resistance upon extended use, which is problematic especially in the immunocompromised
patients in which they are most needed34. This problem has led to a search for the less
specific physical properties of the viral particles regulating replication.

HSV-1 is a prototypical model system used to investigate the infection pathways of
herpesviruses and other viruses that deliver their genome into a cell nucleus without capsid
disassembly®. Analogous to double-stranded (ds) DNA bacteriophages®=9, herpesviruses
package their micrometer-long dsDNA into a nanometer-scale protein shell called the
capsidl®. The infectivity of HSV-1 is facilitated by its ability to eject its genome into the host
cell nucleus upon binding of the capsid portal to the nuclear pore complex (NPC)°. We
recently discovered and measured a high internal DNA pressure of 20 atm in HSV-1
capsids®. This internal pressure results from repulsive DNADNA interactions and bending
stress acting on the tightly confined genomel2. This pressure is capable of driving ejection
of the entire viral genome from the capsid, suggesting a pressure-dependent infection
mechanism in herpesviruses. At the same time, DNA confined in the HSV-1 capsid is at the
extreme end of the packaging limit, where the genome is hexagonally ordered with
interstrand surface separations of only ~11 A or less!3. It has been experimentally shown Jn
vitro that DNA confined inside viral capsids at comparable packing densities is trapped in a
glassy state with restricted molecular motion14. Despite decades of investigations of
encapsidated genome structures®16, it remains unknown what provides the mobility of
closely packaged DNA required for the initiation of genome ejection through a single portal
opening in the capsid.

In this work, we demonstrate how the ionic conditions and temperature mimicking those of
the host cytoplasm regulate the structure, and the resulting mobility, of the encapsidated
HSV-1 genome. We show that, close to the optimum temperature for infection (37 °C), the
HSV-1 DNA in the capsid becomes more disordered and locally less densely packed with
increased interstrand separations, which reduces DNA-DNA repulsions. This leads to a
major increase in genome mobility or fluidity, which facilitates infection. Temperature is a
parameter that is rarely varied in biophysical measurements on viruses but is pertinent to
viral replication. The intracapsid DNA structure is determined using solution small-angle X-
ray scattering (SAXS). The relative mobility of the packaged herpes genome is measured
with atomic force microscopy (AFM) nano-indentation of HSV-1 capsids. Our results
suggest a remarkable physical adaptation of herpesviruses to the environment of their human
host and describe favorable as well as inhibiting /7 vivo conditions for HSV-1 infectivity and
replication.

Tightly packaged DNA inside the HSV-1 capsid

Herpesvirus capsids assemble from many copies of just a few subunits in a multistage
process. During the final stages of HSV-1 genome packaging, the terminase motor cleaves
concatameric viral DNA, followed by sealing of the portal vertex to ensure stable retention
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of the encapsidated genome. The scaffold protein around which the capsid is initially self-
assembled is proteolytically cleaved and removed, and DNA containing C-capsids is formed.
These represent properly packaged nucleocapsids that mature into infectious virus
particlesl’. Along with C-capsids, a number of empty A- and B-capsids are produced during
viral replication. B-capsids, which retain scaffolding proteins, do not complete the
maturation pathway and are a dead-end product!’. A-capsids lack scaffolding proteins and
are thought to arise from aborted packaging and loss of packaged DNAL7. The shells of both
A- and C-capsids are essentially identical in structure. This allows for a direct comparison of
capsid stiffness between empty and DNA-filled capsids measured with AFM nano-
indentation.

The stiffness of DNA packaged inside the HSV-1 capsid is measured by recording the force
resisting the capsid indentation when the AFM tip is brought into contact with the DNA-
filled capsid in solution (Online Methods). As viral capsids are permeable to water, capsid
deformation leads to displacement of water molecules hydrating the DNA18, which occurs
with compression of the packaged DNA strands. The resisting force attributed to the
deformation of the empty capsid shell can be determined separately by AFM indentation of
A-capsids. Hence, the force resisting C-capsid AFM indentation (in addition to the stiffness
of the empty capsid) is associated with the free energy required to remove water molecules
hydrating the closely packaged DNA strands and the change in the interhelical phosphate-
phosphate correlations!®. This energy is described by DNA-DNA repulsive interactions and
DNA bending stress'2-19. Furthermore, if the AFM tip rate of indentation is faster than the
relaxation dynamics of DNA during deformation, there can be an additional contribution to
the measured DNA stiffness from the interstrand sliding friction. The sliding friction occurs
from dragging closely packed negatively charged DNA helices past other helices. It has been
proposed that the so-called Coulomb sliding friction between neighboring DNA helices has
a major role in mobility of DNA at high packing densities in the viral capsids?%-21. Indeed, it
was recently shown that interhelical sliding friction leads to a kinetically trapped, glassy
DNA state inside the capsid. This high friction genome state was found to strongly affect the
rates of DNA packaging in vitro**.

Figure 1 shows this single-molecule approach for analyzing intracapsid DNA stiffness. The
force-distance curve in Figure 1c is linear, suggesting an elastic deformation of the HSV-1
capsidl822, An abrupt drop in the force-distance curve signifies breaking of the capsid. The
slope of the force-distance curve is the spring constant &, which describes the stiffness of the
viral particle. Unless specified otherwise, the rate of indentation in all of the measurements
was 60 nm s~1, which we have verified is slower than the relaxation rates for AFM-induced
capsid and DNA deformations. Thus, measured stiffness reflects the free energy of the
capsid and the encapsi-dated genome. The stiffness of the packaged DNA is measured as
K(DNA) = k(C-capsid) — A(A-capsid) (assuming that capsid and DNA deformations are
independent of each other). This A(DNA) value allows us to determine the change in the
stiffness attributed only to the DNA state in the capsid. A decrease in capsid stiffness
attributable to DNA indicates an increase in genome fluidity or, equivalently, mobility. The
observed variation in the stiffness and the relative compressibility of the encapsidated herpes
genome is explained by the structural DNA transitions determined with SAXS
measurements16:23,
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As mentioned above, both ionic conditions and temperature influence the intracapsid DNA
structure and determine its mobility. dsDNA is a stiff polymer chain with a high negative
charge density. The interplay between the bending stress and the DNA-DNA repulsive
interactions determines the structure and interstrand separation for the encapsidated
genome23.24_ First we investigated the effect of ionic conditions approximating those in the
cellular cytoplasm on the mobility of the encapsidated HSV-1 genome. As all viral capsids
are permeable to water and ions, the ionic conditions of the cellular cytoplasm directly affect
the DNA-DNA repulsive interactions by screening the negative charges on the tightly
packaged DNA strands24. We showed that weaker DNA-DNA interactions lead to greater
DNA fluidity as well as lower interhelical sliding friction. Next we showed how the
encapsidated HSV-1 genome undergoes a structural transition close to the temperature of
infection. The DNA bending stress is controlled by variation of temperature2®. With
increasing temperature, DNA becomes more flexible, leading to less bending stress. This
results in larger DNA-DNA spacings and therefore weaker inter-strand interactions and
increased DNA mobility. Our data reveal a solid-to-fluid-like transition of the encapsidated
HSV-1 genome occurring close to the temperature of infection. This observed DNA mobility
switch occurring /n vitrois likely to contribute to efficient delivery of the viral genome into
a cell nucleus during infection.

Effect of ionic conditions on the intracapsid DNA mobility

The stiffness of DNA packaged in HSV-1 capsids was determined with AFM nano-
indentation under various ionic conditions. The ionic conditions were chosen to mimic the
ionic environment of epithelial and neuronal cell cytoplasms (with similar ionic strength and
ion species). As cations interact with negatively charged DNA in the capsid, we used an
effective ionic strength value based only on the cation concentration to define our buffer
conditions. HSV-1 replicates mainly in epithelial cells and establishes a latent infection in
neurons2. In the cytoplasm of epithelial cells, the effective ionic strength from the cations is
0.1 M and is similar to that in the mammalian neuronal cell at its resting potential26-29,
However, the cation ionic strength in neurons varies by nearly tenfold between 0.02 M and
0.2 M, depending on the phase of the action potential2%. In addition to the monovalent
cations in the cytoplasm of both cell types (for example, Na*, K*), the epithelial cells also
contain Mg2* at 10 mM?2729, The neuronal cytoplasm has, in contrast, only trace amounts of
Ca?* at 0.0001 mM?26,

As a reference cation ionic condition for our measurements, we chose the lower ionic
strength limit in neuronal cytoplasm (close to 0.02 M). This choice is motivated by our
previous AFM nano-indentation measurements, which demonstrated that intracapsid DNA
stiffness decreases with increasing ionic strength?2. Thus, if DNA packaged in the HSV-1
capsid has low stiffness and fluid-like behavior at the lower ionic strength limit, it will
remain fluid-like also at the higher ionic strength. Figure 2 shows measured spring constants
for HSV-1 A-, B- and C-capsids at 24 °C in three different buffers: low-salt TE buffer (7.5
mM MgCl,, 15 mM EDTA, 50 mM Tris-HCI), medium-salt TM buffer (50 mM Tris-HCI, 10
mM MgCl,) and high-salt TNE buffer (500 mM NaCl, 1 mM EDTA, 10 mM Tris-HCI).
Figure 2 shows that empty A- and B-capsids have identical spring constants that are not
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influenced by the ionic conditions (k~ 0.34 + 0.01 N m™1; error represents s.e., obtained
from Gaussian curve fitting to the distribution of the spring constants).

Because mammalian neuronal cytoplasm has only trace amounts of divalent ions, we
removed Mg ions from the HSV-1 solution in TM buffer by adding an excess of EDTA. The
resulting TE buffer has a cation ionic strength of 0.015 M and mimics the ionic environment
in the neurons at the lowest salt concentration. The DNA-filled C-capsid in TE buffer at

24 °C shows a large increase in stiffness of 53% compared to the A-capsid (A(A-capsid)
~0.34 + 0.01 N m~1 versus A(C-capsid) ~0.52 + 0.01 N m~2; Fig. 2b). This observation
suggests that DNA is more restricted or more solid-like in the HSV-1 capsid at the low-salt
limit. At the same time, the stiffness of the C-capsid in the medium-salt TM buffer, which
has a higher cation ionic strength than TE buffer (0.015 M versus 0.02 M), is reduced by
15% compared to the capsid stiffness in TE buffer (Fig. 2b). The presence of Mg ions
resulted in a decrease in the DNA-DNA repulsive interactions and consequently improved
intracapsid DNA mobility. Finally, in the high-salt conditions set by TNE buffer with a
cation ionic strength of 0.25 M (similar to that in neurons at the peak of an action
potential26), which is typically used for storage of HSV-1 capsids, there is no measurable
contribution to the overall capsid stiffness from the packaged DNA. A-, B- and C-capsids in
TNE buffer have the same stiffness (A~ 0.34 + 0.01 N m~1), which was also observed in ref.
30. The DNA-DNA repulsive interactions are now considerably reduced by the counterion
screening, making the encapsidated genome even more fluid.

It has been shown for several bacteriophages®1-32 with DNA packing densities similar to that
of HSV-1 that DNA ejection rates /n vitro could be as high as 60,000-75,000 base pairs per
second. For the Archaeal virus Hisl, the ejection rate /n vitrois 140,000 base pairs per
second33, Assuming that DNA strands are sliding past each other during the ejection
process20:21 these ejection velocities correspond to an interhelical sliding rate of 104105
nm s~ (using 0.34 nm per base pair). As mentioned above, when a C-capsid is compressed
with an AFM tip, the DNA strands inside the capsid slide past each other as well. By
choosing the AFM indentation rates corresponding to the DNA sliding rates during ejection,
we attempted to simulate the friction effects occurring during the genome ejection process.
Therefore, in addition to the DNA stiffness associated with the free energy of genome
confined inside the capsid measured above, we also investigated whether the DNA sliding
friction contributes to the restricted genome mobility at the higher rates of indentation. The
intracapsid DNA stiffness, A(DNA), was measured as a function of AFM tip indentation rate.
Figure 3a shows the spring constant, &; versus the indentation rate for A- and C-capsids in
both low-salt TE buffer and high-salt TNE buffer at 24 °C. Figure 3b shows the A(DNA)
versus indentation rate derived from A(C-capsid) —A(A-capsid), where the spring constants
for C- and A-capsids were measured separately for each rate of indentation. At the
indentation rate of 60 nm s™1 used for all of the spring constant measurements above, the
measured DNA stiffness does not depend on the rate of indentation in both low- and high-
salt buffers, as the spring constants measured at indentation rates of 60 nm s™1 and 7.8 x 103
nm s~1 are the same (Fig. 3b). However, as the indentation rates approach 10° nm s~1
(corresponding to the DNA sliding rates during ejection), the DNA stiffness rises by 60% in
the low-salt TE buffer. At the same time, in the high-salt TNE buffer, the DNA stiffness
remains essentially unchanged within the entire indentation rate interval (102-10° nm s71).
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These observations suggest that the increase in the DNA stiffness in the low-salt conditions
is accompanied by interhelical sliding friction caused by the strong repulsive interactions
between the DNA strands. When the DNA-DNA repulsions are reduced in the high-salt
conditions, the genome remains fluid-like, with little frictional contribution even at very high
indentation rates.

These results demonstrate that DNA-DNA repulsive interactions determine the stiffness of
DNA packaged inside the capsid. AFM data suggest that both repulsive inter-strand
interactions and interhelical sliding friction restrict the mobility of the intracapsid genome.
This is likely to cause an energy barrier for initiation of DNA ejection from the capsid in the
low-salt conditions. Given the capsid permeability, the ionic environment of the host
cytoplasm will therefore affect the ejection mobility of the encapsidated genome. Although
our data show that intracapsid DNA is fluid-like in salt conditions similar to those of
epithelial cells, its mobility seems to be restricted at room temperature in the low-salt
conditions similar to those in neurons. The results in the next section provide an explanation
to the fundamentally important question of how the HSV-1 genome is successfully released
in the cell nucleus under the low-salt conditions of the neuronal cytoplasm.

Using AFM indentation measurements combined with SAXS, we demonstrate that DNA-
DNA separation is increased when the temperature is raised from 20 °C to 37 °C as a result
of decreased DNA bending stress inside the capsid. This structural transition leads to
decreased interstrand repulsive interactions and a major increase in the fluidity of the
encapsidated genome at the temperature of infection.

Solid-to-fluid DNA transition inside the HSV-1 capsid

Solution SAXS provides direct structural information about the encapsidated viral
genomel6:23, Capsid proteins and packaged DNA have well-resolved scattering profiles23,
Figure 4a shows SAXS scattering data for HSV-1 A- and C-capsids displaying a distinct
diffraction peak associated only with DNA packaged in the capsid. The short-range DNA
interaxial spacings determine the position of the DNA diffraction peak, whereas the area of
this peak provides information on the total number of ordered DNA base pairs of the
encapsidated genomel8. When DNA inside the capsid becomes less ordered, the DNA peak
area decreases as a result of less coherent diffraction. We collected SAXS scattering data for
HSV-1 C-capsids in TE buffer between temperatures of 10 °C and 34 °C to investigate the
effect of temperature on the DNA bending stress and the resulting DNA structure in the
capsid (Fig. 4).

Cryo-EM single-particle reconstructions of HSV-1 particles reveal that the entire capsid
volume is filled with DNA13, Starting from the capsid walls, there are multiple, well-ordered
concentric DNA layers. The layers are evenly spaced, indicating that DNA has adapted an
ordered repetitive structure characteristic of a liquid crystalline state. Intracapsid
confinement requires DNA to bend along radii that are energetically unfavorable given the
stiffness of dsDNA12:34, To relieve the bending stress, helices are packed closer to the capsid
wall, increasing the bending radius and also decreasing DNA-DNA spacing. At the same
time, the repulsive DNA-DNA interactions attempt to push DNA strands as far from each
other as possible, maximizing the interstrand separations3® and filling the entire capsid
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volume. The balance between the bending stress and the interstrand interactions determines
the interaxial distance between the ordered DNA strands2335. With increasing temperature,
DNA becomes more flexibleZ?, leading to less bending stress. Reduced bending stress
causes an increase in DNA-DNA spacings, resulting in decreased repulsive interactions and
enhanced mobility of the packaged genome. Indeed, our SAXS data show that the DNA
interaxial distance in an HSV-1 capsid increases when the temperature is increased (Fig. 4b).
Simultaneously, the area of the DNA scattering peak undergoes a marked ~5.6-fold decrease
with increasing temperature (Fig. 4c). This area drop signifies a loss in the amount of
ordered DNA inside the capsid. This increase in the amount of disordered DNA allows less
dense packing and a larger interaxial distance of the DNA remaining in ordered domains. It
is reasonable to infer that less densely packaged DNA and weaker DNA-DNA repulsive
interactions lead to greater positional fluctuations and a more mobile DNA state.

Furthermore, with the help of osmotic stress measurements on bulk DNA arrays condensed
in solution by an osmotic stress polymer (polyethylene glycol; see details in Supplementary
Fig. 1), we also analyzed the effect of temperature on the DNA-DNA inter action energy
alone without the DNA bending contribution induced by the capsid confinement35:36.23.24,
DNA-DNA repulsive interactions and, therefore, compressibility for linearly packaged DNA
at comparable interaxial distances as in the capsid are almost unaffected by the temperature
increase from 5 °C to 50 °C (Supplementary Results, Supplementary Fig. 1).

To correlate the effect of these structural DNA transitions with the intracapsid DNA
mobility, we performed AFM nano-indentation measurements. Figure 3 shows spring
constants for empty A-capsids (Fig. 3c) and DNA stiffness alone in C-capsids (obtained
from A(DNA) = k(C-capsid) —A(A-capsid)) in TE buffer in the temperature range 20-37 °C
(Fig. 3d). The temperature dependence of both A(C-capsid) and A(A-capsid) was measured
separately to deduce the value A(DNA\) at each temperature. In correlation with the SAXS
observations, the AFM measurements show that, as the temperature increases, the stiffness
of the encapsidated herpes genome markedly decreases, suggesting an increase in fluidity.
Figure 3d shows an abrupt drop in the intracapsid DNA stiffness by ~4.8 times (from 0.22 N
m~1 at 20 °C to 0.046 N1 at 37 °C), occurring close to the optimum temperature for
infection. It is interesting to note that the DNA interaxial distance in HSV-1 increases from
~32 A to ~33 A in the measured temperature interval (Fig. 4b). It has been shown for bulk
DNA condensed in solution that a hexagonal-to-cholesteric DNA structural transition occurs
at the same characteristic interaxial distance of 32-33 A3%:37:38 Unlike hexagonally ordered
DNA, the cholesteric DNA structure is more fluid-like or compressible and can be more
readily released from the capsid during infection. The cholesteric DNA state is also found in
eukaryotic chromosomes and in bacterial nucleoids3?, where the existence of a fluid-like
DNA state is required for biological functions#%41, Such a potential hexagonal-to-
cholesteric transition of the encapsidated HSV-1 genome can contribute additionally to the
abrupt increase in genome mobility.

At the temperature of infection, 37 °C, the DNA stiffness in TE buffer is small, Apna ~
0.046 + 0.01 N m~L. However, its nonzero value suggests that mobility of the packaged
DNA remains somewhat restricted. As we have shown before, the osmotic pressure of the
cellular cytoplasm (caused by molecular crowding) further decreases the DNA-DNA
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repulsive interactions in the capsidl. This additionally increases the mobility of the
encapsidated genome. Furthermore, the ionic strength in epithelial cells, where HSV-1
mainly replicates, is higher than the ionic strength in TE buffer (selected to mimic the lowest
ion concentration in neurons). Also, cellular polyamines (for example, spermine and
spermidine)#243 can further contribute to the weakening of the DNA-DNA repulsions in the
capsid?224, Yet, it is important to emphasize that DNA mobility would increase only at low
polyamine concentrations, where the net DNA interactions remain repulsive3®. Conversely,
at higher polyamine concentrations, where net DNA interactions are positive, the DNA
inside the capsid would be completely condensed and trapped in a more solid-like statel?.
However, most of the polyamines in the cell are bound to the cellular DNA, RNA and other
molecular components#2-44, Therefore, the free polyamine concentration in the cell is low
and insufficient for condensation of the herpes genome.

We also investigated the effect of temperature on interhelical sliding friction at higher AFM
tip indentation rates to approximate DNA-DNA sliding during its ejection from the capsid.
Analogous to the experiment above, the spring constants were measured for C- and A-
capsids in low-salt TE buffer at 37 °C at indentation rates up to 104-10° nm s71,
corresponding to DNA sliding rates of 10,000-100,000 base pairs s~* (Fig. 3c). Figure 3d
shows DNA stiffness, A(DNA), versus the indentation rate in the low-salt TE buffer at 24 °C
and 37 °C. When the indentation rate is increased to 104-10° nm s~1, we have shown that
k(DNA\) sharply increases at 24 °C. At the same time, A(DNA) remains close to zero and is
not changed at 37 °C even at the highest indentation rates (Fig. 3d). This observation shows
that intracapsid DNA is mobile with low sliding friction even under low-salt conditions at
the temperature of infection.

In summary, our data demonstrate that, under most ionic conditions in epithelial and
neuronal cells, the DNA in HSV-1 capsids is fluid-like at the temperature of infection,
setting up conditions that would allow for efficient translocation of the viral genome into the
cell nucleus.

In addition to showing encapsidated DNA gaining mobility, Figure 3a also shows that empty
A-capsids become softer with increasing temperature. The AFM-measured spring constant
decreases by ~18% when the temperature is increased from 20 °C to 37 °C, suggesting an
increased flexibility in the capsid structure. Notably, we have not observed this effect of
temperature on the stiffness of empty phage A capsids within the same temperature
intervall8. This shows that capsomer-capsomer interactions in the HSV-1 capsid are more
flexible than in phage A, leading to larger fluctuations with temperature increase and
resulting in softening of the capsids. These observations suggest a correlation with the
differences in the genome delivery pathways between tailed phage and herpesviruses. A
phage A capsid does not directly interact with its receptor but releases its genome through
the tail, which binds the LamB receptor on the Escherichia coli surface®. On the contrary,
the portal structure within the HSV-1 capsid binds directly to the NPC in the nuclear
membrane, which leads to DNA release®®. Thus, the increased flexibility of the herpes
capsid will increase its binding probability to the NPC at the temperature favorable for
infection. Similarly, in the case of dengue virus*’ and HIV48, it has been shown that either
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temperature or capsid maturation increase capsid flexibility, which facilitates more efficient
capsid binding to membrane receptors and increases infectivity.

DISCUSSION

The HSV-1 genome is packaged in a capsid to a crystalline density’9. The encapsidated
DNA structure is trapped in a glassy state with restricted molecular motion between closely
packed negatively charged DNA strands4. This can strongly interfere with the initiation of
genome ejection into the nucleus, affecting the rate of herpes replication. In this work, we
reveal that the mobility of the DNA in the HSV-1 capsid is increased and the interstrand
sliding friction is minimized when herpesvirus is in ionic conditions similar to those of the
epithelial or neuronal cell cytoplasm. We show that, despite its tight packaging, the
encapsidated herpes genome has a fluid-like structure. This is explained by the fact that
mono- and divalent cations present in the cytoplasm provide sufficient screening of negative
charges on neighboring DNA helices, permitting less restrained DNA motion. Furthermore,
DNA strands can slide past each other without considerable electrostatic friction2949. Only
in the low-salt conditions similar to those of the hyperpolarization phase in neurons did we
find that intracapsid DNA is rigid at room temperature, indicating restricted mobility.
However, at the favorable temperature for infection of the human host, the DNA bending
stress of the packaged genome is decreased, leading to an increase in DNA interaxial
spacings and less ordered DNA structure. This structural transition provides a major increase
in the genome mobility required for efficient release from the HSV-1 capsid.

These observations provide new insight into physical conditions /n vivo required for
successful delivery of the herpes genome into the cell nucleus. Our data suggest that
variations in the temperature and ionic conditions in the cellular cytoplasm could affect the
infectivity of HSV-1 and rate of spread of infection. Indeed, it was previously shown that
neuronal activity regulates the replication rate of HSV-1 in the nervous system®°. Viral
replication rates show strong dependence on the ionic conditions in the neuronal cytoplasm.
HSV-1 replication in neurons varies with the cell type and location in the nervous system,
which determine the pattern of neuronal cell activity. Although variations in cytoplasmic
ionic conditions can affect the expression of viral immediate early genes®®, our observation
of limited DNA mobility in the capsid also supports the data.

Notably, using plaque assays, we found that the average area of HSV-1 plaques formed on a
fixed layer of cells during the same incubation time has strong temperature dependence.
Within the measured temperature interval of 33—39 °C, the average plaque area associated
with the rate of spread of virions in the cells is reduced by a factor of ~2 for each 2-°C
decrease in incubation temperature (for example, from 37 °C to 35 °C; Supplementary Fig. 2
and Table 1). Likewise, many factors can contribute to this behavior>1:52, but the
temperature-sensitive variation in the intracapsid DNA mobility could also potentially have a
role.

Furthermore, this work establishes the new concept of metastability of the viral genome
packaged in HSV-1 and suggests a physical adaptation of herpesviruses to the environment
of their host. At lower temperatures outside the host, the DNA in the herpes capsid is rigid,
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which helps to prevent its spontaneous release. Once the capsid is in the cell cytoplasm, the
increased temperature induces mobility of the viral genome, facilitating infection.
Preventing the solid-to-fluid—like transition of the tightly confined herpes genome offers a
new antiviral strategy and an evolutionary static target. This limits the potential for
development of drug resistance that can occur because of rapid adaptive mutations of viral
genomes.

METHODS

Methods and any associated references are available in the online version of the paper.

ONLINE METHODS

HSV-1 capsid isolation.

AFM.

African green monkey kidney cells (Vero) grown in Dulbecco’s Modified Eagle’s Medium
(Cellgro) with 5% FCS (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 3,500 r.p.m. 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 2,000 r.p.m. for 10 min, and the nuclei pellet was 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 was spun in a 20-50% (w/w) TNE sucrose gradient at
24,000 r.p.m. in a SW41 rotor for 1 h. The C-capsid band was isolated by side puncture,
diluted in TNE buffer and centrifuged at 24,000 r.p.m. for an additional 1 h. Capsids were
resuspended in TNE and stored at 4 °C. Prior to the measurements, capsids were dialyzed
against the desired buffer solution used in this study.

All of the AFM measurements were performed on a MultiMode 8 AFM with NanoScope V
controller, NanoScope software and NanoScope Analysis software (Bruker AXS
Corporation, Santa Barbara, CA). Images were acquired in Peak Force Tapping mode. All
data (images and force-distance curves) were collected in liquid. A droplet of 40-pl sample
was deposited on a glass coverslip. The details of substrate and sample preparations can be
found elsewherel853, After 30 min, the sample was ready for the experiments. Rectangular
gold-coated cantilevers (Olympus, Tokyo, Japan) were used. The measured average stiffness
of cantilevers was 0.05 N/m, determined by the thermal fluctuations method®*. Temperature
was controlled with the Thermal Applications Controller (TAC). The heating stage
connected to the TAC is inserted between the liquid sample and the Z piezo scanner. Our
experimental temperature range was 20 °C to 40 °C. AFM records the vertical deflection of
the cantilever in voltage. To convert the voltage to a force, we have to know two values from
the calibration. The first value is the deflection sensitivity, which is how much a piezo can
vertically move given the voltage supply. The value is measured in nm/V. The other value is
the spring constant of the cantilever. This can be determined using the technique called
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thermal tune®*. By multiplying these three numbers (deflection in V, deflection sensitivity in
nm/V, and the spring constant in N/m), we obtain the force in nN. This applied force on the
surface of the viral particle is then plotted as a function of the vertical displacement of the
piezo (displayed in nm). This yields a force-distance curve. The spring constant, describing
the stiffness, is determined as a slope, & (expressed in units N/m), of the linear deformation
region on the force-distance curve. The AFM records both vertical and horizontal deflection
of the cantilever simultaneously. The vertical deflection is converted to the force applied on
the surface of the viral particle, which yields the F-z curves shown in this work.
Furthermore, we also record the lateral force to detect any horizontal displacement of the
cantilever during the indentation. As the cantilever is parallel to the surface of the viral
capsid at all times during the indentation, the lateral force is essentially equal to zero
throughout the indentation. We check the lateral force signal for each particle indentation to
confirm that the particle does not slip on the surface as it is being indented. When the virus
particle is indented, we measure the effective spring constant of the virus particle and the
cantilever combined (kqf), obtained as a slope of the linear force-distance curve. To obtain
the spring constant of the viral particle alone (4;), we separately measure the spring constant
of the cantilever by indenting the glass surface next to the viral particle (k;). This provides
the so-called glass curve. We assume a simple model of two springs in series between the
cantilever and the virus particle. This type of AFM analysis has been previously performed
for other viral systems18:53. We then obtain the spring constant for the viral capsid from the
following equation: A, = A; ket (K — kef) L. For each case study, 4060 force distance
curves were collected for 15-20 viral particles. The spring constants were calculated from
the slope of the force-distance curves providing a distribution of the spring constant values.
The Gaussian fitting yields the s.d., which is converted to the s.e., shown as error bars in the
plots.

SAXS measurements were conducted at the 121D-B station at the Advanced Photon Source
(APS), Argonne National Laboratory. A 14-KeV X-ray beam was used as the photon source
with a sample-to-detector distance of about 2 m, covering the g (scattering momentum
transfer, q = 4 sinB/A, where 20 is the scattering angle and A is the X-ray wavelength.)
range of 0.006-0.54 A~1. To reduce radiation damage, a flow-cell equipped with a quartz
capillary of 1.5 mm in diameter was used for running samples. The flow rate was 10 pl/s,
and the typical sample volume was ~120 ul. Samples were measured in the temperature
range of 10-40 °C, and the sample temperature was controlled with a Peltier device with

+ 0.5 °C accuracy. At each temperature, the equilibrium time was 15 min to ensure the
solution reaches the desired temperature. 40 two-dimensional images were collected for
each sample and buffer with X-ray exposure time of 1 s. The two-dimensional scattering
images were converted into one-dimensional SAXS data (i.e., intensity versus q) through
azimuthal averaging using the software package at the beamline. The one-dimensional
SAXS data curves were grouped by sample and averaged, followed by buffer background
subtraction. The peaks in the SAXS data below q of 0.1 A=1, both HSV-1 A-capsid and C-
capsid, mainly arise from the global shape of the particles, whereas the peak around 0.2 A~1
is the diffraction peak of DNA array. As the DNA diffraction peak was distorted by the
scattering background from the viral particle shape, it was fitted with the summation of a
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Gaussian curve and a linear background in the q range of 0.16 A= to 0.3 A=, and this
Gaussian function gave the accurate peak position and area. DNA-DNA interaxial spacing ¢
can be calculated from the peak position g, i.e., d= 4n/sqrt(3) gk, assuming DNA arrays
adopt a hexagonal close packing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. AFM nano-indentation analysis of encapsidated DNA mobility.
(a) AFM image of HSV-1 capsid in buffer. The inset shows a cross-section profile along the

dashed line. Scale bar, 150 nm. (b) AFM image of HSV-1 capsid after breaking. Scale bar,
150 nm. (c) Zoomed-in image of HSV-1 C-capsid with individual hexons observed on the
capsid surface. Scale bar, 30 nm. (d) Force-distance curves for glass substrate and for HSV-1
C-capsid at 24 °C in 10 mM Mg-Tris buffer. An abrupt drop in the force-distance curve
signifies breaking of the capsid.
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Figure 2 |. Effect of cellular ionic conditions on the mobility of encapsidated DNA.
(a) Histograms of spring constants for HSV-1 A-, B- and C-capsids at 24 °C in different

buffer conditions. In high-salt TNE buffer (TNE), no difference in spring constants is
observed for A-, B- and C-capsids. On the contrary, in low-salt TE buffer, the spring
constant of C-capsids is much larger compared to that of the A-capsids. (b) Spring constants
for HSV-1 A-, B- and C-capsids in different ionic conditions. Forty to sixty force-distance
curves were analyzed for each case. The Gaussian curve fitting to the distribution of the
spring constants yields the s.d., which is converted to the s.e. The error bars show the s.e.
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Figure 3 |. Solid-to-fluid like DNA transition inside the HSV-1 capsid close to the temperature of
infection.

(a) Spring constants of HSV-1 C- and A-capsids as a function of indentation rates at 24 °C
and 37 °C in low-salt TE buffer. We also performed measurements in high-salt TNE buffer at
24 °C. Note that the A-capsid spring constants are the same in both TE- and TNE buffers.
The error bars show the s.e. (b) Spring constants of encapsidated DNA obtained from
subtracting spring constants for A-capsids from that of C-capsids at each indentation rate.
K(DNA\) is shown at 24 °C and 37 °C in low-salt TE buffer and at 24 °C in high-salt TNE
buffer. The error bars show s.e. The dashed line shows the indentation rate of 60 nm s™1, at
which the DNA relaxation rate during the indentation is faster than the AFM tip indentation
rate (i.e., indentation occurs at equilibrium). (c) Spring constants for HSV-1 A-capsid in TE
buffer as a function of temperature. (d) Spring constants for encapsidated DNA alone in C-
capsid in TE buffer as a function of temperature. Apna is derived by subtracting the spring
constant for A-capsid from that of the C-capsid. Forty to sixty force-distance curves were
analyzed for each case. The Gaussian curve fitting to the distribution of the spring constants
yields the s.d., which is converted to the s.e. The error bars show the s.e.
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Figure 4 |. Solution SAXS analysis of intracapsid DNA structure.
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(a) Background subtracted SAXS data, /g) versus g, for HSV-1 A-capsid (blue curve) and
C-capsid (red curve). The inset figure shows a zoomed-in region of the DNA diffraction
peak from C-capsid. AU, arbitrary units. (b) DNA-DNA interaxial spacing d'as a function of
temperature for DNA packaged in HSV-1 capsid in TE buffer. (c) Area of the DNA
diffraction peak in arbitrary units as a function of temperature for HSV-1 C-capsid in TE
buffer. The error bars in b and c are calculated from the Gaussian curve fitting of the DNA

diffraction peak.
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Table 1|

Plaque area temperature dependence.

Temperature (°C)

Plaque area (x 105 um?)

30
33
35
37
39

No detectable plaques

3.00+0.7
552+1.2
9.15+1.6
16.0+25

A fixed layer of Vero cells was infected with HSV-1 and incubated at each temperature for 75 h.

The error shows the s.d.
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