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Maintaining nuclear integrity is essential to cell survival when
exposed to mechanical stress. Herpesviruses, like most DNA and
some RNA viruses, put strain on the nuclear envelope as hundreds
of viral DNA genomes replicate and viral capsids assemble. It
remained unknown, however, how nuclear mechanics is affected
at the initial stage of herpesvirus infection—immediately after
viral genomes are ejected into the nuclear space—and how
nucleus integrity is maintained despite an increased strain on the
nuclear envelope. With an atomic force microscopy force volume
mapping approach on cell-free reconstituted nuclei with docked
herpes simplex type 1 (HSV-1) capsids, we explored the mechanical
response of the nuclear lamina and the chromatin to intranuclear
HSV-1 DNA ejection into an intact nucleus. We discovered that
chromatin stiffness, measured as Young’s modulus, is increased by
~14 times, while nuclear lamina underwent softening. Those
transformations could be associated with a mechanism of mecha-
noprotection of nucleus integrity facilitating HSV-1 viral genome
replication. Indeed, stiffening of chromatin, which is tethered to
the lamina meshwork, helps to maintain nuclear morphology. At
the same time, increased lamina elasticity, reflected by nucleus
softening, acts as a “shock absorber,” dissipating the internal
mechanical stress on the nuclear membrane (located on top of the
lamina wall) and preventing its rupture.
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echanosensory mechanisms in cells regulate many cellular

functions, including transcription factors, homeostasis,
tumorigenesis, and cell fate “decisions” during viral infection (e.g.,
lytic or latent course of infection; Refs. 1-4). The primary cellular
components that mediate mechanical homeostasis between cells
and their environment are the cytoskeleton, including the actin
and microtubule network, the integrin-based focal adhesions, and
the nucleus (1). The focal adhesion—cytoskeleton—nucleus complex
forms one integrated mechanical system that defines the cell’s
mechanosensory system, allowing it to respond to mechanical
perturbations. Viral infection shifts homeostasis and leads to
mechanical transformations within the cell that either maintain
or disrupt nuclear integrity, which alters the cell’s ability to repli-
cate viral genomes (5-7). In this work, we explore how nucleus
mechanics is impacted by intranuclear DNA ejection (without
viral DNA replication) from human herpes simplex virus type 1
(HSV-1) in the course of herpesvirus infection. We use atomic
force microscopy (AFM) force volume mapping to directly probe
stiffness (measured as Young’s modulus; Refs. 8, 9) of cell-free
reconstituted nuclei incubated with HSV-1 capsids, which dock at
the nuclear pore complexes (NPCs) and eject their DNA into
the nucleus (10, 11). This isolated nucleus system recapitulates
capsid—nucleus binding and viral DNA ejection (without
DNA replication) in vivo without interference from trafficking
kinetics of capsids moving toward the nucleus (12) while allowing
direct probing of nucleus mechanics with the AFM cantilever.
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Previously, nucleus mechanics was investigated with AFM studies
in intact cells (13). Investigating nuclear mechanics in intact cells
complicates data interpretation since the nuclear mechanical
response is obstructed by the cell membrane and cytoskeleton
mechanics (cytoskeleton-mediated tension, in which focal
adhesion-anchored actin cables pull down the nucleus, thereby
partly compressing it) as well as by movement of the nucleus
inside the cell (13). Furthermore, we optimized the number of
capsids bound to each isolated nucleus to that of a Iytically
infected cell (100 to 200 capsids per nucleus); see justification of
this parameter choice explained in Reconstituted Virus—-Nucleus
System. The typical HSV-1 burst size is 100 to 1,000 virions per
infected cell (14-16). Also, the infectious virus/host cell ratio dur-
ing HSV-1 reactivation from latency in e.g., TG (trigeminal gan-
glia) neuronal cells in vivo occurs at high multiplicity of infection
(MOI) (15, 17-19).

For most DNA viruses and some RNA viruses, viral replica-
tion and assembly occur in the nucleus, where the nuclear mem-
brane controls penetration of viral genome into the host, as well
as the egress of mature virions (1, 20-22). The nucleus is sepa-
rated from the cytoplasm by the double-membraned nuclear
envelope and the nuclear lamina, which underlies the nuclear
envelope; the nuclear lamina is composed of a meshwork of
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filament proteins called lamins functioning as a structural and
mechanical scaffold for the nucleus (23). Chromatin is tethered
to the nuclear lamina by specific proteins (24). The nucleus is the
stiffest organelle in the cell; its mechanics is defined by the
nuclear lamina and chromatin (1, 13, 25, 26). Mechanical strain
on the nuclear envelope, in cancer cells, for example, can lead to
nuclear rupture and subsequent DNA damage (27). Strain on
the nuclear envelope is also increased during herpesvirus replica-
tion. The hundreds of viral DNA genomes and newly assembled
viral capsids being synthesized in the nucleus gradually displace
the nuclear chromatin until viral genome occupies most of the
nuclear space (28), leading to increased strain on the nuclear
lamina wall. This results in phosphorylation of lamina and lamina
reorganization, which leads to disassembly or rupture of the
nuclear envelope, facilitating virion egress (29). Thus, it is critical
for infecting herpesvirus to maintain nucleus integrity to sustain
its genome replication and maximize its progeny. It remains
unknown, however, how the initial step of viral genome replica-
tion in the nucleus, namely intranuclear viral genome ejection,
affects nucleus mechanics.

We found a striking mechanical transformation occurring in
the stiffness of both nuclear chromatin and lamina in response
to HSV-1 DNA ejection—chromatin stiffness is dramatically
increased by ~14 times, while the stiffness of nuclear lamina is
decreased. The dramatic increase in the chromatin stiffness
immediately after viral DNA ejection suggests increased chro-
matin compaction, which could be induced by nonrandom
interactions between herpesvirus genomes and chromatin
regions, leading to histone rearrangement (30). Higher chroma-
tin rigidity has been shown to protect the nucleus from mechan-
ical force deformations by preserving nucleus morphology, as
chromatin is tethered to the lamina (31). At the same time,
softening of nuclear lamina has been previously discovered in
the context of functional demands and longevity of human skin
epidermis stem/progenitor cells (EPCs) that require efficient
mechanisms to counteract nuclear DNA damage from mechan-
ical deformation (7). The mechanism of lamina softening allows
EPCs to restore their steady-state nuclear and chromatin archi-
tecture for long-term mechanoprotection (7). We observe a
similar mechanical softening transformation in the nuclear lam-
ina induced by intranuclear viral genome ejection. This finding
helps to explain how herpesvirus genomes penetrate the
nucleus while avoiding nucleus damage: by dissipating the
mechanical stress on the nuclear membrane through nuclear
lamina softening, acting as a “shock absorber.” To support viral
fitness, viruses have utilized various mechanisms to maintain
the integrity and functionality of the host cell required for viral
replication (e.g., cyanophages even encode bacterial photosyn-
thetic machinery to keep cyanobacteria alive during phage
replication; Ref. 32). Our discovery demonstrates another para-
digm of virus-host interaction, in which nuclear mechanics is
modulated by the infecting herpesviruses to enable the nucleus
to withstand the mechanical stresses induced by viral genome
internalization, preventing premature damage of the nuclear
DNA replication machinery, which is exploited by the virus.

This work is divided into four sections. In Reconstituted
Virus—Nucleus System, we describe the design of the isolated
HSV-1 virus—nucleus system as well as the controls used to dif-
ferentiate changes in nucleus mechanics in response to capsid
attachment to NPCs alone (which affects NPC permeability and
therefore nucleus mechanics) and in response to viral DNA ejec-
tion into a nucleus following capsid attachment. In Topographical
Imaging of HSV-1-Infected Nuclei, we demonstrate that this
reconstituted nucleus system permits high-resolution AFM imag-
ing of HSV-1 capsids attached to the NPCs and offers the capa-
bility to conduct direct AFM mechanical mapping of infected
nuclei. Next, we perform AFM force volume mapping of nuclei
without and with HSV-1 capsids docked at the NPCs (resulting
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in viral DNA ejection) and determine stiffness response of the
nuclear chromatin [without glutaraldehyde (GA) fixation;
Mechanical Response of the Nuclear Chromatin to HSV-1 DNA
Ejection] and separately of the nuclear lamina (with GA fixation
of the lamina meshwork; Mechanical Response of the Nuclear
Lamina to HSV-1 DNA Ejection).

Results and Discussion

Herpesviruses present an intriguing nanomechanical system.
They package their micrometer-long double-stranded DNA (125
to 230 kbp long, depending on the type of herpesvirus) into a
nanometer-scale spherical icosahedral capsid with the help of a
viral ATPase motor, located at one unique capsid vertex. We
found that the packaging process creates tens of atmospheres of
mechanical pressure on the capsid interior because of the tight
packaging of negatively charged DNA in a rigid protein capsid
(33). The DNA-filled herpesvirus capsid is surrounded by an
unstructured protein layer, the tegument, and a lipid envelope.
Over the course of infection, after binding at the outer host cell
membrane, viruses enter the cell cytoplasm, are transported
toward the nucleus, and dock to the NPC, which forms a pas-
sageway for molecular traffic into the nucleus; the viral capsid
then ejects its genome (34). HSV-1 genome pressure is responsi-
ble for DNA ejection into a host cell nucleus (10). As mentioned
above, during HSV-1 reactivation from latency in TG neurons at
high MOI (17-19), tens of HSV-1 virus capsids simultaneously
adsorb to NPCs on a single cell nucleus and eject viral genomes
(10, 11). [This process is repeated as empty capsids detach and
new DNA-loaded capsids are docked at the NPCs in vivo (35).]
A single round of HSV-1 DNA ejections leads to internalization
of millions of base pairs of viral DNAs in the nucleus; HSV-1
DNA quickly decondenses once in the nucleus, occupying three
times more volume than in the capsid (36). The ejected DNA
accumulates initially underneath the nuclear lamina surface in
close proximity to the NPC injection sites (36). This suggests
that nuclear lamina is under strain from ejected herpesvirus
genomes, even before viral genome replication takes place. We
investigate here the effect of this viral DNA-induced lamina
strain on nuclear mechanics.

Furthermore, as mentioned above, nuclear chromatin also
plays a major role in the nucleus’ response to mechanical defor-
mation (25). Chromatin and its compaction level, modulated by
histone-DNA interactions (30), provide rigidity and stabilize
nucleus morphology, protecting the DNA (25). Alterations in
chromatin compaction (e.g., caused by disease) correlate with
its mechanical response to deformation and can lead to loss of
nuclear shape and stability (31), causing nuclear rupture and
DNA damage. Thus, chromatin-controlled nuclear stability pro-
vides a mechanism of mechanoprotection of nucleus functional-
ity (31). However, viral DNA ejected into the nucleus from tens
of HSV-1 capsids (during one round of viral DNA ejection
events from capsids docked simultaneously at NPCs) only adds
several million base pairs to the nucleus, increasing nucleotide
amount by less than 1% (chromosomal DNA has on average
three billion base pairs of nucleotides; Ref. 37). This raises a
central question: Does this small change in the nucleic acid
amount in the nucleus after herpesvirus DNA ejection but prior
to viral genome replication affect nuclear stability through
interactions between viral genomes and chromatin, affecting
chromatin compaction (30)?

The nuclear mechanical response at small AFM tip indenta-
tions (in comparison to nucleus size) is dominated by chroma-
tin stiffness since lamina forms a flexible meshwork with lower
rigidity than chromatin (25, 38). Thus, by collecting AFM force
volume maps on the nuclear surface without and with HSV-1
capsids docked at NPCs, we reveal the mechanical response of
the nuclear chromatin. Separately, we also determine the
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Fig. 1. Imaging of a reconstituted capsid-nuclei system confirms specific
binding of A- and C-capsids to the NPCs at the nuclear membrane. Confo-
cal fluorescence microscopy images show binding of GFP-HSV-1 A- and
C-capsids (green) to DAPI-stained isolated nuclei (blue), in the presence of
cytosol and ATP-regeneration system. The addition of WGA decreases cap-
sid binding to nuclei for both capsid types, which demonstrates that cap-
sids bind specifically to NPCs as opposed to binding anywhere on the
nuclear membrane. The images at the bottom of row two are a zoom-in
of the individual nuclei.

nuclear lamina’s mechanical response to AFM indentation by
decoupling the mechanical response of chromatin stiffness
from nuclear lamina mechanics through chemical cross-linking
of the lamina meshwork with GA, which does not cross-link
nucleic acids (39, 40). Thus, GA fixation increases lamina shell
rigidity above that of chromatin rigidity, making the contribu-
tion of chromatin stiffness to the overall nucleus mechanics
negligible (this approach is explained in more detail in Mechan-
ical Response of the Nuclear Lamina to HSV-1 DNA Ejection).
GA fixation was done after the incubation of capsids with
nuclei, allowing viral DNA ejection to occur. We analyzed with
AFM force volume mapping the comparative change in the
stiffness of the nuclear lamina (captured with GA fixation)
prior to and after viral DNA ejection (nuclei without HSV-1
capsids and nuclei after incubation with HSV-1 capsids,
respectively).

Reconstituted Virus-Nucleus System. We probe nucleus mechan-
ics directly through AFM force volume mapping of a reconsti-
tuted capsid-nuclei system. This experimental setup builds on
the previous observation that HSV-1 capsids bind specifically to
NPCs of isolated rat liver cell nuclei reconstituted in cytosol
and supplemented with an ATP-regeneration system (Materials
and Methods) (11). Using a pull-down assay combined with
gqPCR, we showed earlier that HSV-1 capsid-NPC binding in
isolated reconstituted nuclei triggers the ejection of viral DNA
and its internalization in the nucleus, driven by capsid DNA
pressure of ~18 atm (10). A benefit of the reconstituted
virus—nucleus system is that it can be used to isolate the effect
of the central step of viral infection—capsid docking at the
nucleus and viral genome uncoating—on nucleus mechanics
while avoiding interference from other processes occurring
within the cell cytoplasm during viral replication (12). There
are, on average, more than a thousand NPCs covering a signifi-
cant area of the nucleus surface (41). Viruses binding to NPCs
attach to nucleoporins (Nups) within the NPC structure and
modulate NPC permeability (20). Increased permeability of the
nuclear envelope is expected to affect its viscoelastic modulus.
Therefore, the stiffness of an infected cell nucleus is expected
to be modulated by both attachment of capsids to NPCs (where
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attached capsids cover a significant fraction of the nuclear sur-
face resulting in increased nucleus permeability) and separately
by viral DNA ejection from capsids into the nucleus. To sepa-
rate these two contributions to the AFM-measured nucleus
mechanical response, it is essential to set up a control experi-
ment consisting of empty capsids (incapable of DNA ejection)
docked at the NPCs. The HSV-1 capsid assembly process offers
a unique opportunity to accomplish this because capsid assem-
bly intermediates that consist of stably copurified DNA-filled
capsids (C-capsids) and empty capsids (A-capsids) can be iso-
lated (42-44). A- and C-capsids contain the same number of
major capsid proteins, portal forming protein (UL6), and tri-
plexes; they are essentially structurally identical, and therefore,
their mechanical properties can be directly compared using the
AFM approach (45). Thus, quantification of nucleus stiffness
with attached DNA-filled C-capsids and empty A-capsids pro-
vides reference points for nucleus stiffness measurements
before and after viral DNA ejection, respectively. However, the
feasibility of this control must first be confirmed by demonstrat-
ing that A-capsids can bind to NPCs similarly to C-capsids. To
verify A-capsid binding efficiency to NPCs, purified A-capsids
were added to isolated cell nuclei from rat liver cells (at the
same concentration as C-capsids), supplemented with cytosol
and ATP-regeneration system, and incubated at 37°C. Fig. 1
shows confocal fluorescence microscopy and Fig. 2 shows
super-resolution structured illumination microscopy (SR-SIM)
images of green fluorescent protein (GFP)-labeled HSV-1 A-
and C-capsids, respectively (green, strain K26GFP, HSV-1
strain expressing GFP-tagged VP26 protein), at the surface of
DAPI-stained cell nuclei (blue). SR-SIM provides resolutions
down to 120 nm, allowing visualization of individual capsids
attached to the nucleus. We found that A-capsids bind to the
NPCs at similar levels as C-capsids. As a negative control, we
used wheat germ agglutinin (WGA), which at high amounts
(0.1 to 0.5 mg/mL) associates with the glycoproteins within the
NPC with high affinity (11, 46, 47) and decreases capsid bind-
ing, demonstrating capsid-NPC binding specificity (as opposed
to random binding to the nuclear membrane); see Fig. 1. As a
complementary approach, we also visualized capsid binding to
NPCs by ultrathin-sectioning electron microscopy (EM), which
further confirmed docking of capsids to the NPCs. Fig. 2 shows
EM micrographs of A- and C-capsids bound to the NPC basket

3D view

2D

d~125nm

Fluorescence Infensity (AU)

100 200 300 400
Distance (nm)

SR-SIM Electron Microscopy
A-capsids C-capsids A-capsids C-capsids

Fig. 2. Representative SR-SIM images show GFP-HSV-1 A- and C-capsids
(green) bound to isolated rat liver nuclei (blue DAPI stain) with similar
nuclear surface occupancy. As a complementary approach, we also visual-
ized capsid binding to NPCs by ultrathin-sectioning EM, which further
confirmed docking of capsids to the NPCs. Figure shows EM micrographs
of A- and C-capsids bound to the NPC basket on a nucleus surface (the
observed density inside the C-capsids corresponds to packaged DNA before
it is ejected into the nucleus since sample was kept at 4 °C prior to fixation,
while DNA ejection occurs at 37 °C; Ref. 10).

PNAS | 30f12
https://doi.org/10.1073/pnas.2114121119

COMPUTATIONAL BIOLOGY

BIOPHYSICS AND



on a nucleus surface (the observed density inside the C-capsids
corresponds to packaged DNA before it is ejected into the
nucleus since the sample was kept at 4°C prior to fixation,
while DNA ejection occurs at 37 °C; Ref. 10). Thus, the ability
to bind empty A-capsids to isolated nuclei allows us to separate
the effect of capsid-NPC binding on nucleus mechanics without
interference from viral DNA ejection into the nucleus.

As mentioned above, the virus capsid/nucleus ratio used for
AFM measurements was optimized to correspond to the physio-
logically relevant ~100 to 200 capsids docked at the nucleus sur-
face. HSV-1 can initiate a productive infection cycle under
extremely low MOI (essentially one genome per infected cell).
However, each cell will produce thousands of virions that will
infect surrounding cells at a high MOI (MOI > 50) (15). It is
important to stress the difference between the definition of MOI
and the number of HSV-1 capsids attached per nucleus. MOI is
defined as the “number of infectious virions”/“number of cells.”
In the case of HSV-1, the number of infectious viruses is usually
determined by measuring the virus concentration that is added to
a cell culture using plaque assay and is therefore provided by
PFUs (plaque-forming units). This implies that viruses can
complete the replication cycle and lyse the cell. However, not all
capsids docked at the nucleus are capable of completing a viral
replication cycle. Hence, for herpes simplex viruses, the viral par-
ticle/PFU ratio is 50 to 200 (depending on the infected cell type)
(48). Indeed, even at lower MOI values (1, 10) in GFP/HSV-
1-infected Vero cells, we observed ~100 to 200 capsids docked at
a nucleus accumulated over time [3 to 4 h postinfection (hpi)] as
capsids that enter the cell are being actively transported toward
the nucleus along the microtubular network (Fig. 3 4 and B
show infection at MOI = 10). In order to confirm the number of
bound capsids per nucleus, we collected 3D stack images of
nuclei with attached capsids using confocal fluorescence micros-
copy for GFP/HSV-1 capsids bound to DAPI-stained nuclei; see
Fig. 3. We used Z-projection (2D) of the 3D stack to quantify
individual capsids, using ImageJ software automation, averaging
over at least 50 nuclei (and thousands of capsids) for each sample
(Materials and Methods). Fig. 3D shows the histogram distribu-
tion of C-capsids/isolated nucleus with a mean value of ~170. We
previously showed using ultrathin-sectioning EM that ~77% of
C-capsids bound to an isolated nucleus eject their DNA (49).
Thus, on average, ~130 HSV-1 genomes are released into each
nucleus. As mentioned above for direct comparison, we quanti-
fied the number of capsids at the nucleus surface in wild type
(wt) GFP/HSV-1-infected Vero cells at MOI = 10; see Fig. 3 4
and B (cell nuclei were stained with DAPI). Fig. 34 shows the
progression of HSV-1 replication versus hpi. We determined that
at 3.5 hpi, the maximum capsid number at the nucleus membrane
in a cell is reached before new virus assembly occurs in the
nucleus. Using the same confocal fluorescent imaging approach
(3D stack to Z-projection conversion) for quantification of cap-
sids at the nucleus, we found an average of ~160 capsids/infected
cell nucleus at 3.5 hpi (see histogram in Fig. 3D collected for at
least 50 nuclei), corresponding to the number of capsids bound
to an isolated reconstituted nucleus. It is not likely to be a coinci-
dence that we observed ~100 to 200 capsids attached per nucleus
in both infected Vero cells and isolated nuclei. It is important to
note that for isolated nuclei, we added capsids in excess, reaching
the saturation of the nucleus’s capsid-binding capacity. This sug-
gests that even at lower MOlISs, after a sufficiently long postinfec-
tion time, the number of capsids docked per nucleus is limited by
the number of available NPCs on the nucleus surface as well as
nucleus geometry, rather than the MOI value. Indeed, saturated
genome entry into a nucleus has been independently observed
during lytic replication of HSV-1 (15).

In Topographical Imaging of HSV-1-Infected Nuclei, we dem-
onstrate the feasibility of AFM 3D topographical imaging of
virus—nucleus interaction. Confirming with AFM that individual
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capsids and NPCs can be resolved on the nucleus surface will
facilitate AFM force volume mapping experiments of the
capsid-nucleus surface mechanics in Mechanical Response of
the Nuclear Chromatin to HSV-1 DNA Ejection and Mechanical
Response of the Nuclear Lamina to HSV-1 DNA Ejection.

Topographical Imaging of HSV-1-Infected Nuclei. Neither AFM
topographical imaging of viruses docked at the intact nucleus
nor direct recording of the nuclear mechanical response to a
viral infection have been demonstrated. In the previous AFM
imaging studies of HSV-1 capsids on the nuclear surface, the
nuclear membrane was isolated (the chromatin was removed),
fixed with GA, and spread on an AFM slide surface in order to
image structural details of virus attachment on a 2D membrane
(50). In this work, we show that isolated and reconstituted
intact nuclei with HSV-1 capsids adsorbed at NPCs provide a
robust experimental system for both AFM structural analysis
and interrogation of mechanical transformations associated
with the central step of viral infection: viral capsid binding at
the nuclear membrane followed by viral genome ejection into
the nucleus.

We used Fast Force Mapping mode (FFM mode on Cypher
ES AFM, Oxford Instruments Asylum Research; Materials and
Methods) to resolve high-resolution structures of delicate viral
capsids on the nucleus surface because of the improved force
control between the tip and sample, the ability to use very low
(piconewton) applied force, and an increase in sample stiffness
with higher indentation velocity. A challenge presented by AFM
imaging of individual viral capsids on an intact apical nucleus
surface is the fact that the nuclear envelope is expected to have
a softer mechanical response than the capsid (45). This suggests
that capsids would be pushed into the nucleus surface, resulting
in nucleus surface probing rather than capsid surface probing (a
general AFM imaging requirement is to place a soft object on a
hard substrate surface) (51). However, as with most biomateri-
als, nuclei and capsids display viscoelastic behavior, in which
apparent stiffness depends on indentation velocity. Indeed, we
have found that nucleus stiffness strongly depends on the inden-
tation velocity of the AFM cantilever (SI Appendix, Fig. 1).
Nucleus stiffness is increased with increased tapping velocity
since the nucleoplasm approaches the response of an incom-
pressible medium at higher indentation velocity (26, 52). At the
same time, HSV-1 capsids show a predominantly elastic response
even at high AFM indentation velocity and therefore do not
exhibit strong dependence on the AFM tapping velocity (53).
Thus, high AFM probing frequency of the capsid-nucleus sur-
face (we choose 500 Hz in FFM mode) stabilizes the nucleus
surface, acting as substrate for attached HSV-1 capsids. This fur-
ther improves FFM imaging resolution. Alternating AFM tip
tapping velocity is a common approach used in AFM micro-
rheology of cells, in which modulation of tapping velocity helps
to display different nanostructures on the cell surface due to dif-
ferences in viscoelastic (dynamic Young’s modulus value) and
elastic (constant Young’s modulus value) behavior of cellular
components (52, 54, 55).

For topographical imaging of capsid attachment to NPCs at
the nuclear membrane, purified HSV-1 capsids were incubated
with isolated nuclei supplemented with cytosol and ATP-
regeneration system. After incubation, the sample was fixated
with 2% GA, washed, and resuspended in capsid-binding buffer
(CBB), after which it was deposited on hydrophobically modi-
fied AFM slides for imaging (Materials and Methods). Fixation
of the nuclei in GA cross-links the lamina meshwork (39, 40),
which increases nucleus surface stiffness by ~10 times (as
shown below). Since fixation provides increased nuclear surface
rigidity, it significantly improves the imaging resolution of cap-
sids on the nuclear surface. (Fixation of the sample, however,
is not required for the determination of nucleus chromatin
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C reconstituted isolated nucleus

Z-projection

Fig. 3. Quantification of capsids docked at
the nuclear membrane. (A) Infection pro-
gression of GFP/HSV-1-infected Vero cells.
At 3.5 hpi, the maximum number of capsids
is reached before new capsids are assem-
bled in the nucleus. (B) Steps of confocal
fluorescence image analysis are shown for
quantification of capsids per nucleus in
infected Vero cells at 3.5 hpi. (C) Steps of
confocal fluorescence image analysis are
shown for quantification of capsids per iso-
lated cell nucleus. First row is a 2D slice
(one focal plane) from the 3D stack GFP
capsids (green) on DAPI-stained nucleus
(blue) in the second row. Next row is a
Z-projection in 2D of all confocal plane sli-
ces in the 3D stack that was used for quan-
tification of individual capsids, built using
nonoverlapping green pixels with the high-
est intensity from each slice (corresponding
to capsids). Z-projection shows both chan-
nels and exhibits the projection of all cap-
sids on a nucleus. The green channel was
converted to a binary image using a thresh-
old, as shown in the last row, in order to

-] van - ' o
© g LN o 2o Lo :-'"* - accurately compute number of capsids
- - ‘ TR . » _“Q S ova bound at each nucleus. Capsids outside of
E ¥ T T e ;. ) Y% ‘\,‘ ¥ con . the nuclear membrane surface are not
= j”‘ i L ’e counted (as seen in the threshold images).
.t * . Some nuclei showed capsid aggregates at

T T T T the surface. The number of capsids in each

161+ 15 capsids/infected cell nucleus aggregate was quantified using number of

10 170 % 19 capsids/reconstituted isolated nucleus[{  Pixels corresponding to an individual capsid

Frequency O

Capsids per nucleus

mechanics, as shown in Mechanical Response of the Nuclear
Chromatin to HSV-1 DNA Ejection.) Prior to AFM imaging,
nuclei were located optically with the built-in TopView optics
(Fig. 4 A and B). Fig. 4B shows an AFM imaged area of the
nucleus surface overlayed on top of the optical image of a
nucleus. First, we imaged with AFM the topographic surface of
the isolated nucleus without viral capsids in CBB (Materials and
Methods). As the next sample, nuclei were incubated with HSV-
1 capsids at 37 °C for 40 min and washed in CBB. Liquid sample
was deposited on the AFM substrate for imaging. Fig. 4 C-F
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applied only to the aggregate surface area
immediately at the nuclear membrane,
independent of the height of the aggre-
gate. Automated capsid counting using
these boundary conditions was performed
with ImageJ software script. (D) Histograms
showing the distribution of the computed
number of capsids docked at the membrane
of an infected cell nucleus and a reconsti-
tuted isolated nucleus, respectively. At least
50 nuclei were quantified for each sample.

show representative 3D topography AFM images of the nuclear
membrane surface with well-resolved HSV-1 A-capsids docked
at the NPC baskets (similar images were obtained for C-cap-
sids). The nucleus surface of rat liver cells is densely covered
with protruding NPC baskets, providing binding sites for HSV-1
capsids (Fig. 4C). Capsids on the nucleus surface are displaying
faceted icosahedral features as well as resolved individual cap-
somer subunits characteristic of the HSV-1 capsid structure. The
capsid height measured on top of the nuclear membrane surface
is ~124 nm, which is in agreement with a cryo-EM-obtained
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value of 125 nm for HSV-1 capsid diameter (56). Our previous
data with AFM topography of purified HSV-1 capsids alone in
buffer solution on a hydrophobic glass surface showed analogous
capsid features (45). This demonstrates that the reconstituted
capsid-nucleus system is suitable for AFM structural analysis
and, therefore, can be used for characterization of nucleus
mechanical response to AFM force volume mapping before and
after viral DNA ejection.

Mechanical Response of the Nuclear Chromatin to HSV-1 DNA Ejec-
tion. A nucleus’ mechanical response is dominated by chromatin
(where the state of DNA condensation is reflected by the nucleus
stiffness) and nuclear lamina (primarily by lamin isoforms A and
C forming layers under the nuclear membrane and providing
nucleus rigidity) (13, 25, 57). Chromatin is tethered to the lamina
through various proteins. In the previous nucleus mechanics stud-
ies performed on intact cells (13, 57), strain in nucleus volume
was found to occur at small AFM indentations (<3 pm, where
average nucleus diameter is ~5 to 6 pm), where nucleus stiffness
response to external deformation is controlled predominantly by
the chromatin (25). At the same time, the strain in the nucleus
area occurs at large AFM indentations (over 50% deformation of
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Fig. 4. A panel showing AFM FFM imaging
sequence. (A) Zoomed-out top view optical
image and (B) zoomed-in optical image
before moving the cantilever above the
nucleus. (C—F) A representative 3D topogra-
phy AFM image of the nuclear membrane
surface with well-resolved NPC baskets with
HSV-1 A-capsids attached (similar images
were obtained for C-capsids). Capsids were
incubated with nuclei at 37 °C for 40 min in
cytosol and ATP regeneration system. After
incubation, nuclei were fixated with 2%
GA, increasing nuclear envelope rigidity
and improving AFM imaging resolution,
and washed in CBB for imaging. AFM image
shows that the nucleus surface of rat liver
cells is densely covered with protruding NPC
baskets, providing binding sites for HSV-1
capsids. Capsids on the nucleus surface are
displaying faceted icosahedral features as
well as resolved individual capsomer subu-
nits characteristic of HSV-1 capsid structure.
The capsid height measured on top of the
nuclear membrane surface is ~124 nm,
which is in agreement with a «cryo-
EM-obtained value of 125 nm for HSV-1
capsid diameter (56).

nucleus height), where stiffness response to external deformation
is controlled by A/C-type lamins. In this section, we performed
AFM force volume mapping at small indentations of nucleus sur-
face relative to its dimension to probe the mechanical response
of nuclear chromatin to viral DNA ejection from HSV-1 capsids
docked at the nuclear membrane. Force volume map AFM anal-
ysis does not require high imaging resolution, and all samples
were force volume mapped without fixation.

First, we performed our force volume mapping experiment
on an unfixed nucleus surface in CBB without capsids, provid-
ing a reference point for stiffness of an uninfected nucleus.
Then, we collected force volume maps for HSV-1 A-capsids
and C-capsids, respectively, attached to nuclei in CBB; nuclei
and capsids had been incubated for 40 min at 37°C in cytosol
and ATP-regeneration system (the incubation triggers DNA
ejection from C-capsids into nucleus; Ref. 10). Force volume
mapping uses lower AFM tip indentation velocity, ~0.15 Hz
(300 nm/s, which we determined to be the equilibrium indenta-
tion rate below which nucleus modulus does not change; S/
Appendix, Fig. 1), in comparison to 500 Hz in FFM mode.
A 10 x 10 force volume map (corresponding to 100
force—distance curves) was acquired over a 200 nm x 200 nm
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area at the center of each nucleus, where the surface is typically
the flattest. The nucleus indentation force was adjusted to
achieve ~300 nm of nucleus indentation (corresponding to
small indentations in comparison to its size; Ref. 25). Fig. 54
shows a representative force volume map for unfixed nucleus
without capsids. Several force volume maps were captured for
each sample. Young’s modulus of the nuclei (elastic modulus
describing the amount of strain and reflecting the stiffness)
was calculated by applying the Hertz contact mechanics model
for a cone indenter to each force curve (Materials and Methods)
(8, 9). Fig. 5B (red curve) shows a representative force—
distance (Fz) curve, comprising each force volume map, for
nucleus indentation with HSV-1 C-capsids attached. We
observed that some Fz curves displayed a “notch” in the defor-
mation behavior; see Fig. 5B (blue curve). The signature of a
force curve can reveal information on the composition of the
sample being indented. For example, if multiple slopes in the
contact region are visible, then the material is most likely heter-
ogenous, comprising different layers or regions with varying
moduli (58, 59). This is typical for tissues, organs, or known
complex multilayered material. When capsids are bound to the
nuclear membrane, a similar complex system is created if the
cantilever happens to be placed on top of a capsid that is
attached to the nucleus. In this force curve, the cantilever first
pushes into the capsid and then continues to indent into the
nucleus. The observed drop in the Fz curve could reflect
detachment or breaking of the capsid at the nucleus surface.
When force indentation curves are acquired on nuclei without
capsids, this notch is not detected. It can be noted that although
a higher modulus is expected for the capsid (45), it is attached
to a softer nucleus acting as a substrate, so the calculated
apparent modulus of capsid indentation on top of a nucleus is
an average, and more closely matches the modulus of the
nuclei. Indeed, applying the Hertz contact mechanics model
(gray line in Fig. 5B), we calculated the modulus of capsid and
nucleus indentation by fitting the first Fz slope (corresponding
to capsid indentation) before the notch with the fit range set to
~10 to 55% of indention depth (z). To calculate the second
slope, associated with the indentation into the nucleus, the fit

A

kPa

Fig. 5.

range was set ~10 to 85% of indention depth (z) and manually
adjusted to follow the contour of the second slope, which was
identical to the slope in the Fz curve without the notch (red
curve). The calculated moduli for both slopes were essentially
the same, but only the nucleus modulus is used for the data
analysis immediately below.

Young’s moduli for 100 Fz curves in each force volume map
were repeatedly collected for several nuclei as well as on several
areas of the same nucleus. All Young’s moduli values were col-
lectively plotted for each type of sample in a histogram for
nuclei without capsids, nuclei with attached A-capsids, and
nuclei with attached C-capsids (Fig. 64). The Gaussian fit to
the data in the histograms yields the average value and the SE.
Measured average Young’s moduli were E (nucleus without
capsids) ~49.6 + 0.6 kPa, E (nucleus with A-capsids) ~17.2 +
0.2 kPa, and E (nucleus with C-capsids) ~242.8 + 3.2 kPa; see
Fig. 64 and Table 1. First, we observed an ~3-fold decrease in
the nucleus stiffness when empty A-capsids are docked at the
NPCs. Different virus families, which reproduce in the nucleus,
employ various strategies for delivery of viral genome into cells
(20). For example, the adenovirus capsid docks at the NPC and
disassembles through Nup214 interaction, causing displacement
of the Nups, resulting in increased permeability of the NPC
(20). HSV-1 docking at the NPC is mediated by the minor cap-
sid proteins, which also bind Nup214 situated on the cytoplas-
mic NPC surface (60, 61). The observation of a strong decrease
in nucleus stiffness associated with binding of empty A-capsids
at the NPCs suggests that HSV-1 binding also causes displace-
ment of Nups, resulting in increased NPC permeability. This
can be likened to “perforation” of the nuclear wall, leading to
nucleus softening.

Next, we compared nucleus stiffness with docked empty
A-capsids to nucleus stiffness with docked DNA-filled C-capsids.
Nucleus stiffness was dramatically increased by ~14 times for
nucleus-bound C-capsids compared with bound A-capsids; see
Fig. 64 and Table 1. The observed increase in nucleus stiffness
could reflect an increased compaction of the nuclear chromatin
triggered by its interaction with the herpesvirus genomes. As
mentioned above, at small AFM indentations used in this study,
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(A) A representative 10 x 10 force volume map for unfixed nucleus with attached C-capsids (corresponding to 100 Fz curves) acquired over a

200 nm x 200 nm area at the center of each nucleus. (B) A representative Fz curve, selected from one of the acquired force volume maps: cantilever
approach and indentation into C-capsid bound nucleus (solid red line). Some Fz curves displayed a “notch” in the deformation behavior (blue line). In this
force curve, the cantilever first pushes into the capsid and then continues to indent into the nucleus. The observed drop in the Fz curve could reflect
detachment or breaking of the capsid at the nucleus surface. When force indentation curves are acquired on nuclei without capsids, this notch is not
detected. Force indentation curve acquired on a nucleus shows only one slope, which represents the response of the nucleus only. Moduli was calculated
using the Hertz contact mechanics model. Contact point, depth, and force offsets were autoselected by the software. Fit range was adjusted as needed to
maintain an indentation depth of 300 nm. Cantilever retraction (dashed red and blue lines) and fit using Hertz mechanics model for Young’s modulus
determination (solid gray line).
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Fig. 6. Young's moduli for 100 Fz curves in each force volume map were
repeatedly collected for several nuclei as well as for several areas on the
same nucleus. All moduli values were collectively plotted for each type of
sample in a histogram for nuclei without capsids, nuclei with attached
A-capsids, and nuclei with attached C-capsids, respectively. (A) Histograms of
Young's moduli for all samples without fixation, reflecting chromatin stiff-
ness. (B) Histograms of Young’s moduli for all samples with 2% GA fixation,
reflecting relative nuclear lamina stiffness. The Gaussian fit to the data in
the histograms yields the average value and the SE shown in Table 1.

chromatin is a major mechanical component of the nuclear stiff-
ness response (25). It was previously shown that the state of chro-
matin compaction has a direct link to the nuclear curvature,
which in turn affects the nuclear viscoelastic modulus measured
by AFM (57). Viral genome ejection into the nucleus during
infection has been shown to impact the structure of the host
chromosome when it interacts with viral DNA (30). Host-viral
genome interactions preferentially occur in specific regions of the
host genome that are associated with open and early replicating
chromatin, affecting its compaction. This leads to rearrangements
in chromatin morphology by the tethered histones, affecting its
compaction state and resulting in increased chromatin stiffness
(62). (The locations of viral DNA in the host genome may be
mechanistically linked to the epigenetic changes in the host
genome upon viral infection; Ref. 30.) Recent chromatin-based
nuclear mechanics studies suggest that increased nucleus rigidity
provided by chromatin helps to maintain nuclear mechanical sta-
bility, protecting it from DNA damage (31). Weakened nuclear
mechanics and abnormal morphology have been shown to cause
rupturing of the nucleus, which results in nuclear dysfunction
(31). Herpesviruses rely on nuclear integrity to preserve the
nuclear DNA replication machinery required for viral replication.
Since viral DNA and nuclear chromatin interactions are not ran-
dom (30, 36), the observed increase in the nucleus stiffness at the
initial stage of intranuclear herpesvirus DNA ejection could sug-
gest a virus-controlled mechanism of nucleus stabilization, facili-
tating viral replication in intact nuclei. It is remarkable that while
viral DNA ejected into a nucleus constitutes less than 1% of the
nuclear chromatin nucleotide amount (37), it shows a profound
effect on the chromatin stiffness, increasing it by an order of
magnitude.

As noted above, immediately after DNA ejection, viral
genomes remain in the proximity of the lamina inner wall surface
(36), which leads to strain on the lamina. In Mechanical Response
of the Nuclear Lamina to HSV-1 DNA Ejection, we investigate the
mechanical response of nuclear lamina to herpesvirus DNA ejec-
tion by decoupling the mechanical response of lamina stiffness
from the chromatin stiffness through chemical cross-linking of
the lamina meshwork.

Mechanical Response of the Nuclear Lamina to HSV-1 DNA Ejection.
As we discovered above, herpesvirus genome ejection into the
nucleus leads to a dramatic stiffening of the nuclear chromatin,
which helps to maintain nuclear morphology despite viral DNA
ejection. However, viruses replicating in the nucleus also utilize
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nuclear lamina mechanics (regulating nuclear integrity) since
lamina constitute a barrier for virions entering or escaping the
nucleus (29). Lamins are critical for protection of nucleus
integrity, helping to maintain the nuclear shape and participat-
ing in diverse nuclear processes including DNA replication
(29). Thus, it is also central to investigate the effect of HSV-1
DNA ejection on lamina mechanics. Here, we ask a central
question: Does the nuclear lamina adapt to mechanical strain
induced by viral DNA ejection on the lamina meshwork?

The nuclear lamina forms a compressed network shell of
interconnected lamin rods that is extensible but limited in com-
pressibility from the native state. When subjected to large
deformations (more than 50% of the nucleus height), lamin iso-
forms A and C have been shown to be responsible for nuclear
strain stiffening (25). Conducting AFM force volume mapping
experiments at such large deformations in a reproducible way is
technically challenging and the mechanical response can con-
tain multiple viscoelastic moduli components (25). To resolve
this challenge, we looked to our previous AFM indentation
studies of HSV-1 capsids alone on a glass substrate, in which
we found that probing DNA-filled C-capsids with an AFM tip
can provide the mechanical response of protein capsid only
without stiffness contribution from the tightly packaged intra-
capsid DNA, despite tens of atmospheres of DNA pressure
exerted on the capsid walls (53). This is because the capsid is
more rigid than the DNA, which behaves more like a fluid
inside the capsid upon AFM indentation. (Note that capsids
have pores and are permeable to water and ions, allowing visco-
elastic deformation similar to the nucleus, which is permeable
through the NPCs; Ref. 63.) Thus, to measure and separate the
nuclear lamina mechanical response to AFM force volume
mapping from the contribution from chromatin to the overall
nucleus stiffness, nuclear lamina rigidity needs to be increased
above that of chromatin. This can be achieved by chemically
cross-linking the nuclear lamina shell with 2% GA. GA is a
cross-linking agent that mainly cross-links proteins but not
nucleic acids (39), freely crosses nuclear membranes, does not
react with either DNA or RNA at room temperature (there-
fore, GA fixation preserves chromatin structure without induc-
ing major artifacts; Ref. 39), and has been shown to effectively
cross-link lamina structure (40). Electron microscopic localiza-
tion of lamins in isolated rat liver nuclei showed that lamins are
present at the nuclear periphery and are absent from more
internal regions of the nucleus (40). Therefore, GA fixation of
nuclei for AFM force volume mapping leads to decoupling of
nuclear lamina shell mechanics from the chromatin contribu-
tion to the nucleus stiffness by inducing high lamina rigidity
exceeding that of chromatin.

As described above, the lamina forms a meshwork of fila-
ments under the nuclear membrane. The elasticity of the lam-
ina is directly reflected by the density of the lamina meshwork.
Mechanical stress exerted on the nucleus has been found to
lead to remodeling of lamin A/C, resulting in change in the
lamina filament multimerization and density (leading to higher

Table 1. Average Young’'s moduli for nuclei without capsids,
nuclei with attached A-capsids, and nuclei with attached
C-capsids, respectively, with and without 2% GA fixation

Nuclei only Nuclei + A-capsids Nuclei + C-capsids
(kPa) (kPa) (kPa)
Average SE Average SE Average SE
Fixed 476.4 11.7 174.3 3.1 108.1 1.3
Unfixed 49.6 0.6 17.2 0.2 242.8 3.2

The Gaussian fit to the data in the histograms yields the average value
and the SE.
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or lower meshwork density or even lamina deconstruction and
rupture) (7, 64, 65). While cross-linking the lamina for AFM
force volume mapping of the nucleus surface will not provide a
true Young’s modulus value of the lamina meshwork, we are
interested in capturing, with GA fixation, the change in the rel-
ative lamina stiffness (affected by lamina meshwork density)
before and after herpesvirus DNA ejection into the nucleus.
Thus, HSV-1 A- and C-capsids, respectively, were first incu-
bated with nuclei to allow DNA ejection to occur from
C-capsids into nuclei prior to GA fixation. After incubating
nuclei and capsids in cytosol with ATP-regeneration system for
40 min at 37°C, samples were treated with 2% GA and washed
in CBB and deposited on AFM substrate for the force volume
mapping experiment. By GA fixation of nuclei alone, as well as
GA fixation of nuclei after they have been incubated with HSV-
1 empty A-capsids and DNA-filled C-capsids, we essentially fix-
ate lamina density before and after viral DNA ejection. As in
the experiments above, force volume maps (10 x 10) were
acquired at the center of each nucleus, providing Fz curves
with the same acquisition parameters as in the measurements
on unfixed nuclei above. Young’s moduli for Fz curves in each
force volume map were derived using Hertz model (8, 9). Simi-
larly, to the observations of nuclei with capsids without GA fix-
ation, we also observed here that some Fz curves displayed a
“notch” in the deformation behavior when the AFM cantilever
is placed on top of the capsid attached to the nucleus. Then, we
could calculate the modulus of capsid and nucleus indentation
by fitting the first Fz slope (corresponding to capsid indenta-
tion) before the notch. To calculate the second slope, associated
with the indentation into the nucleus, the fit range was set ~10
to 85% of indention depth (z) and manually adjusted to follow
the contour of the second slope, which was identical to the
slope in the Fz curve without the notch. However, the modulus
of capsids was lower than the modulus of the nucleus, confirm-
ing that nuclear lamina rigidity is significantly increased by GA
fixation. (Only the nucleus modulus was used for histogram
data analysis of nucleus stiffness below.) For comparison, mod-
uli of nuclei and capsids without fixation were essentially the
same, equal to the stiffness of nucleus alone. This observation
also demonstrates why AFM imaging resolution is significantly
improved for capsids on nucleus surface with GA fixation.

Fig. 6B shows histograms for Young’s moduli for all three fix-
ated samples (force volume maps for each sample were collected
on multiple nuclei and also at several locations on each nucleus).
The Gaussian fit to the data in the histograms yields the average
value and the SE. The measured average Young’s moduli for
GA fixated samples were E (nucleus without capsids) ~476.4 +
11.7 kPa, E (nucleus with A-capsids) ~174.3 + 3 kPa, and E
(nucleus with C-capsids) ~108.1 + 1.3 kPa; see Table 1. First,
comparing moduli for nuclei only, without and with GA fixation,
shows a major increase in the lamina stiffness by ~10 times (from
~50 to ~476 kPa). This demonstrates the effect of GA-induced
lamina rigidity on lamina stiffness. This explains why AFM topo-
graphical imaging of capsids bound to the nucleus surface shown
above (Fig. 4) was significantly improved with GA fixation (the
nucleus surface acts as a substrate for attached capsids, and a
nucleus stiffness increase by an order of magnitude stabilizes cap-
sid AFM imaging resolution). Next, incubating empty A-capsids
with nuclei (followed by GA fixation) reduced the Young’s modu-
lus by a factor of ~3 (from 476 to 174 kPa) because of capsid
interaction with NPCs, which increases nucleus wall permeability
(20), leading to nucleus softening. Interestingly, the same
~3 times stiffness reduction was also observed for unfixed nuclei
incubated with A-capsids when compared to the modulus for
unfixed nuclei alone. However, this stiffness decrease occurred
from a much lower E-modulus value for unfixed nucleus (from
49.6 to 17.2 kPa). This nicely demonstrates that, despite GA fixa-
tion, the relative change in the stiffness of the nuclear envelope is
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the same as for the unfixed sample. Therefore, next we investi-
gated the relative change in the lamina stiffness when nuclei were
incubated with DNA-filled C-capsids (resulting in DNA ejection)
followed by GA fixation, compared to the lamina stiffness when
nuclei were incubated with empty A-capsids and fixated.

Instead of the expected increase in nucleus stiffness
(observed for unfixed nuclei, where mechanical response was
dominated by chromatin), we observed an ~1.6 times stiffness
decrease (from 174 to 108 kPa) compared to nuclei stiffness
with docked A-capsids (Fig. 6B and Table 1). The observed
nucleus softening suggests that the nuclear lamina meshwork
became less dense (prior to GA fixation) and therefore more
elastic when viral genome is ejected into the nucleus. Mechani-
cal softening of nuclear lamina has been previously shown to
provide a more robust nucleus, able to withstand strain by dissi-
pating the mechanical stress through stretching of the lamina
(7). This preserves nuclear integrity and prevents nuclear DNA
damage. It can be noted that stiffness of the nucleus with
docked C-capsids without GA fixation is ~476 kPa (reflecting
chromatin stiffness), while stiffness of the nucleus with docked
C-capsids after GA fixation is ~108 kPa. This illustrates that
chromatin does not contribute to nucleus stiffness after GA fix-
ation, the same way that DNA packaged in rigid HSV-1 capsids
does not contribute to the capsid stiffness measured with AFM
nanoindentation (45).

While increased chromatin stiffness helps to maintain
nucleus integrity and morphology (25), softening of the nuclear
lamina, on the other hand, helps to redistribute the mechanical
stress, allowing the nucleus to restore its steady-state nuclear
and chromatin architecture for long-term mechanoprotection
(7). Strikingly, this occurs immediately after herpesvirus
genomes are ejected into nucleus, prior to viral DNA replica-
tion, which, over time, marginalizes cellular chromatin, displac-
ing it toward the nuclear periphery (28). Stiffer nuclei deform
less upon stretching and would otherwise be subjected to
increased nuclear membrane tension from viral genome ejec-
tion, which could result in nuclear rupture. Our finding demon-
strates that nucleus softening induced by herpesvirus DNA
ejection could provide a plausible mechanism of virus-induced
mechanoadaptation of the nucleus, helping HSV-1 to establish
replication compartments. Thus, we have observed the mecha-
noadaptation of the nucleus in the context of viral infection
during early-stage internalization of viral genomes.

Conclusions

Every infected cell can produce hundreds to thousands of
viruses until it is lysed (66). In the course of lytic infection, her-
pesviruses hijack nuclear DNA replication machinery immedi-
ately after viral capsids eject their genomes into the nucleus
through the NPCs (~30 min postinfection; Ref. 36) and exploit
the nucleus for 12 to 24 h for herpesvirus genome replication
and assembly of new virions. This results in dislocation and
marginalization of the nuclear chromatin to the nuclear periph-
ery by newly formed viral DNA replication compartments (28).
Eventually, the nuclear membrane is ruptured, and the cell is
lysed by virus-controlled mechanisms.

In this work, we discovered major mechanical transforma-
tions in both chromatin and nuclear lamina at the initial stage
of herpesvirus replication, immediately after viral genomes are
ejected into the nuclear space. By decoupling the mechanical
responses of chromatin and nuclear lamina, we found, with
AFM force volume mapping of cell-free reconstituted nuclei
incubated with HSV-1 capsids, that chromatin stiffness is dra-
matically increased, while nuclear laminar rigidity is decreased.
Given that injection of viral DNA only changes the nucleic acid
content in the nucleus by <1%, a major stiffness increase in
chromatin mechanics suggests a viral DNA-induced chromatin
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compaction, helping to maintain nuclear morphology (as chro-
matin is tethered to the nuclear lamina wall) and therefore
nuclear integrity. Chromatin compaction could be induced by
previously observed nonrandom interactions between viral
genomes and specific host chromosome regions that regulate
viral transcription and compaction through interaction with his-
tones (30). These virus-host genome interactions force reorga-
nization and structural changes within chromosomal DNA,
affecting viral replication timing and gene expression (67). The
observed softening of the nuclear lamina, on the other hand,
shows that stress induced by initial herpesvirus DNA accumula-
tion under the lamina surface (36) induces increased lamina
elasticity, which can be explained by lamina rearrangement
resulting in lower density of the lamina meshwork. Since the
lamina acts as an internal shock absorber for mechanical defor-
mation of the nuclear membrane, the mechanism of nuclear
softening has been found to provide mechanoprotection of the
nuclear envelope (7). Although the number of capsids per
nucleus used in this study (100 to 200) is physiologically rele-
vant, as discussed above, it will be interesting in the future to
investigate nucleus mechanics for a range of lower capsid/
nucleus ratios. This would determine the minimum number of
HSV-1 genomes ejected into a nucleus required to trigger the
observed mechanical response. The mechanical transformations
in nuclear chromatin and lamina observed in this work are not
triggered by gene expression (there is no transcription and
expression in an isolated nuclei system), but rather by physico-
chemical and biochemical interactions between viral genomes
with nuclear chromatin and with lamina meshwork. Thus, we
would anticipate a nuclear mechanical response to depend on
the concentration of internalized HSV-1 genomes. The mecha-
nism of nuclear mechanoadaptation is, however, only needed to
prevent nucleus rupture from the mechanical stress induced by
the large number of viral genomes in the nucleus during viral
replication. Thus, a scenario of low capsid/nucleus ratio could
be physiologically less relevant for nucleus infection mechanics.

In conclusion, both chromatin and lamina mechanical transi-
tions caused by herpesvirus DNA ejection lead to a robust
mechanical response. Since herpesvirus replication leads to
mechanical stress on the nucleus and eventually its rupture (1, 29),
it is plausible to suggest that this mechanoresponse is aimed at
maintaining nuclear integrity and functionality required for intra-
nuclear viral genome replication. This is an observation of mecha-
noadaptation in cells utilized by HSV-1. Since all herpesviruses
eject their DNA into a nucleus, it is reasonable to expect similar
mechanical nuclear transformations in the course of all herpesvi-
rus infections (this is yet to be experimentally demonstrated).
Furthermore, the experimental virus-host system (used in this
work for AFM force volume mapping and imaging) provides an
experimental platform for analysis of nuclear mechanics coupled
to dynamics of viral genome replication.

Materials and Methods

Cells and Viruses. African green monkey kidney cells (Vero; ATCC CCL-81 from
American Type Culture Collection) were cultured at 37°C in 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM,; Life Technologies) supplemented
with 10% fetal bovine serum (Gibco), 2 mM L-glutamine (Life Technologies),
and antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin; Life Technolo-
gies). The KOS (Kendall O. Smith) strain of HSV-1 was used as the wild-type
strain. The K26GFP HSV-1 recombinant virus (gift from Dr. Prashant Desai),
which carries a GFP tag on the capsid protein VP16, was used in fluorescence
studies. All viruses were amplified on Vero cells, and titers were determined on
Vero cells by plague assay. Viral plaque assays were carried out as follows: Viral
stocks were serially diluted in DMEM. Aliquots were plated on six-well trays of
Vero cells for 1 h at 37 °C. The inoculum was then replaced with 40% (vol/vol)
carboxymethylcellulose in DMEM media. HSV-1 plaque assays were incubated
for 3 to 4 d. The monolayers were stained for 1 h with crystal violet stain
(Sigma-Aldrich). After removal of the stain, the trays were rinsed with water
and dried, and plaques were counted.
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HSV-1 Nuclear Capsid Isolation. Vero cells were grown to confluence and
infected with HSV-1 KOS strain at an MOI of 5 PFU/cell for 20 h at 37 °C. Cells
were scraped into solution and centrifuged at 3,500 revolutions per minute
(rpm) for 10 min in a JLA-16.250 rotor. The cell pellets were resuspended in
phosphate-buffered saline (PBS) (1.37 M NacCl, 27 mM KCl, 43 mM Na,H-
PO,4-7H,0, 14 mM KH,PO,), pooled, and again centrifuged at 3,500 rpm for 10
min. This washed cell pellet was resuspended in 20 mM Tris buffer (pH 7.5)
with protease inhibitor mixture (Complete; Roche) and incubated on ice for
20 min to swell the cells. The swollen cells were lysed by addition of 1.25%
(vol/vol) Triton X-100 (Alfa Aesar) for 30 min on ice. Samples were centrifuged
at 2000 rpm for 10 min, and the resulting nuclei pellet was resuspended in a
small volume of TNE (10 mM Tris, 0.5 M NaCl, 1 mM ethylenediaminetetraace-
tic acid) buffer with protease inhibitor mixture. Nuclei were disrupted by soni-
cation for 30 seconds (in 10-s intervals, iced between rounds), and large debris
was cleared by brief centrifugation (maximum speed for 30 s). MgCl, and
DNase | were added to the supernatant to 20 mM and 100 pg/mL, respectively,
and the sample was incubated at room temperature for 20 min. The superna-
tant was then centrifuged at 11,750 x g for 90 s to pellet large debris and fur-
ther cleaned of small debris by underlaying with a 3 mL cushion of 35%
sucrose-TNE and centrifuging at 23,000 rpm for 1 h. The capsid-rich pellet was
resuspended in TNE + protease inhibitor mixture, then loaded onto a 20 to
50% (wt/wt) TNE sucrose gradient and centrifuged at 24,000 rpm in a SW41
rotor for 1 h. The A-, B-, and C-capsid bands were extracted by side puncture,
diluted at least 3x in TNE buffer and finally centrifuged at 24,000 rpm for 1
h to pellet the capsids. Capsids were gently resuspended in TNE and stored at
4°C. The purification steps for mutant viruses were the same as described for
the KOS strain (68).

Rat Liver Nuclei Isolation and Cytosol Preparation. Nuclei from rat liver cells
were isolated as adapted from previously described protocol (11). The intact-
ness of nuclei was confirmed by light microscopy, EM, and fluorescence
microscopy by staining the nuclei with DAPI and by their ability to exclude
fluorescently tagged (fluorescein isothiocyanate) 70-kDa dextran. The cytosol
was separately prepared using BHK-21 cells.

Reconstituted Capsid-Nuclei System. An in vitro viral HSV-1 DNA transloca-
tion system was built in which the HSV-1 genome was released into the nucle-
oplasm in a homogenate solution mimicking the cytoplasm environment; see
details in previously described protocol in Ref. 11. In a typical system, rat liver
cell nuclei were incubated with C-capsids (HSV-1 or GFP-labeled HSV-1), con-
taining 1) cytosol, 2) bovine serum albumin, and 3) ATP-regeneration system
(see details in Ref. 11). The system was incubated at 37 °C for 40 min sufficient
for capsid binding to nuclei. For inhibition studies, WGA was preincubated
with the nuclei prior to addition of C-capsids (10). We also separately con-
firmed that NPCs maintain full transport functionality in the reconstituted
nuclei system (verified with a fluorescently labeled nuclear localization signal;
Refs. 10, 69).

AFM Sample Preparation. Prior to AFM analysis, isolated rat liver cell nuclei
were first reconstituted in a cell cytosol solution with added ATP-regeneration
system and then incubated for 40 min at 37 °C with purified HSV-1 DNA-filled
capsids. Both cellular components are required for effective capsid binding to
NPCs and opening of the NPC channel for viral DNA translocation (11, 70), but
the presence of these components does not provide an active mechanism for
pulling the viral genome across the NPC (20, 71, 72), which is instead driven by
capsid DNA pressure (10). After binding of capsids to nuclei in cytosol reconsti-
tuted with ATP-regeneration system, the samples were washed with CBB
[20 mM Hepes-KOH (pH 7.3), 80 mM potassium acetate, 2 mM dithiothreitol, 1
mM ethylene glycol-bis(8-aminoethyl ether)-N,N,N’,N'-tetraacetic acid, 2 mM
magnesium acetate, 1 mM phenylmethylsulfonyl fluoride, and 1x cOmplete
Protease Inhibitor Cocktail (Roche)] and the sample was deposited on a glass
coverslip and incubated in a covered petri dish for 30 min to allow the nuclei to
adhere to the hydrophobic glass substrate. The details of substrate and sample
preparations can be found elsewhere (68, 73, 74). For fixed nuclei samples, after
incubation of capsids with nuclei in cytosol reconstituted with ATP-
regeneration system, the samples were washed 2x with CBB (by centrifugation
at 3500 rpm for 10 min at 4°C), then fixed with 2% GA (the pellet was resus-
pended in 2% GA in PBS) in PBS from 1 to 3 h. After fixation, the nuclei-capsid
samples were washed 2x in CBB, resuspended, and placed on the hydrophobi-
cally modified glass coverslips.

Fluorescence Microscopy. For fluorescence imaging of the reconstituted
capsid-nuclei system, GFP-labeled HSV-1 C-capsids were used. After incubation
of capsids with the nuclei as described above, the buffer system containing
purified GFP-labeled C-capsids and nuclei were loaded onto coverslips
(Mab-Tek). The nuclei were stained with DAPI for 5 min before imaging.
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Overlay of the confocal 488 (for GFP emitted signal) and 358 (for DAPI emitted
signal) channels show the localization of viral capsids onto the nucleus. Images
were captured with a Nikon A1R laser-scanning confocal microscope. For inhi-
bition studies with WGA, the nuclei were preincubated with 0.5 mg of WGA/
mL for 20 min on ice before addition of GFP-labeled HSV-1 C-capsids.

Quantification of Capsids Bound per Nucleus. For quantification of capsids
bound per nucleus, 3D stacks of nuclei with capsids were collected with Nikon
A1R laser-scanning confocal microscope using oil immersion Apochromat total
internal reflection fluorescence 100x (NA 1.49) differential interference con-
trast objective. The following image processing sequence was used for analy-
sis: 1) separation of blue and green channels and application of a median filter
to increase the signal/noise ratio; 2) Z-projection of the image stacks using
blue channel to enhance the definition of each nucleus to locate the region of
interest and define the periphery of the nucleus used to allocate capsids; 3)
Z-projection of the 3D stacks from the green channel to highlight the location
of the most brilliant nonpixels (nonoverlapping from each confocal slice) used
to quantify the number of capsids attached around the nucleus surface.
Z-projection shows both channels and exhibits the projection of all capsids on
a nucleus; and 4) application of a threshold to the green channel converting it
to a binary image used for capsid quantification. Some nuclei had visible cap-
sid aggregates, which were converted to a number of individual capsids using
number of pixels corresponding to a single capsid at the nuclear membrane
surface. Number of pixels for an individual capsid was separately determined
using green channel capsid brightness profile relative to the background from
at least 50 capsids. This brightness profile shows a Gaussian distribution, in
which width is associated with the spot diameter used to calculate capsid area
based on circular object as a first approximation.

Super-Resolution Structured lllumination Microscopy. After incubation of
nuclei with GFP-labeled C-capsids, the complete binding mixture was loaded
onto chamber slides (Mab-Tek), and the samples were immediately imaged
for GFP and DAPI by using 405-nm and 488-nm excitation wavelengths with a
Zeiss Elyra S1 microscope with a 64x oil immersion lens. The images were cap-
tured on a scientific complementary metal-oxide-semiconductor Pioneers in
Cameras and Optoelectronics Edge camera. The images were processed using
the Structured Illumination module of the Zeiss (Zen 2011) software to obtain
the super-resolved images of GFP capsids bound to nuclei. The spatial resolu-
tion of the instrument is 120 nm. To generate 3D reconstructions, image stacks
(1 pm) were acquired in Frame Fast mode with a z-step of 110 nm and 120 raw
images per plane. Raw data were then computationally reconstructed using
the Zen software to obtain a super-resolution 3D image stack. The Fiji-lmage)
software was used to generate the histogram of the cross-section profile for
the GFP-labeled C-capsid signal.

Atomic Force Microscopy. All AFM measurements were acquired on the
Cypher ES atomic force microscope (Oxford Instruments Asylum Research)
using Olympus AC40TS (Biolever mini) silicon nitride cantilevers (nominal
spring constant is 0.1 N/m). The actual cantilever sensitivity and spring cons-
tant of each cantilever were determined using the GetReal calibration routine
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built into the Asylum MFP3D software. Target nuclei were located optically,
and the cantilever was precisely placed above the center of each nucleus
before the automated tip approach. High-resolution images of nuclei with
bound capsids were acquired in FFM mode at a pixel density of 256 x 256,
force setpoint of 2 nN, and a tapping frequency of 500 Hz. Using AFM to
resolve high-resolution structures of viral capsids on the nucleus surface
requires control of the tip-sample interaction at low force. We show here that
this is achieved using FFM mode. With FFM, topographical and nanomechani-
cal data (based on Fz curves) can be acquired at higher frequencies, overcom-
ing the slow acquisition times typical of standard force volume maps and
allowing for the visualization of high-resolution structural details because of
higher pixel density. Unlike Tapping Mode, in FFM the AFM tip is oscillated at
subresonance frequency with fewer taps and is fully retracted from the sam-
ple surface before moving to the next point, thus preventing lateral move-
ment and sample deformation and resulting in higher imaging resolution.
FFM provides controlled, low-force indentation at every point, in the range of
piconewtons. This is in contrast to Tapping Mode, in which force is difficult to
control because of instability of the force feedback, which can lead to large
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tilevers (<0.2 N/m) and low-force setpoints (subnanonewtons) with FFM is
proving to be a preferred technique to image soft, poorly attached, or overall
difficult to image samples.

For nanomechanical measurements, a 10 x 10 force volume map (also
called Force Map on Asylum AFM instruments) was acquired over a 200 nm x
200 nm area at the center of each nuclei, where the surface is typically the flat-
test. Acquisition parameters were 300 nm/s for AFM tip velocity (we deter-
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drawn until it loses contact with the sample). The force trigger was adjusted
to achieve ~300 nm of sample indentation. To ensure that the nucleus does
not roll on the glass substrate surface during AFM indentation, lateral force
was also recorded, showing no lateral drag on the cantilever tip. Several force
maps were captured for each sample condition. Young's modulus of the
nuclei was calculated by applying the Hertz contact mechanics model for a
cone indenter to each force curve. Moduli for each force volume map was
plotted in a histogram in which average moduli were calculated.
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