NUCLEUS
2016, VOL. 7,NO. 1, 13-19
http://dx.doi.org/10.1080/19491034.2016.1149665

Taylor & Francis
Taylor & Francis Group

EXTRA VIEW

The diffusive way out: Herpesviruses remodel the host nucleus, enabling capsids

to access the inner nuclear membrane

Jens B. Bosse® and Lynn W. Enquist®©

*Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg, Germany; "Department of Molecular Biology, Princeton
University, Princeton, USA; “Princeton Neuroscience Institute, Princeton University, Princeton, USA

ABSTRACT

Herpesviruses are large DNA viruses that utilize the host nucleus for genome replication as well as
capsid assembly. After maturation, these 125 nm large capsid assemblies must cross the
nucleoplasm to engage the nuclear envelope and bud into the cytoplasm. Here we summarize our
recent findings how this motility is facilitated. We suggest that herpesvirus induced nuclear
remodeling allows capsids to move by diffusion in the nucleus and not by motor-dependent

transport.

Introduction

Herpesvirus virions are enveloped and contain an ico-
sahedral capsid carrying the doubled stranded DNA
genome. The virions enter the host cell through fusion
at the plasma membrane or in endocytic vesicles. Cap-
sids are released into the cytoplasm where they engage
molecular motors to move to the nuclear vicinity on
microtubules. Here, capsids attach to nuclear pores
and the viral genome is injected into the nucleus. The
genome is then transcribed and replicated. New cap-
sids form inside the nucleus and are filled with viral
genomes. Afterwards, filled capsids leave the nucleus
through a unique budding process. During this pro-
cess, called nuclear egress, nuclear capsids first bud
into the inner nuclear membrane, which results in an
enveloped intermediate in the perinuclear space. This
intermediate particle subsequently fuses with the outer
nuclear membrane, releasing the capsid into the cyto-
plasm. Next, more viral proteins surround the capsid
forming the tegument. This particle then acquires its
final envelope by budding into the compartment of
secondary envelopment that has markers of trans-
Golgi membranes or endocytic membranes. Finally,
the vesicle containing the mature enveloped particle
fuses with the plasma membrane, releasing the mature
virion in an exocytosis-like event.'

ARTICLE HISTORY
Received 14 December 2015
Revised 20 January 2016
Accepted 29 January 2016

KEYWORDS

capsid; egress; herpes;
nucleus; nuclear actin; ring-
sheet

In the last 20 y or so it became very clear that both
during entry as well as exit, herpesvirus particles use
microtubule-associated, motor-dependent transport
to cross the cytoplasmic space.*® However much less
is known of how newly formed and packaged capsids
cross the nuclear space to the reach the inner nuclear
membrane for egress.

Nuclear capsid motility is not dependent on F-Actin

Shortly after the first herpesvirus expressing GFP-
labeled capsids were constructed,”® it was apparent
that capsids in the infected cell nucleus were highly
motile. An early report suggested that this motility
was based on a directed, ATP-dependent transport
mechanism that relies on filamentous, nuclear actin
(F-actin), possibly facilitating the transport of cap-
sids to the nuclear envelope for egress. Myosin V
was also implicated in this process as potential
motor protein.” Results from our lab also supported
the hypothesis that herpesvirus infection induces
nuclear F-actin at least in certain neurons and that
Myosin V colocalizes with nuclear capsid accumu-

% However, there was no direct evidence

lations."
visualizing capsids transporting on F-actin. Instead,

all evidence to this point was either based on
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inhibitors of F actin formation ® or on Phalloidin
staining in fixed cells."’

To test this model, we first attempted to visual-
ize nuclear F-actin in living cells with the actin
probe Lifeact.'" However we failed to detect nuclear
F-actin in infected cells with Lifeact. Phalloidin
staining in fixed cells gave the same results.'”> We
could only detect nuclear F-actin structures in
infected superior cervical ganglion (SCG) neurons
using Phalloidin as reported earlier, but not with
Lifeact. We were therefore unable to directly visual-
ize if nuclear F-actin structures support capsid
motility because i) all cell types tested with the
exception of primary cultures of SCG neurons did
not induce detectable nuclear F-actin ii) Nuclear
F-actin in SCG neurons could only be detected
after fixation and
phalloidin.

As we failed to detect nuclear F-actin in all but

staining with fluorescent

SCG neurons after infection, we reanalyzed the
original interpretations. The key finding in the
original report’ was the inhibition of nuclear capsid
motility by the F-actin depolymerizing drug
Latrunculin A (LatA). We therefore repeated the
original experiment using herpesviruses represent-
ing all 3 subfamilies and Lifeact expressing murine
embryonic fibroblasts. This allowed us to monitor
capsids as well as changes in actin dynamics in liv-
ing cells. We indeed found that capsid motility
stopped after addition of LatA and could quantify
the effect using image correlation microscopy
(ICM). However the block of motility was not due
to the destruction of nuclear F-actin BUT due the
induction of nuclear cofilin-actin rods to which
capsids bound and were immobilized. Nuclear cofi-
lin-actin rods are known to form in instances when
high amounts of globular actin (G-actin) accumu-
late in the nucleus due the F-actin dissolving action
of Latrunculin.”"'®> These rods are most likely an
artifact of Latrunculin action. Interestingly these
rods have the capacity to bind herpesvirus capsids,
which might have led to the original interpretation
that nuclear F-Actin is involved in nuclear capsid
motility as LatA stops this motility. In addition we
could show that cells that do not induce actin rods
upon LatA addition also show no difference in cap-
sid motility and that 3 other F-actin depolymeriz-
ing drugs did not have an effect on bulk capsid
motility as measured by ICM."?

Establishing a single particle tracking methodology
that facilitates quantifying nuclear capsid motility

We concluded that nuclear F-Actin did not facilitate
capsid motility. However, our ICM method only pro-
vided data on bulk capsid behavior and did not distin-
guish between directed and non-directed motility. We
therefore wanted a method that enabled single particle
tracking. Such a method would help determine if cap-
sids were indeed actively transported as proposed
originally. To quantify the data and avoid subjective
biases, we implemented an automated tracking script.
However as capsid motility is rapid and improved
capsid-tagged mutants'® produced many more capsids
in the nucleus, we needed a system that acquired
images at high frame rates in the range of 30 and
more frames per second (fps). Unfortunately, this
speed of image capture would reduce the available sig-
nal dramatically so that commercial laser scanning
confocal microscopy or spinning disk microscopy
could not be used. Even the use of high sensitivity
electron multiplying charged-coupled detectors (EM-
CCD) on a spinning disk confocal microscope, was
still not suitable for the task. Instead, we found that
oblique illumination as a widefield method in combi-
nation with EM-CCD cameras overcame these prob-
lems and gave superior results. Oblique microscopy is
a form of fluorescence dark field microscopy in which
a collimated laser beam exits the objective at an angle
that is does not lead to total internal reflection (TIRF)
as used in TIRF microscopy. Instead the beam pene-
trates the sample at a relative flat angle almost as if the
sample is illuminated by a horizontal light sheet. This
results in an increased sectioning capability as out of
focus fluorescence is reduced. In its classical imple-
mentation in which it is also called highly inclined
and laminated sheet microscopy (HILO),"” the illumi-
nating light enters the sample from one side only.
This can lead to shading artifacts. Accordingly, we
modified this setup by using a 2D galvonometer sys-
tem that is capable of effectively rotating the direction
of illumination several times per exposure. This way
all shading artifacts as well as laser fringes are aver-
aged out. As this technique rotates the oblique light
sheet, we dubbed this method “Ring-Sheet.” This tech-
nology allowed us to image nuclear motility at very
high speed and sensitivity, which resulted in superior
data quality that allowed automated particle tracking.
In addition, we added a cylindrical lens into the



imaging path such that we could determine particle z-
positions by the introduced astigmatism. For particle
position fitting in x, y, and z, we used the Image]J
plugin Quickpalm and fed the resulting list into a
Matlab script that uses SimpleTracker and MSD ana-
lyzer by Jean-Yves Tinevez.'® This methodology
allowed us to localize mobile nuclear virus particles to
about 4+/— 40 nm in all 3 dimensions.

Nuclear herpesvirus capsids diffuse in enlarged
nuclear corrals

Analyzing the ensemble mean squared displacement
(MSD) of thousands of particle tracks for 2 different
herpesviruses revealed that nuclear capsids diffused
almost freely early in infection and on timescale
smaller than 1 second. We also analyzed each track
separately and found that their anomalous diffusion
exponents distributed normally (Gaussian) with a
mean of 0.85+/— 0.26 with no recognizable subpopu-
lations, again indicating that capsids diffusion over
short timescales was essentially unobstructed.

This finding was surprising, as previous reports had
shown that the uninfected nucleus has a sponge-like
structure consisting of chromatin and the interchro-
matin compartment. This sponge structure allows
small proteins like GFP to diffuse unobstructed, while
the motility of macromolecular complexes like RNP
particles and capsid-sized latex beads is confined to
corrals of about 300 nm in diameter '**' which corre-
sponds to a volume of 0.014 um’ for an idealized
sphere. We could confirm this finding for non-
infected cells by microrheology using microinjected,
capsid-sized beads. Interestingly however, the corrals
in infected cells had an about 27 fold larger volume
(of 0.38 um® or 900 nm in diameter), using beads as
well as virus capsids as probes. We could confirm this
result also by staining host chromatin. In infected
cells, chromatin was becoming more porous at 4 h
and moved to the nuclear periphery with full margin-
alization at 6 h post infection as described earlier.* It
was clear that herpesvirus infection increases the
nuclear corral size, which may allow capsids to diffuse
freely.

Active diffusion allows nuclear capsids to hop
between corrals

We found rare cases of viral particles moving with
more directed motion, which we dubbed “capsid
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hopping” as it allowed particles to cross from one cor-
ral into neighboring corrals. This motility could be
due to direct motor-driven transport of capsids or to
the activity of unrelated energy-consuming processes
that kick diffusing capsids in one direction (known as
active diffusion).” To distinguish between these 2
possibilities, we microinjected passivated beads into
infected cells and compared their displacement proba-
bilities to nuclear capsids. We found that the probabil-
ities were indistinguishable, which let us conclude that
rare capsid hopping must be due to active diffusion
and not direct motor-dependent motility.

Viral remodeling of the nuclear architecture allows
efficient capsid flux by diffusion in the absence of a
motor-dependent transport mechanism

As described above, chromatin in infected cells was
marginalized at the nuclear periphery at 6 hours
post infection. Surprisingly, in Pseudorabies virus
(PRV) infected cells, capsids did not fill up the
chromatin depleted space in the nuclear center in
infected cells. Instead, capsids were redistributed to
the nuclear periphery. The nuclear interior instead
was filled by the viral replication compartment
(RC), the site of viral DNA replication as visualized
by the viral single-stranded binding protein (a clas-
sic marker of replication compartments,**). We
speculate that at least in the case of PRV the viral
RC, filled with viral DNA and proteins might be so
dense that it physically excludes capsids. As a
result, capsids accumulate between the marginalized
chromatin and the RC. This mechanism might be
very advantageous for virus production as it con-
centrates capsids near the nuclear envelope such
that a high percentage of capsids can access sites of
egress by diffusion. However even without this con-
centration effect, around 50% of the nuclear vol-
ume is directly accessible to the nuclear membrane
if we assume a nuclear volume of about 570 pm?
(as in our experimental system) and a space-filling
array of corrals along the nuclear envelope with an
average volume of 0.38 um’ (for illustration see
also Fig. 1b). In addition, hopping between corrals
might allow an even higher proportion of particles
to reach the inner nuclear membrane.

These simple calculations argue for a model in
which viral remodeling of nuclear architecture allows
capsids to access the inner nuclear membrane from
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a)

Chromatin

Figure 1. Models of nuclear capsid motility. a) Previous work suggested that herpesvirus infection induces nuclear F-actin (orange) that
is used by viral capsids (green) for directed motility by recruiting Myosin V (brown), allowing transport through chromatin (gray) to the
inner nuclear membrane (black inner circle). In this model, capsids attach and exit the nucleus by budding through the inner nuclear
membrane and then fusing with the outer nuclear envelope (outer black circle). b) Our alternative model suggests that herpes infection
enlarges nuclear corrals to an average of about 900 nm (white circles). Capsids form stochastically throughout the nucleus early in infec-
tion and can diffuse almost unobstructed in these enlarged corrals. In case of pseudorabies virus, the expansion of the viral replication
compartment (RC, red) further concentrates capsids to the nuclear periphery. Capsids can reach the inner nuclear membrane by 2 path-
ways: Either diffusion in corrals located next to the membrane (left side) or by hopping between corrals by active diffusion (right side).
In both cases, a high affinity/avidity binding system at the inner nuclear membrane is needed to provide a binding “sink” to capture the

stochastic interactions for inner nuclear membrane budding.

almost any starting position inside the nucleus with-
out the need for a direct motor-dependent transport.
This model might also help to understand the appar-
ent overproduction of herpesviral particles in the
nucleus. Based on a recent report, the number of
nuclear capsids for a related herpesvirus is on the
order of 3°10** However, the yield of mature virons
is in the range of 2°10° particles per cell for the most
productive viruses like PRV. These numbers mean
that less than 10% of viral capsids produced in the

nucleus will egress from the nucleus if the downstream
morphogenesis steps have a reasonable efficiency.
Overproduction of nuclear capsids might therefore
insure that stochastic processes for nuclear egress like
diffusion are not limiting.

Summary

Our results argue for a model in which the well-
known herpesvirus-induced changes of the chromatin



structure ** enable capsids to escape the nucleus by
Brownian motion. This model may be counterintuitive
since long-range cytoplasmic transport of herpes par-
ticles requires motor-dependent motility. Our model
offers a simple example showing that long-range cap-
sid motility is not needed in the infected nucleus. First,
to our knowledge, there is no mechanism described
that concentrates immature capsid proteins or subas-
semblies in certain nuclear regions. Indeed, early
FRAP results have shown that individual proteins
have access to almost the whole nuclear space through
rapid diffusion.”® This fact suggests that capsids will
assemble stochastically throughout the nuclear space
as long as the concentration of constituents is over a
certain threshold. Further, we know from our work
that capsids can move undisturbed in 0.38 um?® cor-
rals. A spacefilling array of on average 0.38 um? cor-
rals around the nuclear envelope would include
around 50% or more of the nuclear space depending
on nuclear size and morphology as described above.
This fact means that 50% or more of stochastically
formed capsids have direct access to the inner nuclear
membrane through passive diffusion. In addition, we
show that capsids can hop between corrals, albeit with
a much lower probability. As a result, even capsids
that form in the center of the nucleus might be able to
reach the nuclear envelope by a combination of hop-
ping/active diffusion and diffusion.

What comes next?

There are at least 4 major question arising from our
work:
1) How is chromatin remodeling achieved? Is it an
active biological process like an antiviral host
response or a biophysical phenomenon based on

attraction depletion®” or phase separation”**"?

Other viruses like parvo- and baculoviruses®**'
show similar phenotypes, arguing for a common
mechanism.

2) How is efficient nuclear egress facilitated? If
nuclear capsid transport is not actively directed
toward sites of nuclear egress but instead is sto-
chastic, the sites of nuclear egress must act as
high affinity or avidity sinks for nuclear capsids
to enable efficient capsid export. The use of spe-
cifically labeled viral mutants and the recently
described structure of the PRV nuclear egress

complex might enable this.***> However our
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early results suggests that a thorough quantifica-
tion of capsid fate is only possible if we use
imaging methodologies that use the available
photon budget very efficiently. Developments in
light sheet microscopy might ultimately allow
us to reach this goal, resulting in a whole cell,
“DynOmics” view of capsid dynamics.

3) Who is kicking? Or better what are the sources
of active diffusion? In general, every energy-
consuming process would be able to “kick” par-
ticles.”> Therefore it might be unlikely that cer-
tain processes are the sole source. But likely
candidates might be chromatin remodeling and
viral polymerase activity. Another option, might
be a very recently described form of nuclear
actin,>* which plays a role in DNA double
stranded break (DSB) repair. As herpesvirus
replication compartments recruit various pro-
teins involved in DSB repair, possibly for
recombination-dependent replication® it might
be that this new form of actin plays a role in
kicking viral particles. It is however not known
if this new form of nuclear actin can be dis-
turbed by the panel of drugs used in our recent
ICM study."? Future work using single particle
tracking is required to evaluate this idea, possi-
bly using further advanced particle localization
algorithms that can detect single particles even
at high densities.”®

4) Why do PRV capsids accumulate around the
viral RC while HSV-1 capsids accumulate in the
RC? We hypothesize that compartment density
plays a role. Microrheology using capsid-sized
beads might allow to measure RC density later
in infections, however technical challenges must
be solved first.
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