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The nucleus is known to be compartmentalized into units
of function!, but the processes leading to the spatial
organization of chromosomes and nuclear compartments
are not yet well defined. Here we report direct quantita-
tive analysis of the global structural perturbations of
interphase chromosome and interchromosome domain
distribution caused by infection with herpes simplex virus-
1 (HSV-1). Our results show that the peripheral displace-
ment of host chromosomes that correlates with expansion
of the viral replication compartment (VRC)%5 is coupled to
a twofold increase in nuclear volume. Live cell dynamic
measurements suggest that viral compartment formation
is driven by the functional activity of viral components and
underscore the significance of spatial regulation of
nuclear activities.

tional compartments within the nucleus. Viral DNA replication

in the nucleus is a highly structured process in which, in the few
well-documented cases, large discrete VRCs are formed?™. Previous
studies have provided evidence for a number of morphological
changes that take place in the nucleus during HSV-1 infection,
including the margination of host chromatin and disaggregation of
the nucleolus®°. These nuclear changes are accompanied by the for-
mation of a VRC that is essential for productive viral replication.

Various types of pathogen can elicit the formation of new func-
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Thus, nuclear events that occur upon viral infection provide a
unique opportunity for examining the biogenesis of a functional
compartment within the nucleus.

Immunocytochemical analysis has previously shown that viral
replication is initiated adjacent to nuclear-domain-10 (ND-10)'"12
and then expands to form a compartment that excludes host chro-
matin”'>!, Previous studies have focused on characterization of the
viral compartment, and thus little is known about the dynamics or
molecular detail of how HSV-1 reorganizes nuclear architecture
and chromosome territories. In particular, the order and quantifi-
cation of events leading to the structural alteration of host chro-
matin are either not known or remain obscure.

Here we present an approach to the analysis of the genome-wide
response to viral infection. We have quantitatively monitored chro-
matin organization and chromosome dynamics in living cells after
HSV-1 infection by using a fusion of histone H2B and green fluo-
rescent protein (H2B-GFP)". Our experiments document for the
first time the dynamic response of live cells to a nuclear infection.
Three-dimensional morphometric analysis reveals that the virus
first annexes and then progressively expands interchromosomal vol-
ume of the nucleus. This is coupled with expansion of the nuclear
volume, resulting in formation of highly segregated compartments
of viral biosynthesis that are initially independent of chromosomal
compaction. By contrast at later times of infection nuclear expan-
sion ceases and chromosomal space is proportionally decreased at a

Table 1 Nuclear and interchromosomal volumes in non-infected and HSV-1-infected H2B-GFP HelLa cells.

Not infected Infected

Time after

infection Volume (um?3) Nucleus Interchromosomal space Nucleus Interchromosomal space

8.0 Mean 683 182 898 428
s.d 119 49 181 137
s.e.m 19 8 34 26
n 39 39 28 28

9.5 Mean 697 217 1216 630
s.d 299 109 209 162
s.e.m 48 17 32 25
n 39 39 42 42

For volume measurements, confocal sections of individual nuclei from H2B-GFP HeLa cells either not infected or infected with HSV-1 were processed and analysed with 3-D image-analysis soft-
ware (Ana3D® Y. Usson). Values are means obtained from the indicated numbers of nuclei s.d and s.e.m are shown. The differences in nuclear and interchromosomal volume between non-infect-
ed and infected cells are significant (P < 0.005), while no significant differences were found between volumes of mock-infected cells at 8.0 and 9.5 h after infection.
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Mock-infected

HSV-1-infected

Figure 1 The H2B-GFP label distributes at the nuclear periphery in infected
cells and correlates with electron-dense chromatin regions. a-h, H2B-GFP
HeLa cells mock-infected (a-d) or infected with HSV-1 (e~h) were imaged at 10 hpi.
Individual live cells were imaged with a wide-field deconvolution microscope (b, f;
green) and subsequently fixed for EM (a, e), whereas fields of cells were imaged
with a confocal laser-scanning microscope after fixation (c, d, g, h).
Superimpositions of LM and EM images (b, f) display the correlation between
nuclear ultrastructure and histone H2B-GFP labelling. LM reveals an even nuclear
distribution of chromatin in the uninfected cell (b), whereas it shows a preferential
margination in the nucleus of the live infected cell (f), consistent with their EM ultra-

constant rate. As the formation and expansion of the VRC must
necessarily exploit existing host-cell components, understanding
the mechanisms of viral compartment formation will provide
insight into the principles involved in assembly and function of the
compartmentalized nucleus.

Ultrastructural changes in the nuclei of cells infected with HSV-
1 have been documented by electron microscopy (EM)*”*'. Our
first experiments sought to correlate chromatin distribution in
mock-infected and HSV-1-infected living cells expressing
H2B-GFP, visualized by fluorescence light microscopy (LM, green
in Fig. 1b, f), with the identical cells subsequently fixed for EM (Fig.
la, e, and Movie 1 in Supplementary Information).
Superimposition of the EM and LM images shows that the details
of chromatin distribution of an uninfected cell and an infected cell
in the mid-to-late phase of infection are well represented with a
wide-field deconvolution microscope (Fig 1b, f). Indeed, LM
reveals the anticipated marginated host chromatin typical of an
infected cell in this phase of infection, surrounding a large chro-
matin-depleted space in the nuclear interior (Fig. 1f). This is the
first direct observation of chromatin margination in living cells
after infection with HSV-1.

Formation of VRCs within the nuclei of infected cells could be
due to a net loss of chromatin. We addressed this possibility by
quantitatively examining the chromatin content in H2B—GFP cells
using confocal laser microscopy and flow cytometry. Confocal sec-
tions revealed that the infected cell population contained a signifi-
cant proportion of cells with well-developed chromatin-depleted
regions (Fig. 1g, h). These appear to be much larger than nucleoli,
the largest chromatin-depleted domains observed in mock-infect-
ed cells (Fig. 1¢, d). As revealed by EM, however, nucleolar structure
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structures (a, e). The inset in e shows higher magnification details of the viral facto-
ries boxed in the centre of the image. Overviews (c, g) and galleries of successive
confocal sections (d, h) display H2B-GFP-labelled nuclei (greyscale). Comparison of
d and h illustrates key features of HSV-1 infection, including margination of host
chromatin and enlarged nuclear volume. Insets in ¢ and g are flow cytometry his-
tograms of GFP fluorescence intensity of uninfected or infected cells, respectively,
showing that there is no significant loss of host chromatin during infection. Scale
bars = 2pm (a, b, e, f); 20 um (¢, g); and 10 pm (d, h). See Movie 1 in
Supplementary Information.

is obviously disrupted upon HSV-1-infection (compare Fig. 1a and
e). Flow cytometry demonstrates that the chromatin content in the
HSV-1 infected cells is unchanged compared to that of mock-infect-
ed cells (insets in Fig. 1c, g), indicating that chromatin margination
takes place without loss of host chromatin. We conclude that a pro-
found spatial rearrangement of the infected cell’s genome occurs
concomitantly with the expansion of VRCs within the nucleus.

On the basis of nuclear morphology and compartment func-
tion, we have defined three stages in the host nuclear response to
viral infection (Fig. 2, and Movie 2 in Supplementary Information).
The first is a process we term annexation (Fig. 2¢, d). In this stage,
the functional activities of the interchromatin space are switched to
viral processes without visible changes in host chromatin architec-
ture (compare green labelling in Fig. 2a, b and ¢, d). The distribu-
tion of fibrillarin, a nucleolar protein, illustrates the disruption of
one host compartment function as it changes from a nucleolar
localization (Fig. 2a) to a dispersed distribution during the first
stage of infection (Fig. 2¢). Concurrently, viral DNA replication is
detected in nuclear compartments (Fig. 2d) that resemble nucleoli
but are likely to be distinct from the original nucleolar compart-
ments (Movie 2 in Supplementary Information). As we discern no
gross rearrangement of the host chromosomes in this phase, we
conclude that the virus has annexed interchromosomal space
already existing in the nucleus at the time of infection (first phase).
Following viral annexation, spatial rearrangement of host chro-
matin is clearly observed during VRC expansion (Fig. 2e, f), thus
allowing the definition of a second stage of infection. Expansion of
the VRC is coincident with the presence of well-developed chro-
matin-depleted regions visible at 9.5 hours post-infection (hpi)
(Fig. 2f). In the presence of phosphonoacetic acid, a viral DNA

NATURE CELL BIOLOGY |VOL 2 |SEPTEMBER 2000 | http://cellbio.nature.com



brief communications

Figure 2. Interchromosomal space is first annexed and then expanded by
VRCs in HSV-1-infected cells. a-f, H2B-GFP Hela cells were mock-infected
(a, b) or infected with HSV-1 (c—f) and fixed during the annexation and expansion
stages of the infection. Host chromatin distribution (green) and immunofluores-
cence, performed with fibrillarin or BrdU (red), revealed nucleolar compartments
(a, ¢, e) and sites of DNA replication (b, d, f), respectively. Projections of several
sections are shown for each panel. In mock-infected cells, interchromosomal
space is mainly occupied by nucleolar compartments (a). At 7 hpi (c, d), nuclear

synthesis inhibitor', the VRC was not observed (data not shown).

There are two ways in which the nucleus could change to
accommodate the formation of a chromatin-free compartment in
its interior. It could increase in volume or the chromatin could be
compressed. To distinguish between these possibilities, we carried
out a quantitative three-dimensional (3-D) image analysis on 148
nuclei, defined by chromatin-depleted regions, were determined
(Table 1). Mock-infected cells had an average nuclear volume of
about 690 pmm’ and an interchromosomal space of about
200 pm’. Nuclear volume increases significantly upon HSV-1 infec-
tion to 1.75 times that of uninfected cells at 9.5 hpi. Most of this
new volume is accounted for by expansion of the interchromosomal
space to 630 um? by 9.5 hpi, up to a threefold increase over uninfect-
ed cells. Significantly, host chromatin volume is unchanged during
this second stage of HSV-1 infection. These results demonstrate a
previously undetected feature of VRC expansion; the second phase of
nuclear response to infection is coupled to a doubling of the nuclear
volume that occurs without a decrease in chromatin volume.

After the expansion stage, chromatin dynamics were directly fol-
lowed in live infected cells using 3-D time-lapse confocal
microscopy to assay for chromatin compression toward the end of
the infection. Four HSV-infected HeLa cells were analysed for 5 h,
from 10 to 15 hpi (Fig. 3, and Movie 3 in Supplementary
Information). At 10 hpi, infected nuclei already displayed highly
segregated and expanded compartments of viral biosynthesis (Fig.
3a) without any substantial change in global chromatin volume
(compare Fig. 3b and Table 1). In marked contrast, after 10 hpi,
host chromatin volume decreased almost linearly with time, reach-
ing one third of its original volume by 15hpi (Fig. 3b). Flow cytom-
etry rules out net chromatin loss, demonstrating that host chro-
matin is compressed at an approximate rate of 57 pm? h™' upon the
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structure, as ascertained from H2B-GFP labelling, has not changed significantly;
immunofluorescence reveals a disrupted fibrillarin staining (¢), however, and the
annexation of interchromosomal space by the viral replication compartments (d).
Cytoplasmic BrdU staining (d) most probably reflects viral particles that have
been exported from the nucleus. By 9.5 hpi (e, d) larger nuclei and chromatin
margination are observed (green), together with expanded viral replication com-
partments (f, red). Scale bar = 10 um. See Movie 2 in Supplementary
Information.

third stage of HSV-1 infection. This system has allowed us to image
native chromosome structure as the host genome is dynamically
repositioned in the intranuclear space of virally-infected cells.

Using histone H2B-GFP to label host chromatin we have quan-
titatively characterized VRC formation in living cells. Infection
with herpes viruses induces formation of a large chromatin-
depleted domains in the interior of the nucleus of HeLa cells as
well as human diploid fibroblasts (data not shown), with the
greater part of the host chromatin limited to the marginal regions
of the nucleus. Direct comparison of chromatin distribution
imaged by in vivo fluorescence and EM shows that histone
H2B-GFP provides outstanding resolution of chromatin structure
during formation of the VRC (Fig. 1). The chromatin-depleted
zone comprises a distinctive functional compartment of the nucle-
us dedicated to the replication of viral DNA and virus assem-
bly**!8 (Fig. 2f). Quantitative analysis of the chromatin content of
cells during infection reveals that chromatin loss does not occur
during expansion of the replication domain (Table 1). Rather, the
host genome is progressively displaced toward the nuclear periph-
ery in a three-step process. The interchromosomal space within
the nucleus is first taken over by viral metabolic processes and this
is followed by a nearly twofold expansion of the volume of the
nucleus through expansion of the chromatin-free VRC in the
nuclear interior. Finally, host chromatin is significantly com-
pressed before the lytic events of infection.

Although the nucleus is understood to be comprised of numer-
ous functionally distinct compartments, the principles through
which this compartmentalization is achieved are only poorly
understood. One important principle to emerge is that many
nuclear compartments are not distinct preassembled structures,
like mitochondria or centrioles, but are dynamic structures that
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Figure 3. Host chromatin is dynamically compressed during the third stage
of HSV-1 infection. Live H2B-GFP Hela cells infected with HSV-1 were monitored
from 10 to 15 hpi on the heated stage of a confocal microscope. a, Confocal sec-
tions (xy, yz and x2z) collected from four nuclei show time-related changes in GFP-

labelled host chromatin upon the third stage of viral infection. b, The volume occu-

arise as a consequence of gene function'. The nucleolus is per-
haps the best example of this type of process-driven structure, as
its assembly and morphology depends primarily on the transcrip-
tional activity of the rRNA genes**?'. The VRCs appear to be
process-dependent domains, as inhibition of viral DNA poly-
merase inhibits their formation. Because many viral processes
depend largely on modifications of host-cell mechanisms, under-
standing how this compartment is established and expanded
should shed light on mechanisms involved in endogenous nuclear
compartment formation.

A second mechanism of functional differentiation within the
nucleus is spatial regulation of the concentration of structural and
regulatory proteins®. In yeast, for example, telomere clustering is
thought to produce a locally high concentration of telomere-
associated Sir proteins, promoting position-dependent silencing of
gene expression®. Interactions among components of the viral repli-
cation and assembly pathway could lead to compartment formation
through mutual local increases in the concentrations of interacting
molecules?. Thus, chromatin displacement could result from a self-
assembly property of a compartment that excludes chromatin as an
incompatible structural component. Another possibility is that for-
mation of the VRC is a phase-separation phenomenon®. In this sce-
nario, chromatin is poorly soluble in the concentrated solution of
viral replication components, and so the two compartments mutual-
ly displace one another.

In summary, this study has shown that formation of an extensive
extrachromosomal compartment within the nucleus upon infection
with HSV-1 is coupled to a doubling of the nuclear volume.
Eukaryotic chromosomes occupy discrete and compact territories in
the nucleus, and it has been proposed that the interchromosomal
space constitutes a distinct functional compartment of the nucleus,
with factors for transcription, mRNA processing and transport
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pied by the host chromatin was quantified using 3-D image analysis as described in
Methods. The average chromatin volume per nucleus decreases linearly at a rate of
57 um? h- and by 15 hpi it only occupies one third of the volume it did 5 h before.

See also Movie 3 in Supplementary Information.

concentrated in the interstices between chromosome domains®>%.

The spatial and biochemical separation of function induced during
virus assembly could reflect, albeit at a pathological scale, principles
of nuclear organization that apply to the normal metabolic process-
es of the nucleus. The functional homogeneity of the VRC resembles
that of many normal functional compartments of the nucleus, such
as the nucleolus, ND-10 and the coiled bodies. It is likely that the
organizational principles that drive the formation of this compart-
ment and the exclusion of chromatin from within it, are similar to
the principles involved in the assembly and function of the com-
partmentalized nucleus. [

Methods

Cell culture, viral infection and FACS analysis.

HelLa cells expressing the H2B-GFP construct'® were maintained at 37 °C in a 5% CO, atmosphere in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated FCS, 2 mM
L-glutamine, 100 U ml™ penicillin and 100 pg ml™ streptomycin. Cells grown overnight on 12-mm
(24-well dish) or 24.5-mm (6-well dish) coverslips were infected with HSV-1 (a gift from Pietro Sanna,
TSRI). A multiplicity of infection (m.o.i) of 20 was achieved using 0.15 ml (24-well dish) or 0.3 ml (6-
well dish) of DMEM supplemented with 3% FCS. After a 1 h adsorption period at 37 °C, the inoculum
was removed, cells were washed once with PBS and fresh DMEM supplemented with 10% FCS was
added. For detection of de novo DNA synthesis, cells were pulse-labelled with BrdU at 10 pM from 2—6
and 4-9 hpi and fixed at 7 and 9.5 hpi, respectively (Labeling and Detection Kit I from Boehringer
Mannheim). GFP expression in H2B-GFP HeLa cells was quantified as described by Kanda et al."*.
Briefly, uninfected or HSV-1-infected cells were harvested by trypsinization at 9 hpi and fixed in 70%
ethanol for more than 3 h at 4 °C. Fluorescence was measured using a FACScan (Becton Dickinson).
Cell debris and fixation artefacts were gated out using the Cell Quest software (Becton Dickinson).

Immunofluorescence.

Cells were fixed between 7 and 9.5 hpi in PBS containing 4% formaldehyde for 10 min. The fixation
was quenched with 100 mM Tris pH 7.4 for 10 min and the cells were permeabilized twice in PBS con-
taining 0.1% Triton X-100 for 3 min. Immunofluorescence was performed as described previously”,
using a human antiserum against fibrillarin at 1/100 (a gift from Eng M. Tan, TSRI). BrdU incorpora-
tion was detected following the manufacturer’s protocol (Boehringer Mannheim). Secondary antibod-
ies coupled to Texas Red were used for the detection and cells were mounted in Fluoromount G (EMS)
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containing 0.4 pg ml™ DAPI for DNA counterstaining.

Fluorescence microscopy.

Images were collected on a wide-field deconvolution microscope (DeltaVision), composed of a
Photometrics cooled coupled charged device (c-CCD) camera mounted on an Olympus IX-70 invert-
ed microscope. A MRC-1024 laser confocal microscope built on a Zeiss Axiovert S100TV inverted
microscope (Bio-Rad) was also used with 1 to 10% laser power and a Kalman filter to average four
scans in the normal scan mode. Z-series stacks of multiple focal planes (512 % 512 or 1,024 x 1,024
with 1 pixel = 67 to 166 nm, z-step = 0.2 or 0.3 im) were obtained with specific filter sets using high-
numerical-aperture oil-immersion objective lenses (confocal: 63%, numerical aperture (NA) = 1.4;
deconvolution: 100X, NA = 1.35 and 40x, NA = 1.35). Figs 1b, f and 2a—f are projections of 5 to 15 sec-
tions imaged with the deconvolution microscope that were submitted to a constrained iterative decon-
volution algorithm (15 iterations) before projection, whereas Figs 1c, d, g, h and 3a correspond to a
single confocal section collected with the confocal microscope.

For in vivo analysis, coverslips were mounted in a Dvorak-Stotler chamber (Nicholson Precision
Instruments) and maintained at 37 °C as described previously?. GFP and differential interference con-
trast (DIC) images were collected on the MRC-1024 confocal microscope using a 63 objective lens
using 1% laser power. For the 4-D data set time-lapse collection, 25 confocal sections (512 x 512, 1
pixel = 0.1 pm, Kalman 2, slow scan, z-step = 0.3 im) were collected every 5min for 5h.

Correlative live-cell and electron microscopy.

H2B-GFP Hela cells were grown on CELLocate coverslips (Eppendorf). The cells were infected with
HSV-1 as described above and imaged live using the deconvolution microscope equipped with a dry
40% objective lens (NA = 0.85). Images of the locator grid and cells were collected using DIC optics.
The H2B-GFP fluorescence signal was collected as a z-series using FITC filters (16 focal planes, each
512 x 512 with 1 pixel = 168 nm, z-step = 0.5 pm). Cells were then processed for EM (modified from
ref. 29). Briefly, cells were fixed in 2.5% glutaraldehyde, stained in 1% uranyl acetate and polymerized
in Spurr’s resin. The locator grid from the coverslip embossed the resin surface and could be seen with
reflected light under a dissecting microscope. The block was then trimmed according to the locator
grid and the identified cells. Thin sections stained with uranyl acetate and lead citrate were examined
on a Philips CM100 electron microscope. Low-magnification images facilitated location of cells previ-
ously imaged by LM and high magnification was used to document these specific cells.

Image analysis for volumetric measurements.

Image analysis was performed on an Octane SGI workstation using a 3-D image analysis software
(Ana3D® Yves Usson). Bio-Rad series were imported and digitally resampled along the z-axis using a
bi-linear interpolation®. Segmentation of the H2B-GFP labelling was achieved by a simple grey-level
thresholding, followed by a labelling step to identify objects bigger than 200 voxels. The volume of the
segmented object, referred as the chromatin volume, was subsequently extracted. The total nuclear vol-
ume was derived from the calculation of the convex hull that fits the chromatin volume. The volume
difference defines the nuclear volume occupied by the chromatin-depleted regions, referred as the
interchromosomal space.
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