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Chromatin organization regulates 
viral egress dynamics
Vesa Aho1, Markko Myllys1, Visa Ruokolainen2, Satu Hakanen2, Elina Mäntylä2, Jori Virtanen3, 
Veijo Hukkanen4, Thomas Kühn5,6, Jussi Timonen   1,7, Keijo Mattila   1,8, Carolyn A. 
Larabell9,10 & Maija Vihinen-Ranta2

Various types of DNA viruses are known to elicit the formation of a large nuclear viral replication 
compartment and marginalization of the cell chromatin. We used three-dimensional soft x-ray 
tomography, confocal and electron microscopy, combined with numerical modelling of capsid diffusion 
to analyse the molecular organization of chromatin in herpes simplex virus 1 infection and its effect 
on the transport of progeny viral capsids to the nuclear envelope. Our data showed that the formation 
of the viral replication compartment at late infection resulted in the enrichment of heterochromatin 
in the nuclear periphery accompanied by the compaction of chromatin. Random walk modelling of 
herpes simplex virus 1–sized particles in a three-dimensional soft x-ray tomography reconstruction of 
an infected cell nucleus demonstrated that the peripheral, compacted chromatin restricts viral capsid 
diffusion, but due to interchromatin channels capsids are able to reach the nuclear envelope, the site of 
their nuclear egress.

DNA viruses target the nucleus due to their dependence on the cellular DNA reproduction machinery, and the 
viral infection induces profound modifications of nuclear structures including chromatin. In lytic herpes simplex 
virus 1 (HSV-1) infection, the injection of the viral DNA into the nucleoplasm is followed by the formation of 
several small viral replication compartments (VRCs)1, 2. Later in infection, viral DNA replication and the accu-
mulation of viral proteins is accompanied by the fusion of small VRCs into an enlarged VRC and increase in the 
nuclear volume3, 4. At the same time, with the emergence of the extensive VRC, the host chromatin is relocated 
into the nuclear periphery5–7. Chromatin marginalization that correlates with the expansion of the VRC is also 
seen in parvovirus-8 and baculovirus-9 infected cells. The progress of HSV-1 infection and the marginalization 
of host chromatin are accompanied by changes in the host gene expression10. Earlier studies have revealed that, 
instead of an HSV-1-induced general shut-down of cellular genes, the expression of some genes is maintained, 
or even increased in infection10–16. The final nuclear steps of infection are the assembly of viral capsids and their 
egress by budding through the inner nuclear membrane into the perinuclear space, followed by subsequent fusion 
with the outer nuclear membrane17–20. To reach the inner nuclear membrane, viral capsids have to penetrate 
through the layer of marginalized host chromatin.

Despite many achievements in the research of virus-nucleus interactions, prior studies have not provided 
sufficient details on the spatial and molecular organization of chromatin to elucidate whether chromatin consti-
tutes an accessibility barrier for the translocation of viral capsids towards the inner nuclear membrane. Thus, we 
investigated the detailed structural organization of chromatin at late infection. First, to gain insight into the spa-
tial localization of chromatin and viral capsids, we used confocal and transmission electron microscopy (TEM) 
imaging. Next, we analysed the molecular organization of chromatin using soft x-ray tomography (SXT), which 
allows for assessment of the composition and structure of chromatin by providing a quantitative, linear measure 
of its density21, 22. Finally, we created high-resolution 3D SXT reconstructions of the chromatin of infected cell 
nuclei and used them for numerical modelling of the viral capsid-sized particle mobility in the chromatin using 
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a random walk model. These studies revealed that the spatial organization and density of chromatin change in 
the late stage of infection and that these structural changes restrict the mobility of capsids. This demonstrates that 
low-density channels through the chromatin are needed to allow for the passage of progeny capsids to the nuclear 
envelope (NE).

Results
Marginalization of chromatin at late infection.  The analysis of immunolabelled cells showed that at 
24 h post infection (p.i.), 4�,6-diamidino-2-phenylindole (DAPI)-labelled chromatin was concentrated at the 
nuclear periphery. At the same time, the viral immediate early protein EYFP-ICP4 accumulated into distinct 
small foci inside the VRC, whereas the capsid protein VP5 was located throughout the VRC. In contrast to control 
cells (Supplementary Figure S1), lamin B staining appeared discontinuous along the nuclear rim (Fig. 1A). The 
total volumes occupied by the viral proteins in the inner regions of the nucleus were 15 � 10 �m3 and 42 � 20 �m3 
(n � 20) for ICP4 and VP5, respectively, while 0.24% of ICP4 and 8.8% of VP5 were located in the nuclear 

Figure 1.  Nuclear distribution of host chromatin in infected cells with enlarged VRCs. (A) Confocal 
microscopy images showing the distribution of DAPI-labelled chromatin (cyan) and lamin B (green) together 
with maximum intensity projections (MIP) of viral EYFP-ICP4 (yellow) and VP5 (magenta) proteins at 24 h p.i. 
A differential interference contrast (DIC) image is also shown. Scale bar, 3 �m. (B) The mean spatial distribution 
of chromatin in infected (n � 16) and non-infected (n � 20) cells together with VP5 and ICP4 shown as plots 
of the intensity at increasing distances from the NE. Dotted error lines represent the mean � the standard error 
of the mean (SEM). (C) A TEM image of an infected cell nucleus at 24 h p.i. The inset shows an enlarged view 
of the boxed area containing the viral capsid in the space between the inner and outer leaflets of the nuclear 
membrane. Scale bar, 3 �m.
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periphery (the region between the DAPI label and NE). In some cells, EYFP-ICP4 and VP5 were also found to 
concentrate to the nuclear periphery (Supplementary Figure S2). Quantitative analysis of confocal microscopy 
data as a function of increasing distance from the NE confirmed the accumulation of chromatin to the region 
nearest to the NE in the infected cells. The amount of chromatin decreased towards the nuclear centre in infected 
cells, whereas in the non-infected cells chromatin was distributed more evenly throughout the nucleus (Fig. 1B). 
Here, although the VRC is in general devoid of the DNA-binding fluorochrome DAPI23, we cannot rule out the 
possibility that a small portion of the host chromatin might be located in the same area with the VRC. In all the 
infected nuclei examined (n � 16), the majority of ICP4 and VP5 were located in the nuclear centre, with only a 
small fraction of the proteins located in a 1 �m-thick chromatin region next to the lamin B layer and to the NE.

Consistent with the confocal data, TEM analysis demonstrated that at 24 h p.i. the host chromatin was margin-
alized in close proximity to the NE. Viral capsids were typically located in the centre of the nucleus in the enlarged 
VRC area, and a portion of capsids was found in the gaps between the two nuclear membranes (Fig. 1C). In addi-
tion, our earlier studies indicated the presence of capsids in the virus-induced low-density chromatin breakages 
penetrating the peripheral chromatin7. In summary, confocal analysis combined with TEM confirmed that the 
emergence of an enlarged VRC was accompanied by the accumulation of chromatin at the nuclear periphery.

Distribution of modified histones.  Histone proteins assemble DNA into nucleosomes, whose composi-
tion and spacing contribute to chromatin packing of higher order. We used histone H3 trimethyl Lys9 (H3K9me3) 
as a marker of transcriptional silencing to identify the tightly packed heterochromatin24, 25. Immunolabelling 
showed that this marker was located near the nuclear periphery in both the infected cells at late infection and 
in the non-infected cells (Fig. 2A, Supplementary Figure S3). We quantified the distribution of the chromatin 
marker by plotting fluorescence intensity as a function of distance from the NE detected with DAPI (Fig. 2B). The 
analysis showed that in both the infected and non-infected cells the H3K9me3 signal was strongest at the nuclear 
periphery and the infection did not cause major changes in the distribution of heterochromatin in comparison 
with that of non-infected cells. This suggested that the observed shift in the DAPI from the central regions of 
infected nuclei towards the nuclear periphery (Fig. 1B) was mainly caused by the exclusion of euchromatin to the 
periphery due to the emergence of an enlarged VRC.

Virus-induced compaction and reorganization of the host chromatin.  To further study the archi-
tecture of the nucleus, we used SXT to image hydrated cells in the near-native state. SXT image contrast is based 
on the absorption of x-rays by mainly carbon and nitrogen. This allows the measurement of the linear absorption 
coefficient (LAC) of cell structures, which reflects the concentration of cellular biomolecules26, 27. Because of the 
increased density of biomolecules in heterochromatin, the heterochromatin region of the nucleus has a higher 
LAC than the less densely packed euchromatin, as is evident from computer-generated SXT orthoslices through 
nuclei (Supplementary Movie S1). The EYFP-ICP4 HSV-1 strain allowed detection of the VRC and identification 
of the infected cells by cryogenic fluorescence microscopy (CFM)7. When SXT orthoslices were aligned with 
CFM images of the same cell28, EYFP-ICP4 was found to be localized in distinct nuclear foci or in a few enlarged 
foci in the heterochromatin-depleted regions of the nuclei7.

The distinct LAC values of SXT were used to automatically segment nuclear structures in the HSV-1 infected 
cells. In both the infected and non-infected cells, two populations of differing densities were evident (Fig. 3A and 
B, Supplementary Movie S1). In the following sections, the high-density population is referred to as heterochro-
matin and the low-density population either as euchromatin in the non-infected cells or VRC in the infected 
cells. Because of the similar LAC values of euchromatin and VRC, they cannot be distinguished in the infected 
cells, but due to the infection-induced marginalization of chromatin, which was also seen in our fluorescence 

Figure 2.  Redistribution of heterochromatin marker. (A) Confocal microscopy images of an infected cell with 
an enlarged VRC, stained with antibodies for VP5 (magenta), heterochromatin marker H3K9me3 (green) and 
DAPI (cyan) at 24 h p.i. See also Supplementary Figure S3. (B) Plot of the intensity of H3K9me3 in infected 
(yellow) and non-infected (green) cells as a function of the distance from the NE. Dotted error lines represent 
the mean � SEM.
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microscopy data, euchromatin is most likely relocated towards the same perinuclear areas where heterochromatin 
is located (Fig. 1B).

The infection-induced marginalization of the host chromatin had a clear effect on the heterochromatin den-
sity, increasing the LAC values of heterochromatin in comparison with those of the non-infected cells (Fig. 3A 
and B). In the infected cells, the average LAC of heterochromatin was 0.386 � 0.007 �m�1 (n � 7), whereas in the 
non-infected cells it was 0.356 � 0.008 �m�1 (n � 7) (Fig. 3C). In the infected cells, the highest LAC value was 
0.459 � 0.012 �m�1, while it was 0.416 � 0.009 �m�1 in the non-infected cells. This indicated that heterochromatin 
was more tightly packed in the infected cells. The average LAC value of the VRC, 0.27 � 0.01 �m�1, was relatively 
similar to (or slightly lower than) that of the euchromatin (i.e., in the non-infected cells), 0.285 � 0.006 �m�1 
(Fig. 3C). The accuracy of the LAC measurements had been determined earlier by comparing increasing concen-
trations of BSA and haemoglobin in vitro with theoretical LAC values29 and with those of alcohol-oxidase crystals 
in yeast cells22.

Plotting the number of voxels (volume) for specific LAC values showed that the average volume of both the 
nucleus (260 � 20 �m3) and cytoplasm (410 � 30 �m3) were increased in the infected cells (in the non-infected 
cells they were 170 � 14 �m3 and 178 � 14 �m3, respectively). The surface area of the nucleus also was increased, 
from 176 � 9 �m2 in the non-infected cells to 260 � 20 �m2 in the infected cells. Most of the increase in nuclear 
volume was due to the space occupied by the VRC (157 � 7 �m3) – more than twice the volume occupied by 

Figure 3.  Virus-induced compaction and re-organization of the host chromatin. Nuclear volume of infected 
cells (A) was increased compared with non-infected cells (B) to accommodate VRC, as seen in SXT orthoslices 
(left) LAC-histograms plotting number of voxels with specific LAC values (centre), and 3D views of segmented 
and color-coded nuclei (right). Scale bar, 3 �m. (C) Nuclear LAC values and (D) volumes of heterochromatin 
(blue) and VRC (yellow) of infected cells (n � 7) and volumes of heterochromatin (blue) and euchromatin 
(green) of non-infected cells. Solid lines represent the mean and dotted lines the mean � SEM. See also 
Supplementary Movie S1.
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