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Histones interact with herpes simplex virus type 1 (HSV-1) genomes and localize to replication compart-
ments early during infections. However, HSV-1 genomes do not interact with histones in virions and are
deposited in nuclear domains devoid of histones. Moreover, late viral replication compartments are also devoid
of histones. The processes whereby histones come to interact with HSV-1 genomes, to be later displaced, remain
unknown. However, they would involve the early movement of histones to the domains containing HSV-1
genomes and the later movement away from them. Histones unbind from chromatin, diffuse through the
nucleoplasm, and rebind at different sites. Such mobility is upregulated by, for example, phosphorylation or
acetylation. We evaluated whether HSV-1 infection modulates histone mobility, using fluorescence recovery
after photobleaching. All somatic H1 variants were mobilized to different degrees. H1.2, the most mobilized,
was mobilized at 4 h and further so at 7 h after infection, resulting in increases in its “free” pools. H1.2 was
mobilized to a “basal” degree under conditions of little to no HSV-1 protein expression. This basal mobilization
required nuclear native HSV-1 genomes but was independent of HSV-1 proteins and most likely due to cellular
responses. Mobilization above this basal degree, and increases in H1.2 free pools, however, depended on
immediate-early or early HSV-1 proteins, but not on HSV-1 genome replication or late proteins. Linker histone
mobilization is a novel consequence of cell-virus interactions, which is consistent with the dynamic interactions
between histones and HSV-1 genomes during lytic infection; it may also participate in the regulation of viral

gene expression.

Herpes simplex virus type 1 (HSV-1) is a nuclear replicating
DNA virus that undergoes latent or lytic infections in neurons
or epithelial cells, respectively. The infecting viral genomes are
delivered to nuclear domains adjacent to ND10s, domains
which are devoid of cellular chromatin (2, 20, 33). Lytic HSV-1
genomes then replicate in these domains, forming small repli-
cation compartments. The compartments grow and coalesce
into large replication compartments, which later occupy large
nuclear domains (31, 56, 61). Infected nuclei grow, and cellular
chromatin becomes marginalized, to accommodate the growth
of the replication compartments (36, 51).

Nuclear DNA is typically complexed in chromatin. The basic
unit of chromatin is the nucleosome, 146 bp of DNA wrapped
around a core histone octamer of two molecules each of H2A,
H2B, H3, and H4. Linker histone H1 binds to DNA at the sites
where it enters and exits the core nucleosome, promoting the
formation of higher-order chromatin structures. Latent HSV-1
genomes are regularly chromatinized and, with the exception
of LAT, transcriptionally silent (1, 8, 59). Digestion of latent
HSV-1 genomes with micrococcal nuclease consequently pro-
duces a ladder of DNA fragments sized in multiples of 146 bp
(8). Transcriptionally active lytic HSV-1 genomes, in contrast,
are not regularly chromatinized, and their digestion with mi-
crococcal nuclease mainly produces heterogeneously sized
DNA fragments (25, 38, 39). They were therefore classically

* Corresponding author. Mailing address: 327 Heritage Medical Re-
search Centre, Edmonton, Alberta T6G 2S2, Canada. Phone: (780)
492-6265. Fax: (780) 492-3383. E-mail: luis.schang@ualberta.ca.

¥ Published ahead of print on 25 June 2008.

8629

considered not to interact with histones. However, recent chro-
matin immunoprecipitation analyses have demonstrated that
histone H3 binds to HSV-1 genomes (18, 19, 23, 40), as well as
a relative depletion of H3, or enrichment of H3 bearing mod-
ifications of transcribed chromatin, at active HSV-1 promoters
(18, 19, 23). It is now commonly accepted that HSV-1 genomes
interact with histones during lytic infection too.

The expression of HSV-1 genes is temporally regulated. The
immediate-early (IE) genes are expressed first, followed by the
early (E) and then the late (L) ones. The virion protein VP16,
in complex with two cellular proteins (oct-1 and host cell fac-
tor) binds to TAATGARAT sequences in IE promoters and
recruits cellular general transcription factors and RNA poly-
merase II. The IE proteins ICPO and ICP4 then activate E
gene transcription (10). However, the specific mechanisms of E
gene transactivation by ICPO or -4 have not yet been fully
characterized. They do not activate transcription by binding to
specific DNA sequences and, consequently, they activate tran-
scription driven by non-HSV-1 promoters recombined into
HSV-1 genomes (52, 53).

Consistent with histones binding to lytic HSV-1 genomes, all
HSV-1 transcription transactivators disrupt chromatin. VP16
promotes the depletion of H3 from HSV-1 genomes and re-
cruits histone-modifying and other chromatin-remodeling
complexes characteristic of transcription activation (18, 34, 63,
67). High mobility group (HMG) proteins enhance the trans-
activation activity of ICP4 (42), and they also compete with H1
for chromatin binding sites (5, 6). ICPO induces the degrada-
tion of centromere proteins such as CENP A, an H3 variant
(11, 28, 29). ICPO also disrupts histone-modifying complexes
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associated with chromatin condensation or inactivation of tran-
scription (13, 14, 30).

In the absence of functional VP16, ICP0, and ICP4, HSV-1
genomes are transcriptionally inactive or quiescent (16, 45).
Quiescent HSV-1 genomes associate with histones, too, and
the chromatin associated with these genomes contains modi-
fications and proteins characteristic of silenced heterochroma-
tin (7, 12, 46). In the absence of only two transcriptional acti-
vators, VP16 and ICP0O (as in the mutant strain KM110),
HSV-1 also establishes quiescent infections in some cell lines,
such as Vero cells, but replicates (with delayed kinetics) in
others, such as U20S cells (37). Even in the absence of only
one transactivator, such as in the ICPO mutant strain n212,
HSV-1 replicates with delayed kinetics in some cell types
(Vero) (3).

The associations of histones with HSV-1 genomes during
Iytic infection are not yet fully characterized. Nonetheless,
HSV-1 genomes are associated in some type of chromatin or
chromatin-like structure, and histones H1 and H2B localize to
early replication compartments (36, 50, 51). HSV-1 genomes
are not associated with histones within virions, however, and
are deposited in nuclear domains adjacent to ND10s, which are
devoid of cellular chromatin (2, 20, 33, 40). The viral replica-
tion compartments are again depleted of histones (H1, H2B,
H4, and serine 10-phosphorylated H3) later during infection
(36, 50, 51, 58). Presently, the processes whereby histones
come to interact with HSV-1 genomes early after infection, to
be displaced later on, remain unknown. However, histones
normally dissociate or are displaced from chromatin, diffuse,
and rebind at different sites. Such mobilization is regulated by,
for example, competition for the chromatin binding sites
or posttranslational modifications. We therefore evaluated
whether HSV-1 infection deregulates histone mobilization.

Here we show that linker histones are mobilized during
HSV-1 infection, resulting in increases in the pools of “free”
H1. Nuclear native HSV-1 genomes, but not HSV-1 proteins,
were required for basal H1.2 mobilization, whereas IE or E
HSV-1 proteins were required to further enhance H1.2 mobi-
lization and increase its free pool. Such H1.2 mobilizations are
consistent with IE or E HSV-1 protein expression inducing or
requiring them. In either case, mobilization of linker histones
during HSV-1 infection is a novel consequence of cell-virus
interactions that is consistent with the dynamic interactions
between histones and HSV-1 genomes. Histone mobilization
could also play a role in the regulation of viral gene expression.

MATERIALS AND METHODS

Cells, viruses, and drugs. African Green monkey (Vero) cells were maintained
in Dulbecco’s modified minimum Eagle’s medium (DMEM), supplemented with
5% fetal bovine serum (FBS), 50 U/ml penicillin, and 50 pwg/ml streptomycin, at
37°C in 5% CO,. Osteosarcoma (U20S) cells, a generous gift from J. Smiley
(University of Alberta), were maintained in DMEM supplemented with 10%
FBS, 50 U/ml penicillin, and 50 wg/ml streptomycin at 37°C in 5% CO,. Phos-
phonoacetic acid (PAA; Sigma) was prepared in DMEM as a 100-mg/ml stock
and stored at —20°C. PAA was added to the medium at a concentration of 400
png/ml and maintained throughout the course of infection.

Plasmids. The green fluorescent protein (GFP)-H1 plasmids (GFP-H1", GFP-
H1.1, GFP-H1.2, GFP-H1.3, GFP-H1.4, and GFP-H1.5) were described previ-
ously (62). Briefly, DNA sequences encoding the H1 variants were PCR ampli-
fied from human neuroblastoma cell (SK-N-SH) genomic DNA. The 5’ primer
contained a flanking BgllI restriction site and the 3’ primer a flanking BamH1
site for directional in-frame cloning into pEGFP-C1 (Clontech).
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Virus stock preparation. Wild-type HSV-1, strain KOS (passage 10), and
mutant strains n212 (P. Schaffer, Harvard Medical School) and KM110 (J.
Smiley, University of Alberta) have been described previously (4, 37, 54). For
preparation of KOS stocks, Vero cells were seeded at 50 to 60% confluence in
T-150 flasks and infected with 0.05 to 0.1 PFU per cell in 3 to 4 ml of DMEM.
After 1 h of adsorption at 33°C, rocking and rotating every 10 min, inocula were
removed and cells were washed twice with 4°C phosphate-buffered saline (PBS;
150 mM NaCl, 1 mM KH,PO,, 3 mM Na,HPO,, pH 7.4). Thirteen to 15 ml of
33°C DMEM supplemented with 10% FBS was added, and the cells were further
incubated at 33°C. Cells were harvested at 95% or greater cytopathic effect and
pelleted at 3,200 X g for 20 min at 4°C. Extracellular virions were pelleted from
the resulting supernatant by centrifugation at 10,000 X g for 2 h at 4°C. Intra-
cellular virions were isolated from the cell pellet through three cycles of freeze-
thawing followed by sonication. Cellular debris were pelleted by centrifugation at
3,200 X g for 20 min at 4°C. Intra- and extracellular virions were combined for
the viral stock. KOS titers were determined by standard plaque assay on Vero
cells. Preparation of n212 stocks was as for KOS, except that U20S cells were
used. n212 titers were determined by standard plaque assay on U20S cells.
Parallel titrations on Vero cells ensured a minimum 100-fold reduction in titer
(69).

For preparation of KM110 stocks, U20S cells were seeded to 50% confluence
in T-150 flasks and infected with 0.05 PFU per cell in 3 to 4 ml of DMEM
supplemented with 5 mM N,N’-hexamethylene-bisacetamide (HMBA; Sigma).
After incubation at 33°C, rocking and rotating every 10 min, 10 ml of 33°C
DMEM supplemented with 10% FBS and 5 mM HMBA was added. Cells were
harvested at 95% or greater cytopathic effect and virions were isolated as for
KOS stock preparation. KM110 titers were determined by standard plaque assay
on U20S cells in the presence of 5 mM HMBA. Parallel titrations on Vero cells
ensured a minimum 1,000-fold reduction in titer (37). All viral stocks were stored
in DMEM at —80°C.

UV inactivation of HSV-1. A KOS stock was centrifuged at 10,000 X g for
1.5 h, and the pellet was resuspended in 4°C PBS. An aliquot was reserved and
titrated on Vero cells. Additional aliquots were UV inactivated in a Stratalinker
1800 (Stratagene) and titrated. Stocks with titer reductions of 5 to 6 orders of
magnitude which still fully transactivated a VP16-inducible promoter (M. R. St.
Vincent and L. M. Schang, unpublished observations) were used. Inactivated
stocks were stored in PBS at —80°C.

Transfection. Vero (2 X 10° to 3 X 10°) or U20S (1.4 X 10° to 2 X 10%) cells
were seeded in six-well plates and incubated at 37°C overnight. Plasmid DNA
was transfected using Lipofectamine 2000 (Invitrogen). For each well to be
transfected, Lipofectamine 2000 (4 wl or 2 pl for Vero or U20S cells, respec-
tively) was added to an Eppendorf tube containing 100 ul DMEM, and plasmid
DNA (typically 3 or 1.5 pg for Vero or U20S cells, respectively) was added to
another. The plasmid-DNA mix was added to the Lipofectamine mix after a
10-min incubation at room temperature. Following an additional 30 (U20S) or
60 (Vero) min of incubation at room temperature, the volume in each Eppendorf
was brought to 1 ml with DMEM. Medium was then removed from the cells, they
were overlaid with the transfection mix and incubated at 37°C for 4 (U20S) or
6 (Vero) h, and then 1 ml of 37°C DMEM supplemented with 10% FBS was
added to each well. Cells were further incubated at 37°C for at least 12 h before
any other procedure.

HSV-1 infection. Transfected cells were seeded onto 18- by 18-mm coverslips
(thickness 1; Fisher Scientific) in six-well plates for fluorescence recovery after
photobleaching (FRAP) (typically, 3.4 X 10° to 4.0 X 10° Vero and 1.6 X 10° to
2.0 X 10° U20S cells), or 12-mm-diameter circle coverslips (thickness 1D; Fisher
Scientific) in 24-well plates for immunofluorescence (typically, 1 X 10 Vero and
0.8 X 10° U20S cells). Seeded cells were incubated at 37°C for at least 4 h before
infection. Inoculum was prepared by diluting purified HSV-1 stocks in 4°C
DMEM. For mock infections, 4°C DMEM was used. A minimum volume of
inoculum (400 or 150 wl for 6- and 12-well plates, respectively) was used to
overlay the cells before incubation at 37°C for 1 h, rocking and rotating every 10
min. Inocula were removed, and cells were washed twice with 4°C PBS and
overlaid with 37°C DMEM supplemented with 5% or 10% FBS for Vero or
U20S cells, respectively.

FRAP. Histone mobilization was evaluated from 4 to 5 or 7 to 8 h postinfection
(hpi). Prepared slides were used for less than 1 h of data collection, to ensure cell
viability. Slides were prepared by placing a 1/2-in. round adhesive template in the
center. A thin layer of vacuum grease was applied around the template, which
was then removed and replaced with medium from the well containing the
coverslip. The coverslip was mounted cell side down, forming a sealed chamber.
Isopropanol was applied to the end of the slide and run over the coverslip. The
slide was then promptly placed on a 37°C stage on a Zeiss NLO 510 multiphoton
microscope. Cells were viewed on a 37°C 40X F-Fluor oil immersion objective
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lens (numerical aperture, 1.3; working distance, 0.12 mm). FRAP was performed
using a 25-mW argon laser (488 nm) with a band-pass filter of 505 to 530 nm and
a pinhole of 1,000 (~15 Airy units). A 1.5-wm-wide region passing across the cell
nucleus was photobleached, typically with 30 iterations at 100% intensity. Fixed
cells expressing GFP-H1 were used to ensure complete photobleaching. Whole-
cell imaging was performed at 0.5 to 1% intensity. Sixty fluorescent and differ-
ential interference contrast images (512 by 512; 12 bit) were collected for each
experiment at timed intervals before and after bleaching. Images were analyzed
with Zeiss LSM software, and contrast and brightness were adjusted for figure
preparation with Adobe Photoshop.

Immunofluorescence. Infected cells were washed with 4°C PBS and fixed with
5% formaldehyde at room temperature for 10 or 15 min, followed by four washes
with 4°C PBS. All subsequent washes and incubations were performed at room
temperature unless otherwise indicated. The cells were permeabilized for 6 min
with CSK buffer [0.5% Triton X-100, 10 mM piperazine-N,N'-bis(2-ethanesul-
fonic acid) (pH 6.8), 50 mM NaCl, 300 mM sucrose, 3 mM MgClL,] or —20°C
100% methanol for 1 min. After PBS washes, cells were incubated in blocking
buffer (4% normal goat serum, 2% bovine serum albumin in PBS) for 1 h with
slow rocking. Mouse monoclonal anti-ICP4 (catalog no. 1101-897; Goodwin
Institute for Cancer Research Inc., Plantation, FL) diluted 1:10,000 in blocking
buffer was added, and the cells were further incubated for 2 h with slow rocking
before washing twice with 0.05% Tween in PBS, or thrice with PBS, for 10 min
each. AlexaFluor 594-labeled goat anti-mouse antibody (Molecular Probes) di-
luted 1:1,000 in blocking buffer was added for 1 h with slow rocking, followed by
two washes of 10 min each with 0.05% Tween in PBS or three washes of 10 min
each with PBS. Nuclei were counterstained with 1 pg/ml Hoechst 33258 for 5 min
and then washed twice with PBS. Coverslips were rinsed in distilled deionized
H,0, mounted onto slides with Vectashield mounting medium (Vector), and
sealed with clear nail enamel. The cells were viewed on a Leica DM IRB
microscope. A minimum of 90 transfected and 300 nontransfected cells from at
least two experiments were counted for each H1 variant at 4 and 7 hpi, except for
H1° H1.4, and H1.5 at 7 hpi, for which a minimum of 50 transfected and 90
nontransfected cells were counted from one experiment. For infections with
HSV-1 mutant strains, a minimum of 170 or 214 transfected and 488 or 414
nontransfected Vero or U20S cells, respectively, were counted from at least two
experiments, except for strain n212 at 4 hpi in Vero cells, for which 60 transfected
and 245 nontransfected cells were counted from one experiment, and at 7 hpi in
U20S cells, for which 128 transfected and 168 nontransfected cells were counted
from one experiment. For Vero cells infected with UV-inactivated KOS, 25 and
40 transfected cells were counted at 4 and 7 hpi, respectively, and 150 nontrans-
fected cells were counted at 4 and 7 hpi from one experiment. For U20S cells
infected with UV-inactivated KOS, a minimum of 80 transfected and nontrans-
fected cells were counted at 4 and 7 hpi from one experiment.

Confocal images were collected with Zeiss laser scanning confocal (LSM 510)
or multiphoton (NLO 510) microscopes, on a 40X F-Fluor oil immersion objec-
tive (numerical aperture, 1.3; working diameter, 0.12 mm) using 25-mW argon
(488 nm) and 1-mW HeNe (543 nm) lasers with band-pass filters of 500 to 550
and 548 to 623 or a long-pass filter of 560 nm, respectively. Imaging was per-
formed at 5% or 100% of the argon or HeNe laser intensity, respectively, with
pinholes set at ~1.5 Airy units for each. Fluorescent images (512 by 512; 12 bit)
were analyzed with Zeiss LSM software; image contrast and brightness were
adjusted for figure preparation using Adobe Photoshop.

RESULTS

Somatic linker histone variants are differentially mobilized
in HSV-1-infected cells. Our first objective was to test whether
histones are mobilized in HSV-1-infected cells. To this end, we
used FRAP in cells expressing GFP-histone H1 fusion pro-
teins. GFP-H1 fusion proteins behave as endogenous H1, and
moderate levels of expression do not adversely affect the ex-
pressing cells (27, 35). However, the effects of GFP-H1 fusion
protein expression on HSV-1 replication were unknown. We
therefore first analyzed ICP4 expression in cells expressing
different GFP-H1 fusion variants (Table 1 shows the H1 vari-
ant nomenclature). Progression of HSV-1 infection, as evalu-
ated by immunofluorescence against ICP4, was not adversely
affected by the expression of moderate levels of any GFP-H1
variant (Fig. 1 and 2). At 4 or 7 hpi, cells expressing any of the
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TABLE 1. Nomenclatures of the H1 variants used in this work

HI variant
Accession no.
Doenecke” Parseghian® Seyedin®

H1° NP_005309
H1.1 Hla Hla NP_005316
H1.2 H1%-1 Hlc NP_005310
H1.3 H1%-2 H1d NP_005311
H1.4 H1%-4 Hle NP_005312
H1.5 H1%-3 H1b NP_005313

“ From Doenecke et al. (9); this is the nomenclature used in our work.
® From Parseghian et al. (43).
¢ From Seyedin et al. (48).

GFP-H1 variants had similar expression of ICP4 and also sim-
ilar ICP4 accumulation into replication compartments as cells
not expressing any GFP-H1 (Fig. 1, examples of ICP4 as nu-
clear diffuse or in replication compartments in cells expressing
GFP-H1; Fig. 2, quantitation). The nuclear localization of
GFP-H1 was maintained even at late times postinfection (Fig.
1). These experiments also confirmed previously published re-
sults (36, 50, 51, 58) showing histones colocalizing with early
replication compartments but mostly displaced from them at
later times (Fig. 1A, right-most panels).

As a first test for histone mobilization, we analyzed the
FRAP recovery kinetics of different GFP-H1 variants in Vero
cells infected for 7 h with HSV-1 KOS. Mobilization was eval-
uated by the time to recover 50% of the original fluorescence
(Tso) in the photobleached area. Mobilization and T, are
inversely related, such that a higher degree of mobilization
results in a shorter T, All H1 variants except for H1.4 were
significantly mobilized in cells infected with 30 PFU/cell of
KOS (P < 0.05) (Table 2; Fig. 3), although the individual
variants were differentially mobilized. H1.2 was mobilized the
most; its T, was reduced to less than half (42.3%) of that in
mock-infected cells (Tsy, 6.9 = 0.5 and 14.8 £ 0.4 s, respec-
tively) (means * standard errors of the means) (Table 2; Fig.
3). The HSV-1- and mock-infected cells shown in Fig. 3C, for
example, were equally photobleached with the same laser in-
tensity and duration. However, H1.2 was mobilized to such an
extent that the fluorescence in the photobleached region of the
infected cell had already recovered at 4 s to a greater degree
than in the mock-infected one. H1.1, H1.5, H1°, and H1.3 were
also mobilized, but to lesser degrees (75, reduced to 57%,
59%, 63%, and 64% of those in mock-infected cells) (Table 2).
H1.4 was apparently mobilized as well, but the mobilization
was not statistically significant (P = 0.08; T's, of 66% of that in
mock-infected cells) (Table 2; Fig. 3). Consistently, the fluo-
rescence in the photobleached region of the HSV-1-infected
cell expressing GFP-H1.4 had recovered at 4 s only to a similar
degree as the mock-infected one (Fig. 3D).

The differential average mobilization of the HI1 variants
could have been due to differential mobilization of each variant
in all infected cells, or to similar mobilization of each variant in
different sized subpopulations of infected cells. Therefore, we
evaluated the percentage of cells with the highest H1 mobili-
zation, defined as those in which the T, was >1 standard
deviation (SD) below the average T's, in mock-infected cells. A
similar percentage of infected cells had mobilized H1.1 or H1.5
to this extent (75% and 71%, respectively), and H1.1 and H1.5
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FIG. 2. ICP4 expression and accumulation into replication compartments in Vero cells expressing or not expressing GFP-H1 somatic variants.
The bar graphs show the percentage of HSV-1-infected cells transfected with each GFP-H1 somatic variant and expressing ICP4 as nuclear diffuse
or accumulated into replication compartments. Vero cells were transfected with plasmids expressing GFP fused to each H1 somatic variant (H1°,
H1.1, H1.2, H1.3, H1.4, and H1.5), infected with 30 PFU/cell HSV-1 strain KOS, fixed at 4.5 (4) or 7.5 (7) hpi, and stained for ICP4. Nuclear
expression of ICP4 and accumulation into replication compartments (Fig. 1) in cells in which GFP-H1 was expressed (+) or not (—) was evaluated
by fluorescence microscopy.
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were also mobilized on average to a similar degree (57% and
59% of mock, respectively) (Table 2). However, more cells had
mobilized H1.5 than H1° to this extent (71% and 52%, respec-
tively), although these variants were also mobilized on average
to a similar degree (59% and 63% of mock, respectively) (Ta-
ble 2). The differential mobilization of each H1 variant is
therefore a combination of the degree of mobilization in each
cell together with the size of the population of cells that mo-
bilize H1 to a certain degree.

H1 may be mobilized by cellular or viral factors. To identify
such putative factors, we focused on H1.2, a variant that is
biologically relevant for HSV-1. H1.2 is expressed in all cells
that HSV-1 infects, and its expression is cell cycle independent
(44). Moreover, H1.2 was mobilized the most, and the vast
majority of infected cells (92%) had mobilized H1.2 to more
than 1 standard deviation below the average 75, in mock-
infected cells.

H1.2 is already mobilized at early times postinfection, but it
is further mobilized at later times. We had initially evaluated
mobilization at 7 hpi, when all HSV-1 proteins are expressed
and HSV-1 genomes are replicated. HSV-1 protein expression,
DNA replication, or cellular responses to them may therefore
contribute to the mobilization of linker histones. The number
of different HSV-1 proteins expressed, their levels, and the
number of viral genomes increases as infection proceeds. We
therefore also evaluated H1.2 mobility at early times postin-
fection. H1.2 was already significantly mobilized at 4 hpi (P <
0.01), when IE and E proteins are expressed to high levels. Its 7’5,
was decreased to 72% or 62% in cells infected with 10 or 30
PFU/cell, respectively (T, 9.3 = 0.7 or 7.3 = 0.6 s, respectively)
(Table 3; Fig. 4A). H1.2 was further mobilized at 7 hpi, when IE,
E, and L proteins are expressed and genomes are replicated. Its
Ts, was decreased to 61% or 42% in cells infected with 10 or 30
PFU/cell, respectively (7o, 9.4 £ 1.0 or 6.9 = 0.5 s, respectively;

FIG. 1. Expression of ICP4 as nuclear diffuse or accumulated into replication compartments in Vero cells expressing GFP-H1.2. Digital
fluorescent micrographs show Vero cells expressing GFP-H1.2 and stained with anti-ICP4 («-ICP4) antibodies. Cells were transfected with
plasmids expressing GFP fused to H1.2 and infected with 30 PFU/cell of HSV-1 strain KOS. Cells were fixed at 4.5 (4) or 7.5 (7) hpi as indicated
and stained for ICP4. Single (anti-ICP4 [a-ICP4], GFP-H1.2, and differential interference contrast [DIC]) and merged images are shown. (A) Cells
with ICP4 expressed as nuclear diffuse (ND) or replication compartments (RC). Right-most panels, 16X digital enlargement of the regions
indicated by the boxes on the left-most merge images, highlighting the colocalization of H1.2 and ICP4 signals (pixels in different shades of yellow
and orange). (B) Cells showing strictly nuclear localization of GFP-H1.2 regardless of whether the ICP4 signal is nuclear (top) or nuclear and
cytoplasmic (bottom). The GFP-H1.2 images were overexposed to highlight the lack of cytoplasmic signal.
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TABLE 2. Mobility of somatic H1 variants in mock- and
HSV-1-infected cells

Tsq (s) (avg = SEM) HSV/mock % Cells with
H1 variant ratio (%) high H1

Mock HSV (avg = SEM) mobilization”
H1° 23.6 2.0 152+ 18 633 6.7 52
HI1.1 273 1.8 134+ 1.3 57.0 £7.2 75
H1.2 148 = 0.4 6.9 +0.5 423 = 3.4 92
H1.3 23128 137+ 18 63.8 £10.1 69
H1.4 49.5 = 8.1 325+53 66.4 = 7.0 60
H1.5 43154 264%52 59.3 £10.8 71

“ Percentage of cells in which the T's, was >1 SD lower than the average T,
in mock-infected cells.

P < 0.01) (Table 3; Fig. 4A). These results suggest that expression
of specific HSV-1 proteins or HSV-1 DNA replication augment
H1.2 mobilization.

Concomitant with the increase in H1.2 mobilization, the
population of cells with the highest H1.2 mobilization had also
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increased from 4 to 7 hpi (from 36% to 63%, or 61% to 92%
for cells infected with 10 or 30 PFU/cell, respectively) (Table 3;
Fig. 4B). The size of this population was also dependent on the
multiplicity of infection. At both early and late times, a larger
population infected with 30 than with 10 PFU/cell had such
high H1.2 mobilization.

The mobilization of H1.2 may result from changes in its low- or
high-affinity binding to chromatin, or in the residence time (the
time that it is bound to chromatin). We next evaluated the time
required to recover 90% of the original fluorescence in the pho-
tobleached region (7). Whereas T, is influenced the most by
low-affinity binding, Ty, is influenced the most by high-affinity
binding. As with T5,, H1.2 T,, was decreased in HSV-1-infected
cells at early and late times postinfection (30 PFU/cell 4 and 7 hpi
and 10 PFUjcell at 7 hpi [P < 0.01]; 10 PFU/cell at 4 hpi [not
significant]) (Table 3; Fig. 4A). Moreover, the relative decreases
in H1.2 T, and Ty, were not significantly different from each
other (P > 0.05). Thus, the mobilization of H1.2 resulted from
changes in both low- and high-affinity chromatin binding.
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FIG. 3. Somatic linker histone variants are differentially mobilized in HSV-1-infected cells. (A) Line graphs representing the normalized
fluorescence intensity of the photobleached nuclear region versus time. Vero cells were transfected with plasmids expressing GFP fused to H1.2
or H1.4. Transfected cells were mock infected or infected with 30 PFU/cell of HSV-1 strain KOS. Nuclear mobility of each GFP-H1 variant was
examined from 7 to 8 hpi by FRAP. Error bars indicate the standard errors of the means (n = 15); time is plotted on a linear scale. (B) The same
data as in panel A, presented on a semilogarithmic scale. Lines indicate the times when 50% of the original relative fluorescence was recovered
(Tsp). (C and D) Composite images of Vero cells expressing GFP-H1.2 (C) or GFP-H1.4 (D) infected as described for panel A. Images were
collected prior to (time zero) or at the indicated times after photobleaching.
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TABLE 3. Mobilization of H1.2 in Vero cells infected with wild-type or mutant HSV-1 strains
Time _ . Ts, (avg + SEM) % Cells with Ty (avg + SEM) % Cells with
(hpi) Virus strain PFU/cell - _}1.1gh'Hl - .hllgh'Hl
Absolute (s) Relative (%) mobilization, Tsy* Absolute (s) Relative (%) mobilization, Ty,
4 132+ 04 100 13 110.1 = 2.8 100 11
KOS 10 93 +£0.7 72*6 36 87.8 £ 7.0 80 £8 31
30 73+ 0.6 625 61 69.1 £ 6.0 63+6 42
n212 10 9.9 0.6 745 52 79.0 £5.5 726 38
30 8.7+ 0.6 72x5 44 83.7*£5.6 76 =6 31
60 7.0 =08 54+6 78 60.9 = 6.8 57 78
KM110 10, 30, or 60 115+ 04 81+3 32 93.8 £33 85 +3 29
uv 10, 30, or 60 12.9 = 0.5 98 + 4 19 94.6 = 3.9 86 £ 4 21
7 14.8 = 0.4 100 17 1123 £29 100 16
KOS 10 94 +1.0 614 63 76.8 =59 68 + 4 63
30 6.9 = 0.5 42 =3 92 65.0 =45 58*5 74
n212 10 93*+09 64 +5 58 89.3 £ 8.7 808 43
30 7.1 x0.6 54+4 83 76.6 = 3.4 68 £3 71
60 5.0=*0.7 41 x5 82 66.1 = 9.6 5910 71
KM110 10, 30, or 60 11.7+ 0.4 78+ 3 40 97.7 3.7 87 +3 29
Uuv 10, 30, or 60 132+ 05 95+ 4 27 102.7 = 5.0 915 33

“ Percentage of cells in which the Ty, was >1 SD lower than the average T, in mock-infected cells.
b Percentage of cells in which the Ty, was >1 SD lower than the average T, in mock-infected cells.

To address whether the mobilization of H1.2 affected the
residence time, we evaluated the level of H1.2 in the so-called
free pool (i.e., not bound to chromatin). The surrogate mea-
sure for the free pool is the level of recovery of fluorescence at
the first time point after photobleaching. Fixed cells show no
recovery (i.e., complete bleaching) at this (or any other) time
point. The recovery of fluorescence in live cells at the first time
point therefore reflects only the very rapidly diffusing histone
molecules, which are considered unbound to chromatin (i.e.,
free). The pool of free H1.2 was significantly increased to 119% =
5% in Vero cells infected with 10 or 30 PFU/cell of KOS at 4 hpi
and remained increased at 7 hpi (to 141% =+ 7% or 174% * 6%,
respectively; P < 0.01) (Table 4; Fig. SA, KOS 30). The relative
binding to and dissociation or displacement from chromatin are
therefore differentially altered in infected cells, such that a larger
population of H1.2 is not bound to chromatin at any given time.

To evaluate the percentage of infected cells with an in-
creased pool of free H1.2, we considered the cells with the
largest pools of free H1.2, defined as those in which such a pool
was greater than 1 standard deviation above the average level
of free H1.2 in mock-infected cells. More than 50% of cells had
pools of free H1.2 increased to this extent at any time (Table
4). Therefore, the level of free H1.2 is increased throughout
the population of infected cells.

Early and late H1.2 mobilizations therefore occur through
changes to both low- and high-affinity binding to chromatin.
Furthermore, the chromatin residence time of H1.2 is altered
such that there is a net increase in the pool of H1.2 not bound
to chromatin at any given time.

H1.2 mobilization does not require VP16 or ICP0, whereas
free H1.2 increases in their absence only if HSV-1 proteins are
expressed. To test whether specific HSV-1 proteins contrib-
uted to mobilization, we used the HSV-1 strain KM110, which
is mutated in ICPO (stop codon at codon 212) and VP16 (stop
codon at codon 422) (37). KM110 fails to activate IE gene
expression and, as a result, cannot replicate in Vero cells.

ICP4 was undetectable in more than 90% or 85% of cells

infected with 30 PFU/cell of KM110 at 4 or 7 hpi, respectively
(Table 5; Fig. 6, KM110 Vero), regardless of whether they
expressed GFP-H1.2 or not. In the cells in which it was de-
tected, ICP4 was mainly nuclear diffuse. Less than 2% of cells
had ICP4 accumulation into (mostly small) replication com-
partments (Table 5; Fig. 6, KM110 Vero). H1.2 was nonethe-
less mobilized at early and late times, independently of the
multiplicity of infection (10, 30, or 60 PFU/cell; P > 0.05,
pairwise comparisons, Tukey’s honestly significantly different
[HSD] test). We therefore analyzed all multiplicities together.
H1.2 T, was decreased to 80% of mock-infected cells at 4 or
7 hpi in cells infected with 10, 30, or 60 PFU/cell (T,, 11.6
0.3 s; P < 0.01) (Table 3; Fig. 7, KM110 Vero). Like in KOS-
infected cells, H1.2 mobilization in KM110-infected cells was a
result of changes in both low- and high-affinity binding. H1.2
Tso and T,, were decreased to similar extents (P > 0.05)
(Table 3). In contrast to cells infected with KOS, however,
neither the average H1.2 mobilization nor the size of the pop-
ulation with the highest mobilization of H1.2 was further in-
creased at later times.

Although H1.2 was mobilized, the average levels of free
H1.2 were not increased at either early or late times postin-
fection (at 10, 30, or 60 PFU/cell; P > 0.05) (Table 4; Fig. 5A,
KM110). The relative rates of H1.2 binding and dissociation or
displacement were therefore equally altered such that there
was no net increase in the pools of free H1.2.

Taken together, these results show that the basal mobiliza-
tion of H1.2 was independent of VP16 and ICP0O and occurred
under conditions in which there was little to no HSV-1 protein
expression. In contrast, VP16, ICP0, HSV-1 transcription, spe-
cific HSV-1 proteins, or genome replication is required to
enhance the basal mobilization of H1.2 and to increase its free
pool. Alternatively, the increase in the pool of free H1.2 may
be required for HSV-1 gene expression.

Both VP16 and ICPO disrupt chromatin (11, 18, 28-30, 34,
63). To test whether their biochemical activities were directly
involved in H1.2 mobilization, we analyzed KM110 infections
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FIG. 4. H1.2 mobilization increases with multiplicity of infection and time after infection. (A) Line graphs representing the normalized
fluorescence intensity of the photobleached nuclear region over time. Vero cells were transfected with plasmids expressing GFP-H1.2 and mock
infected or infected with 10 or 30 PFU/cell of HSV-1 strain KOS. Nuclear mobility of GFP-H1.2 was examined from 4 to 5 hpi (4 hpi) or 7 to 8
hpi (7 hpi) by FRAP. Solid or dashed lines are the times when 50 or 90% of the original relative fluorescence was recovered (75, or Ty),
respectively. Mock-infected cells had not recovered 90% of the original relative fluorescence when the measurements were stopped at 100 s.
(B) Frequency distribution plots of the T, per individual cell as evaluated by FRAP. Dashed or solid lines, mock-infected or HSV-1 strain
KOS-infected cells, respectively; arrows, mean T, of the infected cell population (n = 14).

of U20S cells. U20S cells complement the replication defects
of HSV-1 mutants in ICPO or VP16 (69). Consequently, all
HSV-1 proteins are expressed and HSV-1 DNA is replicated
during KM110 infection of U20S cells (37). U20S cells, how-
ever, do not complement the known biochemical activities of
ICPO or VP16. At 4 hpi, 47% of U20S cells infected with 30
PFU/cell of KM110 had nuclear diffuse ICP4, whereas 27%
had accumulated it into replication compartments (Table 5;
Fig. 6, KM110 U20S). At 7 hpi, 26% of cells had nuclear
diffuse ICP4, whereas in 63% it accumulated into replication
compartments (Table 5; Fig. 6, KM110 U20S). Cells express-
ing GFP-H1.2 or not had similar expression of ICP4 and sim-
ilar ICP4 accumulation into replication compartments (Fig. 6,
KM110 U20S).

H1.2 was mobilized in U20S cells in the absence of VP16
and ICPO. At early times postinfection, however, the degree

of mobilization was dependent on the multiplicity of infec-
tion. H1.2 was significantly mobilized in U20S cells infected
with 30 PFU/cell (83% of mock-infected cells; P < 0.01) but
not in those infected with 10 PFU/cell (96% of mock-in-
fected cells; P > 0.05) (Table 6; Fig. 7, KM110 U20S). At
later times, H1.2 was further mobilized and the degree of
mobilization was no longer dependent on the multiplicity of
infection (P > 0.05, Tukey’s HSD). H1.2 T, was decreased
to 54% of that in mock-infected cells in cells infected with
10 or 30 PFU/cell of KM110 (Ts,, 5.9 = 0.4 s) (Table 6; Fig.
7, KM110 U20S). H1.2 was thus further mobilized at later
times, alongside the increase in the number and levels of
HSV-1 proteins expressed.

As in Vero cells, the mobilization of H1.2 at early and late
times was a result of changes to both low- and high-affinity
chromatin binding. The H1.2 Ty, was decreased to a similar
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TABLE 4. Levels of free H1.2 in cells infected with wild-type and mutant HSV-1 strains
4 hpi 7 hpi
Cell type Virus strain PFU/cell Relative free H1.2 % Cells with Relative free H1.2 % Cells with
" ’ large increase " . large increase
(avg = SEM) in free H1.2¢ (avg = SEM) in free H1.2¢
Vero 1.00 = 0.01 15 1.00 = 0.02 15
KOS 10 1.19 = 0.05 64 1.41 = 0.07 63
30 1.19 = 0.05 52 1.74 = 0.06 92
n212 10 1.15 = 0.05 48 1.52 = 0.09 71
30 1.15 = 0.04 35 1.45 = 0.05 75
60 1.36 = 0.08 72 1.61 = 0.09 88
KM110 10, 30, or 60 1.08 = 0.04 30 1.22 = 0.03 49
uv 10, 30, or 60 0.97 = 0.03 13 1.03 = 0.03 14
U20S 1.00 = 0.02 20 1.00 = 0.02 19
KOS 6 1.16 = 0.06 53 1.78 = 0.06 100
n212 10 or 30 1.52 = 0.03 95 1.84 = 0.04 100
KM110 10 or 30 1.13 = 0.03 39 1.49 = 0.04 89
uv 30 or 60 1.00 = 0.02 13 0.93 = 0.02 5

“ Percentage of cells in which the level of free H1.2 was >1 SD above the average level of free H1.2 in mock-infected cells.

extent as T, at either multiplicity (7, versus Ts,, P > 0.1)
(Table 6). Further, like KOS-infected Vero cells, free H1.2 was
increased in KM110-infected U20S cells in a multiplicity-in-
dependent manner (P > 0.05, Tukey’s HSD). Free H1.2 was
increased to 113% = 3% (P < 0.05) at 4 hpi and to 149% =
4% at 7 hpi (P < 0.01) (Table 4; Fig. 5B, KM110).

H1.2 was equally mobilized at late times in U20S cells
infected with KM110 or KOS, although the cells had to be
infected with lower multiplicities of KOS because of the nu-
clear distortion at high multiplicities. Nonetheless, the H1.2
Ts, was reduced to 66% or 40% in U20S cells infected with 6
PFU/cell of KOS at 4 or 7 hpi, respectively (7, 8.0 = 0.6 or
5.8 £ 04 s, respectively; P < 0.01) (Table 6; Fig. 7, KOS
U20S). Concomitantly, H1.2 T,, was also decreased at early
and late times (Table 6), and free H1.2 was increased to 116%
+ 6% at 4 hpi and to 178% =+ 6% at 7 hpi (P < 0.01) (Table
4; Fig. 5B, KOS). The biochemical activities of VP16 or ICP0
were thus not required in U20S cells to increase the pool of
free H1.2 or to enhance its mobilization.

The degree of H1.2 mobilization and increase in free H1.2
are associated with HSV-1 protein expression or DNA repli-
cation. We next infected Vero cells with the ICPO mutant
strain n212 to test whether progression of infection was re-
quired to mobilize H1.2 above the basal level. n212 carries the
same ICPO mutation as KM110 but has wild-type VP16 (4).
Unlike KM110, n212 genes are expressed and its DNA is
replicated in Vero cells, although both are delayed at low
multiplicities of infection (4).

As expected (4), 78% of cells infected with 30 PFU/cell of
n212 had nuclear diffuse ICP4 at 4 hpi and only 11% had
accumulated it into replication compartments, in comparison
to 40% and 52% of cells infected with wild-type KOS, respec-
tively (Table 5; Fig. 6). The population with ICP4 accumulated
into replication compartments increased to 56% at 7 hpi,
whereas that with nuclear diffuse ICP4 decreased to 37%, in
comparison to 78% and 9% in cells infected with wild-type
KOS, respectively (Table 5; Fig. 6). ICP4 accumulation into
replication compartments was thus delayed relative to that in

KOS-infected cells, but it was still independent of H1.2 (Fig. 6,
n212 Vero).

H1.2 was also significantly mobilized in n212-infected Vero
cells (P < 0.01). In contrast to KOS-infected ones, however,
the mobilization was multiplicity dependent. At 4 hpi, the H1.2
T, was decreased to 74%, 72%, and 54% in cells infected with
10, 30, or 60 PFU/cell of n212, respectively (Ts,, 9.9 = 0.6, 8.7 =
0.6, and 7.0 = 0.8 s, respectively) (Table 3; Fig. 7, n212 Vero)
(P < 0.05 for 10 to 60 and 30 to 60 PFU/cell, Tukey’s HSD).
The H1.2 Ts, was also decreased in a multiplicity-dependent
manner at 7 hpi, to 64%, 54%, or 41% in cells infected with 10,
30, or 60 PFU/cell, respectively (75, 9.3 = 0.9, 7.1 = 0.6, or
5.0 £ 0.7 s, respectively) (Table 3; Fig. 7, 1212 Vero) (P < 0.01,
10 to 60 PFU/cell, Tukey’s HSD).

As in infections with KOS, H1.2 mobilization in n212-in-
fected Vero cells was the result of changes to low- and high-
affinity chromatin binding. Moreover, there was also a net
increase in the pools of free H1.2. In contrast to KOS-infected
cells, however, the increase in free H1.2 in n212-infected cells
was also dependent on multiplicity (P < 0.05 for 10 to 60 and
30 to 60 PFU/cell; Tukey’s HSD). At 4 hpi, free H1.2 was
significantly increased (P < 0.01) to 115% = 4% and 136% =
8% in cells infected with 30 or 60 PFU/cell but not in cells
infected with 10 PFU/cell (Table 4; Fig. 5A, n212). At 7 hpi,
the increases in the pools of free H1.2 were no longer depen-
dent on multiplicity (P > 0.05, Tukey’s HSD). Free H1.2 was
increased to 152% = 9%, 145% = 5%, or 161% = 9% in cells
infected with 10, 30, or 60 PFU/cell (Table 4; Fig. 5SA, n212).

U20S cells complement ICPO mutations, such that n212
replicates with the same kinetics as wild-type HSV-1. As ex-
pected, therefore, H1.2 was mobilized in U20S cells infected
with n212 (P < 0.01) in a multiplicity-independent manner (P >
0.05 at 4 and 7 hpi; Tukey’s HSD). At either multiplicity eval-
uated (10 or 30 PFUj/cell), H1.2 Ty, was reduced to 55% and
further to 44% at 4 or 7 hpi, respectively (75, 5.2 = 0.3 and 4.8 =
0.4 s, respectively) (Table 6; Fig. 7, n212 U20S). Low- and
high-affinity chromatin binding were equally affected (T, ver-
sus Ts,; P > 0.05 for 10 and 30 PFU/cell at 4 hpi and 10
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PFU/cell at 7 hpi; P < 0.05 for 30 PFU/cell at 7 hpi). As
expected, the pools of free H1.2 were also significantly in-
creased in a multiplicity-independent manner (P > 0.05 at 4
and 7 hpi, Tukey’s HSD). Free H1.2 was increased to 152% *+
3% and 184% = 4% at 4 and 7 hpi, respectively (P < 0.01)
(Table 4; Fig. 5B, n212).

The degree of H1.2 mobilization and the increase in free
H1.2 were dependent on multiplicity of infection under con-
ditions in which expression of HSV-1 proteins and genome
replication are also dependent on multiplicity. Therefore,
HSV-1 transcription, specific HSV-1 proteins, or genome rep-

lication are involved in enhancing H1.2 mobilization and in-
creasing the levels of free H1.2. Alternatively, enhanced H1.2
mobilization or an increase in free H1.2 may be required for
HSV-1 transcription or DNA replication.

The enhanced mobilization of H1.2 and the increase in the
levels of free H1.2 do not require HSV-1 DNA replication. We
next evaluated H1.2 mobility under conditions in which HSV-1
DNA replication was inhibited. To this end, infected cells were
treated with 400 pwg/ml PAA to inhibit the HSV-1 DNA poly-
merase (47).

H1.2 was still significantly mobilized in Vero cells infected
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TABLE 5. Nuclear ICP4 localization in cells infected with wild-type and mutant HSV-1 strains

Localization (avg = SEM) at:

Cell type Virus strain PFU/cell 4 hpi 7 hpi
% Not % Nuclear % Replication % Not % Nuclear % Replication
detected diffuse compartment detected diffuse compartment
Vero KOS 30 9+2 40 =7 528 136 9+4 785
n212 30 12+1 78 =5 11x5 7x2 37+10 56 =11
KM110 30 94 =2 52 1+£0 90 =2 101 1+1
Uuv 30 100 0 0 100 0 0
U20S KOS 6 4+1 19+3 78 £ 4 62 16 =5 795
n212 30 1x1 106 88 =6 0 1+£0 99 =0
KM110 30 26 £ 10 472 27 £ 12 11*+4 26 =6 633
uv 30 100 0 0 100 0 0

with KOS in the presence of PAA (P < 0.01). The H1.2 T,
was decreased to 34% of control at 7 hpi in Vero cells infected
with 30 PFU/cell of KOS and treated with PAA (Ts,, 7.4 =
1.0 s) (Table 7; Fig. 8A, B, and C), the same degree as in the
absence of PAA (P > 0.05) (Table 7; Fig. 8A and B). Also, as
in the absence of PAA, H1.2 mobilization was the result of
changes to low- and high-affinity chromatin binding (7, versus
Tso, P > 0.05 for 30 PFU/cell of KOS treated with PAA at 7
hpi) (Table 7). Moreover, there was still a net increase in the pool
of free H1.2 (P < 0.01). Free H1.2 was increased to 161% = 7%
at 7 hpi in PAA-treated cells infected with 30 PFU/cell of KOS
(Fig. 8D; Table 7), as in the cells not treated with PAA (P >
0.05). HSV-1 genome replication or strictly late HSV-1 pro-
teins are therefore not required for the enhanced late mobili-
zation of H1.2 or to increase its free pool.

Infecting virions with cross-linked genomes are not suffi-
cient to mobilize H1.2. H1.2 was still mobilized to a basal
level in Vero cells infected with KM110, although the vast
majority of cells had little to no detectable ICP4 expression.
Virion fusion with the host cell membrane or virion proteins
(other than VP16 and ICP0) may therefore be sufficient to
induce the basal mobilization of H1.2. We thus evaluated
the mobilization of H1.2 in cells infected with UV-inacti-
vated KOS, which fuses with the host cell and releases
capsid and tegument proteins but expresses no HSV-1
genes. As expected, ICP4 expression was not detected in
Vero or U20S cells infected with 30 PFU/cell of UV-inac-
tivated KOS (Table 5; Fig. 6, UV).

H1.2 was not mobilized at any time in either Vero or U20S
cells infected with UV-inactivated KOS, even at multiplicities
of 60 PFU/cell (P > 0.05) (Tables 3 and 6; Fig. 7, UV).
Furthermore, the pools of free H1.2 were not increased at any
time in either Vero or U20S cells infected with any multiplic-
ity (10, 30, or 60 PFU/cell) (Table 4; Fig. SA and B, UV). Viral
fusion, capsid, and tegument proteins (other than VP16 or
ICP0), or cross-linked HSV-1 genomes, were therefore not
sufficient to induce H1.2 mobilization or to increase its free
pool.

DISCUSSION

Here we have shown that linker histones are mobilized dur-
ing HSV-1 infection. Mobilization of HI.2 resulted from
changes to low- and high-affinity chromatin binding and led to

a net increase in its free pool. H1.2 was mobilized to a basal
degree under conditions of little to no HSV-1 gene expression
(KM110 infection of Vero cells). However, mobilization was
further increased above the basal degree and the pool of free
H1.2 increased only if IE and E HSV-1 proteins were ex-
pressed. Such increases were independent of HSV-1 genome
replication or L proteins.

Most current models propose that the naked infecting
HSV-1 genome associates with histones during lytic infection
(20, 33, 40). Such association would require synthesis of new
histones or the movement of preexisting ones from domains
containing cellular chromatin to those containing HSV-1 ge-
nomes (Fig. 1). The later depletion of histones from replication
compartments (36, 50, 51) (Fig. 1) would subsequently require
histone degradation or movement of histones away from the
domains containing the HSV-1 genomes. Histone synthesis is
tightly regulated at transcriptional and posttranscriptional lev-
els. Most histones are synthesized only during S-phase (15, 21,
22, 32), whereas HSV-1 infects cells in any phase of the cell
cycle and inhibits histone synthesis (55, 68). H3 levels conse-
quently do not increase during HSV-1 infection (19, 23). It is
therefore unlikely that the histones which bind to HSV-1 ge-
nomes are synthesized de novo in infected cells. Consistent
with such a conclusion, we found that linker histones are in-
stead mobilized during infection.

The observed mobility of each somatic H1 variant in mock-
infected Vero cells was consistent with previous reports (62).
Based on the average T's,, the H1 variants were classified into
two groups. H1.4 and H1.5, which tend to associate with het-
erochromatin and have longer C-terminal domains, had signif-
icantly slower mobilities than H1°, H1.1, H1.2, and H1.3, which
tend to associate with euchromatin (H1° H1.1, H1.2, and
H1.3) (62) or have shorter C-terminal domains (H1°, H1.1,
and H1.2) (62). Such consistency with previous results supports
the suitability of our FRAP approach to evaluate H1 mobili-
zation during HSV-1 infection.

Each of the somatic H1 variants except H1.4 was signifi-
cantly mobilized during HSV-1 infection, although each was
mobilized to a different degree and in differently sized sub-
populations of cells. H1.2 was the most readily mobilized,
whereas H1° was the least. H1.2 is also ubiquitously expressed,
including in epithelial cells and fibroblasts (26, 44), and is
therefore biologically relevant for lytic HSV-1 infections. H1°,
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FIG. 7. Mobilization of H1.2 requires nuclear HSV-1 genomes but not ICPO or VP16. Line graphs representing the average H1.2 Ty, in
HSV-1-infected cells normalized to mock-infected cells and plotted against time postinfection. Vero or U20S cells were transfected with plasmids
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KM110 10 at 4 and 7 hpi, and U20S KM110 30 at 7 hpi (n = 14). Vero KOS data are a summary of the data presented in Fig. 4.

in contrast, is enriched in differentiated cells, such as neurons
(26, 44). Its restricted mobilization may therefore be more
relevant to latent infections.

The basal mobilization of H1.2 under conditions of little to no
HSV-1 protein expression (Fig. 7; Table 3) was not due to virion
fusion with the cell membrane or to proteins in the infecting
virions (other than VP16 or ICP0). UV-inactivated HSV-1 did
not induce it. Therefore, structural virion proteins or lipids are
not sufficient to induce basal H1.2 mobilization, but nonstructural

viral proteins are not required either. These results suggest that
the basal mobilization of H1.2 is triggered by the presence of
nuclear native (i.e., non-cross-linked) viral DNA.

KM110 did not induce the late enhancement of H1.2 mobi-
lization in Vero cells, although it did so in U20S cells, in which
its replication was restored (Fig. 7). The lack of enhanced
mobilization of H1.2 in KM110 infections of Vero cells may
have resulted from the inhibition of transcription, or of expres-
sion of specific IE or E proteins. Conversely, the failure to
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TABLE 6. Mobilization of H1.2 in U20S cells infected with wild-type or mutant HSV-1 strains
Tim Tso (avg = SEM) % Cells with Too (avg = SEM) % Cells with
h ¢ Virus strain PFU/cell high H1 high H1
(hpi) Absolute (s)  Relative (%)  mobilization, Ts®  Absolute (s)  Relative (%)  mobilization, Te,?
4 10.7 = 04 100 16 88.6 = 3.3 100 14
KOS 6 8.0 £ 0.6 66 5 76 64.7 5.0 737 53
n212 10 or 30 52*03 55+3 84 551 =*3.0 62+ 4 52
KM110 10 11.2 0.9 96 + 6 22 97.5 £ 8.6 110 = 8 22
30 7.7*05 83 x5 38 66.4 * 6.4 75+ 8 42
uv 30 or 60 11.8 = 0.6 9 +5 22 939 £5.6 106 £ 6 24
7 124+ 04 100 15 102.9 = 3.7 100 16
KOS 6 58=*+04 40+3 100 59.7 51 584 88
n212 10 or 30 48 =04 44 £ 3 93 52.1+49 516 67
KM110 10 6.8 =05 55+4 88 58.6 4.9 57%5 75
30 50=x04 54+£5 94 443 £ 6.5 439 78
uv 30 or 60 14.0 = 0.6 1055 19 1147 =59 111 £6 23

“ Percentage of cells in which the Tsy, was >1 SD lower than the average Ts, in mock-infected cells.
b Percentage of cells in which the Ty, was >1 SD lower than the average T, in mock-infected cells.

further mobilize H1.2 may have resulted in the inhibition of
HSV-1 transcription and protein expression.

Approximately 40% of total nuclear H1.2 was in the free
pool at 7 h after infection (Table 4, Vero 7 hpi KOS 30), when
histone synthesis is inhibited (55, 57, 68). The increase in free
H1.2 was therefore most likely from preexisting pools, such as
those in cellular chromatin. H1 mobilization occurs through
modulation of its binding to, and dissociation or displacement
from, chromatin. Mobilization during infection may have re-
sulted from promoting dissociation of H1.2 from chromatin,
decreasing its affinity for chromatin binding, or competition for
its binding sites. Posttranslational modifications (to H1 or core
histones) and competition for binding sites both promote the
dissociation of H1 from chromatin and decrease its rebinding
affinity. Such modifications or competitions could therefore
increase H1.2 free pools in infected cells.

In contrast to the mobilization during productive infection,
basal mobilization of H1.2 during nonproductive infection did
not result in an increase in its free pool (Fig. 5; compare
KM110 in panels A and B). Under the latter conditions, H1.2
binding to chromatin was therefore altered such that there was
an increased rate of exchange, but the rates of chromatin
binding and dissociation or displacement were not altered rel-
ative to each other. HSV-1 proteins therefore alter the H1.2

TABLE 7. Mobilization of H1.2 in Vero cells infected with 30
PFU/cell of HSV-1 KOS and treated with PAA

Mobilization (avg = SEM)

% Cells with
Parameter PAA . high H1
Relative t g
Absolute (s) mock—?ne;;;]fedocells mobilization®
Tso + 7.4 %10 0.34 + 0.05 94
- 6.9 =05 0.42 = 0.03 92%
Too + 67.4 £ 6.0 0.60 = 0.04 2
- 65.0 £ 4.5 0.58 = 0.05 T4%*
Free H1.2 + 1.61 = 0.07 7
- 1.74 = 0.06 Q2% **

¢ *, percentage of cells in which the T's, was >1 SD lower than the average T,

in mock-infected cells; **, percentage of cells in which the Ty, was >1 SD lower
than the average T, in mock-infected cells; ***, percentage of cells in which the
level of free H1.2 was >1 SD above the average level of free H1.2 in mock-
infected cells.

chromatin exchange rates such that there is an increase in its
free pool. Although H1.2 has not yet been directly shown to
bind to HSV-1 genomes, it has a high affinity for naked DNA
(60). If H1.2 did bind to HSV-1 genomes, then the passage of
transcription complexes could displace bound H1.2, increasing
its free pool. Viral proteins may also directly affect the inter-
actions between histones and HSV-1 genomes. For example,
VP16 recruits chromatin histone acetyltransferases and pro-
motes removal of H3 from IE gene promoters (18, 34, 63).
Both acetylation and removal of core histones promote disso-
ciation of linker histone H1 from chromatin. VP16 may there-
fore inhibit binding of mobilized H1.2 to HSV-1 genomes.
Consistent with such a model, free H1.2 did not increase in the
absence of VP16 (and HSV-1 transcription) (Fig. 5A, KM110;
Table 4). Also consistent with such a model, H1.2 was not
mobilized by infection with UV-inactivated HSV-1 virions, and
the VP16 in the input virions did therefore not induce an
increase in free H1.2 (Fig. 5SA and B, UV; Table 4, Vero and
U20S UV). Although VP16 was not essential to increase the
level of free H1.2 in U20S cells, the increase was still signifi-
cantly greater in n212 than in KM110 infections (1.84- and
1.49-fold, respectively [Table 4]; P < 0.01). These strains only
differ in the inactivation of VP16 in the latter. VP16 may
therefore still contribute to the increase in free H1.2, even in
U20S cells.

Productive HSV-1 infection activates the cellular DNA dam-
age response (49, 64, 66), and H1.2 has been reported to
translocate to the cytoplasm following double-strand breaks
(24, 41). Mobilization of H1.2 during HSV-1 infection could
therefore be the result of activation of DNA damage responses
and subsequent release of H1.2. However, GFP-H1.2 fusion
proteins were undetectable in the cytoplasm at any time postin-
fection (Fig. 1B). GFP-H1.2 was still strictly nuclear even at
late times after infection in cells in which ICP4 was detected in
the cytoplasm (Fig. 1B). Moreover, the late enhanced mobili-
zation of H1.2 and the increase in its free pool was not affected
by PAA, whereas only NBS1 has been reported activated dur-
ing HSV-1 infection in the presence or absence of PAA (49, 65,
66). It is therefore unlikely that the mobilization of H1.2 dur-
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replotted for comparison). Nuclear mobility of GFP-H1.2 was examined from 7 to 8 hpi by FRAP. Error bars, standard errors of the means (n =
18); time is plotted on a linear scale. (B) The same data as in panel A, plotted on a semilogarithmic scale. Solid or dashed lines, times when 50
or 90% of the original relative fluorescence was recovered (7’5, or Ty), respectively. Mock-infected cells had not recovered 90% of the original
relative fluorescence when the measurements were stopped at 100 s. (C) Frequency distribution plot of the T, per individual cell evaluated by
FRAP as described for panel A. Dashed or solid lines, mock-infected or HSV-1 (30 PFU/cell strain KOS)-infected cells treated with 400 pg/ml
of PAA or no drug (data from Fig. 4B were replotted for comparison). Arrows, mean 75, of the infected cell population. (D) Frequency distribution
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percentage of free H1.2 per cell of the infected cell population; **, P < 0.01.

ing HSV-1 infection is the result of activation of DNA damage volume expands to up to twice its original size for approxi-
responses. mately the first 10 hours of infection (36, 51). Viral replica-

The nuclear morphological changes during HSV-1 infec- tion compartments form and occupy additional volume dur-
tion could have affected histone mobilization. The nuclear ing this expansion, but cellular chromatin is not yet
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marginalized. H1 mobilization involves diffusion through
the nucleoplasm to new potential binding sites. Changing
the distance between binding sites would therefore affect
H1.2 mobilization. If the increases in nuclear volume were
greater than the volume occupied by replication compart-
ments, then the relative distance between H1 binding sites
would increase, and H1 would be mobilized because of the
increased diffusion time between binding events. This hy-
pothesis, however, is not well-supported by the kinetics of
H1 diffusion, approximately 25 uwm? - s~*, which is too fast
to be affected by the relatively small changes in distance
between binding sites in infected cells. Neither was this
hypothesis supported by our experimental results. H1.2 mo-
bilization did not correlate with the formation of replication
compartments. Less than 2% of Vero cells infected with
KM110 had replication compartments at early or late times
postinfection, whereas 30 to 40% of them had a high degree
of H1.2 mobilization. A similar trend was observed in infec-
tions with n212 at early times after infection. Whereas 44%
of Vero cells had a high degree of H1.2 mobilization, and
35% a large increase in free H1.2, only 11% had replication
compartments. Furthermore, replication compartments
were formed in a similar percentage of Vero cells at late
times postinfection with n212 as at early times postinfection
with KOS (56% and 52%, respectively). However, a greater
percentage of n212-infected cells had a high degree of H1.2
mobilization (83%) and large increase in free H1.2 (75%) at
late times than KOS-infected cells at early times (61% and
52%, respectively). The altered nuclear morphology is
therefore not a major contributing factor to H1.2 mobiliza-
tion, although it may still affect it.

H1 binding to chromatin promotes the formation of higher-
order, more compact structures, and cellular chromatin be-
comes marginalized late in infection, decreasing the distance
between potential H1 binding sites. It is thus particularly sur-
prising that H1.2 is further mobilized and the pool of free H1.2
is increased, precisely at these late times when chromatin is
compacted.

The H1.2 Ty, was decreased to almost less than half (42%)
of that in mock-infected cells (Fig. 7, KOS Vero; Table 3).
Such a degree of mobilization has previously been reported in
cells treated with trichostatin A (TSA), a histone deacetlyase
inhibitor (70). TSA globally increases the levels of core histone
acetylation, which in turn promote the dissociation of H1 from
chromatin. H1°-GFP and H1.1-GFP were mobilized in TSA-
treated cells, such that their recovery of fluorescence occurred
in 45 to 60% of the time required in untreated cells (35).
However, H1 mobilization in HSV-1-infected cells is unlikely
to be due to a global increase in core histone acetylation.
Although the global levels of histone acetylation (of H3K9 and
H3K14) are elevated up to 1.5-fold at 10 hpi, they are not
changed (or perhaps even modestly decreased) at 4 and 7 hpi
(23), when H1 is already significantly mobilized. Moreover,
even though ICPO inhibits histone deacetylases, such inhibition
does not increase the global level of core histone acetylation
(30), nor was ICPO required for histone mobilization (Fig. SA
and B, n212; Fig. 7, n212).

Like acetylation of core histones, phosphorylation of H1
destabilizes its binding to chromatin and therefore results in its
mobilization. The binding of H1.1 phospho-mimetic mutants

J. VIROL.

to chromatin is destabilized such that their T, is decreased up
to 50% of wild type (17). Competition for H1-binding sites is
yet another mechanism of H1 mobilization. HMG proteins
compete for H1-binding sites and thus mobilize H1 (5, 6).
Microinjection of different HMG proteins decreased the GFP-
H1° T,, to 36 to 56% of control, depending on the specific
HMG type (6). Interestingly, the transactivation activity of
ICP4 is enhanced by binding to HMG A proteins (42). ICP4
may therefore induce changes to HMG function or nuclear
localization, thereby affecting H1 mobilization. The specific
mechanisms that contribute to H1 mobilization during HSV-1
infection are being investigated.

In summary, here we have shown that linker histones are
mobilized in HSV-1-infected cells. The early mobilization re-
quires nuclear native HSV-1 genomes but not expression of
any HSV-1 proteins. The later enhanced mobilization of H1.2,
and also the increase in its free pool, requires specific IE or E
HSV-1 proteins or HSV-1 transcription, but not HSV-1 ge-
nome replication or L proteins. These histone mobilizations
provide a mechanism for the early interactions between his-
tones and infecting HSV-1 genomes and the later displacement
of histones from HSV-1 replication compartments.
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