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The genomes of herpesviruses, including human cytomegalovirus (CMYV), are double-stranded DNA mole-
cules maintained as episomes during infection. The viral DNA lacks histones when encapsidated in the virion.
However, it has been found histone associated inside infected cells, implying unidentified chromatin assembly
mechanisms. Our results indicate that components of the host cell nucleosome deposition machinery target
intranuclear CMV DNA, resulting in stepwise viral-chromatin assembly. CMV genomes undergo limited
histone association and nucleosome assembly as early as 30 min after infection via DNA replication-indepen-
dent mechanisms. Low average viral-genome chromatinization is maintained throughout the early stages of
infection. The late phase of infection is characterized by a striking increase in average histone occupancy
coupled with the process of viral-DNA replication. While the initial chromatinization affected all analyzed parts
of the CMV chromosome, a subset of viral genomic regions, including the major immediate-early promoter,
proved to be largely resistant to replication-dependent histone deposition. Finally, our results predict the likely
requirement for an unanticipated chromatin disassembly process that enables packaging of histone-free DNA

into progeny capsids.

The DNA within our cells exists in the form of chromatin.
The basic building block of eukaryotic chromatin is the nucleo-
some, which contains 146 bp of DNA wrapped nearly twice
around an octamer of the four core histone proteins H2A,
H2B, H3, and H4 (30). DNA replication-coupled nucleosome
assembly normally occurs during S phase of the cell cycle. At
the replication fork, parental nucleosomes are distributed be-
tween the two nascent chromatids, and the remaining gaps are
filled by de novo histone deposition (21). Nucleosomes are
assembled in a two-step process in which a tetramer of H3 and
H4 or two H3-H4 dimers are first deposited onto DNA and
then two dimers of H2A-H2B are added (6, 52). Disassembly
of a nucleosome likely reverses these steps (14). H3-H4 com-
plexes are initially positioned by the chromatin assembly factor
1 (CAF1) multisubunit chaperone, which is tethered to the
replication processivity clamp (proliferating cell nuclear anti-
gen [PCNA]). Other histone chaperones, including antisilenc-
ing factor 1 (ASF1), synergize with CAF1 to promote nucleo-
some assembly during DNA replication (44, 47). Although the
replication-coupled pathway accounts for the bulk of normal
cellular nucleosome assembly, a fraction occurs outside S
phase and has been termed replication-independent nucleo-
some assembly (1).

The herpesvirus family encompasses a group of large, ubig-
uitous DNA viruses with eight human-pathogenic members.
Human cytomegalovirus (CMV), also known as human her-
pesvirus 5, establishes invariably lifelong infections in the ma-
jority of people worldwide. Primary CMV infections or viral
reactivations can cause life-threatening diseases in immunologi-
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cally immature or compromised individuals, including AIDS pa-
tients, transplant recipients, and congenitally infected neonates
(34). Completion of one productive infectious cycle takes about
48 to 96 h in primary human fibroblasts, which represent the
standard system for the study of lytic CMV infection. Following
host cell entry, viral capsids are transported to the nuclear
pores, where they release the ~230,000-bp linear double-
stranded DNA genomes into the nucleus. After that, the
CMYV genomes are rapidly circularized and serve as tem-
plates for transcription and replication. Viral transcription
and genome duplication proceed within discrete nuclear
inclusions that develop from small sites known as promyelo-
cytic leukemia bodies or nuclear domain 10 (8) and take
over large parts of the nuclear space at late times postin-
fection. During productive infection, roughly 200 CMV
genes are expressed in a triphase cascade pattern (34). Im-
mediate-early (IE) gene products are transcribed within the
first hours postinfection in the absence of de novo viral-gene
expression and protein synthesis. They include the major IE
proteins IE1-72kDa and IE2-86kDa, which antagonize in-
nate and intrinsic immune responses and activate expression
of early gene products (9, 32, 42, 53, 54). The early proteins
are typically involved in the process of viral-DNA replica-
tion, which starts around 24 h post-CMYV infection in pri-
mary human fibroblasts. It has been proposed that the initial
steps in DNA replication of herpesviruses take place by a
theta-like mechanism, followed by a rolling-circle mecha-
nism at later stages of the lytic infection cycle (34). Activa-
tion of late gene expression requires viral-DNA synthesis
and produces the regulatory and structural proteins involved
in progeny virion assembly and release.

From the earliest work, the genomes of herpesviruses were
believed to be completely free of histones when encapsidated
in virions (3, 4, 12, 16, 27, 43). This view has been confirmed by
more recent work, including Western blotting experiments
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with purified herpes simplex virus type 1 (HSV-1) capsids (41)
and mass spectrometry-based proteome analyses of Epstein-
Barr virus (EBV), Kaposi’s sarcoma-associated herpesvirus,
and CMV particles (33). A series of studies also provided
evidence for an exclusively, or at least predominantly, nonnu-
cleosomal structure of intranuclear herpesvirus genomes in
productively infected cells (27, 28, 36, 37, 43, 50). Furthermore,
it has been reported that HSV-1 DNA accumulates in replica-
tion compartments that exclude histones (35, 49), and no evi-
dence for replication-coupled viral-chromatin assembly was
found in these infections (41). Nonetheless, recent chromatin
immunoprecipitation (ChIP) experiments have revealed that
histones H3 and H4, as well as posttranslationally modified
core histone forms, are associated with HSV-1 and CMV ge-
nomes inside lytically infected cells (18, 20, 23, 38, 40, 41, 46).
Dynamic changes in histone occupancy likely have major im-
pacts on viral DNA metabolism, including transcription, rep-
lication, and repair.

Here, we systematically analyzed the dynamics of histone
and nucleosome occupancy on CMV episomes during the tem-
poral course of a productive infection in resting primary hu-
man fibroblasts. Our results define discrete, consecutive stages
of CMV genome chromatinization in these cells, including
DNA replication-independent and -dependent mechanisms.
The data also reveal that viral genomes become more exten-
sively chromatinized than has been anticipated during the lytic
cycle of herpesvirus infection.

MATERIALS AND METHODS

Cell culture and virus infections. Human fetal diploid lung fibroblasts
(MRC-5) were obtained from the European Collection of Cell Cultures and
grown in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin, and 100 wg/ml streptomycin. The cells were cultured
at 37°C in a humidified 5% CO, atmosphere, and growth-arrested early-passage
cells (15 to 25 population doublings before senescence) were used in all exper-
iments. To arrest fibroblasts by contact inhibition, cultures were kept in a fully
confluent state for 10 days with a single medium change after 3 days. Virus was
grown on MRC-5 cells, and the titers were determined by standard plaque assay
on growth-arrested fibroblasts. All infections were carried out at a multiplicity of
5 PFU per cell with the Towne strain of CMV (32). The DNA polymerase
inhibitors aphidicolin and phosphonoacetic acid (PAA) were purchased from
Sigma-Aldrich.

MNase accessibility assay. Micrococcal-nuclease (MNase) digestion of chro-
matin in permeabilized cells, followed by purification and characterization of
digested DNA, was done according to the method of Zaret (58). MRC-5 cells
were grown and infected in six-well dishes. At the desired time points, the cells
were washed with 1 ml permeabilization solution I (150 mM sucrose, 80 mM KClI,
35 mM HEPES [pH 7.4], 5 mM K,HPO,, 5 mM MgCl,, 0.5 mM CaCl,). After
the solution was aspirated, 360 pl of 0.1% lysolecithin (prewarmed to 37°C) was
added, and the solution was incubated for 2 min at 37°C. After another washing
step with 1 ml permeabilization solution I, 360 l of permeabilization solution II
(150 mM sucrose, 50 mM Tris [pH 7.5], 50 mM NaCl, 2 mM CacCl,) containing
between 24 U and 96 U of MNase (Roche) was added. The samples were
incubated for 1.5 to 30 min at room temperature or 37°C with gentle agitation.
The solution was aspirated, and cell lysis was performed by adding 360 wl of 2X
TNESK buffer (20 mM Tris [pH 7.4], 200 mM NaCl, 2 mM EDTA, 2% sodium
dodecyl sulfate [SDS], 70 g proteinase K [Roche]). Once lysis had occurred, 360
wl of lysis dilution buffer (150 mM NaCl, 5 mM EDTA) was added, and after the
remaining cells were scraped off, the suspension was transferred to a reaction
tube and incubated for 15 h at 37°C for complete lysis. DNA extraction was
performed twice with phenol-chloroform/isoamyl alcohol (25:24:1) and once with
chloroform in Phase Lock Gel Heavy tubes (Eppendorf). Exactly 600 pl of the
final aqueous phase was incubated with 0.25 pg of DNase-free RNase (Roche)
for 1 h at 37°C. DNA precipitation was performed by addition of 60 pl 3 M
sodium acetate (pH 5.2), 20 pg glycogen (Roche), and 1.65 ml ethanol. As soon
as a white stringy precipitate was visible, it was spooled out with a glass micro-
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capillary tube, washed briefly in 70% ethanol, air dried for a few seconds, and
dissolved in 60 wl of TE buffer (10 mM Tris [pH 8.1], 1 mM EDTA). The rest of
the sample was incubated overnight at —20°C to precipitate shorter DNA frag-
ments. After centrifugation (30 min; 4°C; 16,000 X g), the DNA pellet was
washed with 70% ethanol, air dried, and dissolved in 60 pl TE buffer containing
the spooled-out DNA.

MNase-digested and untreated control samples (13 pl) were loaded on 1.2%
agarose gels and run for 3 h at 120 V in TAE buffer (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA). The gel was stained with 0.5 pwg/ml ethidium bromide in
double-distilled water for 30 min, photographed, and washed twice for 30 min in
ample denaturation solution (3 M NaCl, 400 mM NaOH). Following 15 min of
incubation in transfer solution (3 M NaCl, 8 mM NaOH), the transfer stack was
assembled using a TurboBlotter unit with a Nytran SuperCharge membrane
(Whatman) that had been equilibrated in transfer solution. Downward capillary
transfer occurred overnight, after which the positively charged nylon membrane
was incubated for 5 min in neutralizing buffer (200 mM sodium phosphate [pH
6.8]). DNA was cross-linked in a Stratalinker 1800 UV cross-linker from Strata-
gene (240 mJ/cm?). Prehybridization was performed at 68°C for at least 4 h in
hybridization buffer (6X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 5X Denhardt’s solution, 0.5% SDS, 100 wg/ml denatured salmon sperm
DNA). For preparation of the hybridization probe, 90 ng of Rsal-digested
Towne bacterial artificial chromosome DNA was denatured for 3 min at 95°C in
a volume of 45 pl, cooled quickly in ice water, mixed with 50 pnCi (5 pl)
[3?P]dCTP (GE Healthcare) and an aliquot of All-In-One Random Prime DNA
Labeling Mix (without dCTP) from Sigma, and incubated for 30 min at 37°C.
Purification of the labeled probe was done using Sephadex G-50 columns
(Roche). Hybridization was carried out overnight with fresh hybridization buffer
containing the denatured 3?P-labeled probe. Afterward, the membrane was
washed twice for 15 min in 2X SSC containing 0.1% SDS, twice for 20 min in
0.1x SSC with 0.1% SDS, and briefly in 0.1X SSC. All washing steps were
performed at 68°C. The damp membrane was placed in a development folder
and exposed for an appropriate time to a Bio-Rad Imaging Screen K, which was
finally scanned in a Molecular Imager FX from the same company.

FAIRE. Formaldehyde-assisted isolation of regulatory elements (FAIRE)
analysis was done essentially following a published protocol (11). Growth-ar-
rested MRC-5 cells (6 X 107) were infected with CMV for 2, 16, or 48 h. One half
of the cells were cross-linked for 10 min at 37°C with 1% formaldehyde added
directly to the culture medium, followed by a 5-min incubation with 125 mM
glycine at room temperature to stop the reaction. The cells were washed twice
with ice-cold phosphate-buffered saline without calcium and magnesium ions
(PBS), scraped into ice-cold serum-free culture medium, and collected by low-
speed centrifugation (800 X g; 10 min; 4°C). Subsequently, the supernatant was
removed and the cell pellet was snap-frozen in liquid nitrogen. The second half
of the cells were prepared in the same way but without formaldehyde and glycine
treatment. After thawing in ice water, the pellet was carefully resuspended in 1
ml SDS lysis buffer (50 mM Tris [pH 8.1], 10 mM EDTA, 1% SDS, 1% protease
inhibitor cocktail IIT [Calbiochem]), and the lysate was incubated on ice for 10
min. Chromatin was sheared into fragments of predominantly 300 to 500 bp by
sonication (Branson Sonifier 450; seven 15-s pulses at setting 2.5). After centrif-
ugation (10 min; 16,000 X g; 4°C), a 200-pl aliquot of the supernatant was diluted
with 200 pl TE buffer and extracted twice with phenol-chloroform/isoamyl alco-
hol (25:24:1) and once with chloroform in Phase Lock Gel Heavy tubes. DNA
from 300 pl of the aqueous phase was subsequently precipitated by the addition
of 30 pl 3 M sodium acetate (pH 5.2), 20 pg glycogen, and 830 wl ethanol. This
step was followed by an overnight incubation at —20°C. After that, the precipi-
tate was collected by centrifugation for 30 min at 16,000 X g and 4°C. The pellet
was washed with 70% ethanol, air dried, and resuspended in 40 wl double-
distilled water. Quantification of purified DNA (0.05 to 5%, depending on the
cross-linking state, locus, and postinfection time point analyzed) was carried out
by real-time PCR using the LightCycler Fast Start DNA MasterVS Sybr green
I kit from Roche according to the manufacturer’s instructions. The primer
sequences and PCR conditions are listed in Table 1. The identities of the PCR
products were verified by melting-curve analysis. DNA levels were calculated
using the efficiency-corrected relative-quantification strategy described in Roche
Applied Science Technical Note no. LC 13/2001.

ChIP assay. Approximately 3 X 107 growth-arrested MRC-5 cells were in-
fected with CMV for 30 min to 96 h. Formaldehyde was added to the medium at
a final concentration of 1% to cross-link protein-DNA complexes, and the cul-
ture dishes were incubated for 10 min at 37°C. Subsequently, glycine was added
to a final concentration of 125 mM to stop the cross-linking reaction, and the
cells were incubated for 5 min at room temperature. After aspiration of the
supernatant, the cells were scraped into ice-cold culture medium and collected by
centrifugation (800 X g; 10 min) at 4°C. After that, the cell pellet was washed



VoL. 82, 2008

CMV CHROMATIN ASSEMBLY 11169

TABLE 1. Oligonucleotides used in this study

PCR

Name or locus Orientation” Sequence (5'—3") Temp (°C)? Time (s)° product (bp) Efficiency”

MIE-P Fw CTTACGGGACTTTCCTACTTG 58 15 284 1.87
Rv CGATCTGACGGTTCACTAA

MIE-T Fw CCTAGTGTGGATGACCTA 58 8 112 1.88
Rv GTGACACCAGAGAATCAG

UL54-P Fw CACCAAAGACACGTCGTT 58 8 71 1.94
Rv GTCCTTTGCGACCAGAAT

UL54-T Fw GTGTGCAACTACGAGGTA 58 8 113 1.96
Rv GACAGCACGTTGGTTACA

UL32-P Fw ACTGGTACTGCGGTTCTA 58 8 150 1.88
Rv TCCACAACACCACGGTGA

UL32-T Fw CCGATTACAACGACGTCA 66-56° 8 106 1.77
Rv GTGGATGTCGTCGTCATT

oriLyt Fw GAATACAGCGATCCCTAG 58 10 171 1.86
Rv GGGTTCCACCTATCTGAA

GAPDH Fw CCTCACAGTTGCCATGTA 66-56° 8 71 1.97
Rv GATGGTACATGACAAGGTG

¢ Fw, forward primer; Rv, reverse primer.
 Annealing temperature used for PCR.
¢ Polymerization time used for PCR.

4 PCR amplification efficiency determined as described in Roche Applied Science Technical Note no. LC 13/2001.

¢ “Touch-down” conditions were used.

twice in ice-cold PBS, frozen in liquid nitrogen, and stored at —80°C. After
thawing in ice water, the pellet was carefully resuspended in 1 ml lysis buffer (50
mM Tris [pH 8.1], 10 mM EDTA, 1% SDS, 1% protease inhibitor cocktail IIT)
and incubated on ice for 10 min. Chromatin was sheared into fragments of
predominantly 300 to 500 bp by applying seven 15-s pulses at setting 2.5 using a
Branson Sonifier 450 probe tip. Samples were allowed to cool in ice water for 2
min between the sonication steps. After repeated centrifugation (10 min; 16,000 X
g; 4°C), the clarified supernatant was separated into five 200-pl aliquots and an
input sample. Each 200-ul aliquot was then diluted 10-fold in lysis dilution buffer
(16.7 mM Tris [pH 8.1], 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100,
0.01% SDS, 1% protease inhibitor cocktail IIT) and rotated for 30 min with 75 .l
protein A agarose/salmon sperm DNA slurry (Millipore) at 4°C prior to centrif-
ugation (1 min; 100 X g; 4°C). The supernatant was incubated with the appro-
priate antibody (listed in Table 2) at 4°C overnight with gentle rotation. Ten
micrograms of normal rabbit immunoglobulin G (IgG) served as a negative
control. Antigen-antibody complexes were precipitated by incubation with 60 .l
protein A agarose/salmon sperm DNA slurry at 4°C with gentle rotation, fol-
lowed by centrifugation. The supernatant was aspirated, and the pellet was
washed consecutively with 1 ml each of low-salt buffer (20 mM Tris [pH 8.1], 150
mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), high-salt buffer (20 mM
Tris [pH 8.1], 0.5 M NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), lithium
chloride (LiCl) buffer (10 mM Tris [pH 8.1], 0.25 M LiCl, 1 mM EDTA, 1%

Igepal-CA630, 1% deoxycholic acid), and twice with TE buffer. Elution of the
chromatin-antibody complexes was carried out by incubation with 250 pl freshly
prepared elution buffer (100 mM NaHCO;, 1% SDS) at 65°C for 15 min,
followed by 15 min of rapid rotation at room temperature. After centrifugation,
200 pl of the supernatant was removed, and the elution procedure was repeated
with another 250 pl elution buffer. This time, 250 pl of the supernatant was
removed and pooled with the first eluate. NaCl was added to a final concentra-
tion of 170 mM, and each sample was incubated for 5 h at 65°C to reverse the
chemical cross-linking. Five microliters of the input chromatin sample was di-
luted 20-fold in lysis dilution buffer and reverse cross-linked, as well. Then,
EDTA and Tris (pH 6.5) were added to a final concentration of 9 mM and 36
mM, respectively. After incubation at 37°C for 1 h in the presence of 20 pg
proteinase K, the DNA was extracted twice with phenol-chloroform/isoamyl
alcohol (25:24:1) and once with chloroform using Phase Lock Gel Heavy tubes.
To 400 wl of each ChIP sample and 90 pl of each input sample, sodium acetate
was added to a final concentration of 270 mM. Then, the input and output
samples were mixed with 20 pg glycogen and precipitated with 2.5 volumes of
ethanol overnight at —20°C. Subsequently, the DNA was collected by centrifu-
gation (30 min; 16,000 X g; 4°C), washed once with 70% ethanol at room
temperature, air dried, and resuspended in 40 pl double-distilled water. Quan-
tification of DNA was done by real-time PCR as described above. Between 0.05

TABLE 2. Antibodies used in this study

Antigen Name or no. Source Type® IF? ChIpP® WB?
ASF1A 87 59 R 1:500 NA 1:4,000
CAF1 p48 ab1765 Abcam R 1:500-1:2000 NA 1:2,000
CMV IE2 3A9 Unpublished® M 1:20 NA NA
CMV ppUL44 GTX26501 GeneTex M 1:1,000 NA 1:4,000
GAPDH ab9485 Abcam R NA NA 1:2,000
H2A ab18255 Abcam R 1:200 20 NA
H2B ab1790 Abcam R 1:500 10 NA
H3 9715 Cell Signaling R 1:100 NA NA
H3 ab1791 Abcam R NA 10 NA
H3K9me2 07-441 Upstate R 1:250 NA NA
H4 ab10158 Abcam R 1:100 10 NA
PCNA ab18197 Abcam R 1:2,000 NA 1:2,000

“ R, rabbit polyclonal; M, mouse monoclonal.

® Dilution in PBS-T with 0.02% human IgG. IF, immunofluorescence. NA, not applicable.

¢ Amount used for one sample (microliters). NA, not applicable.
“ Dilution in PBS. WB, Western blotting. NA, not applicable.
¢ A. Marchini, H. Zhu, and T. Shenk, unpublished data.
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FIG. 1. Nucleosomal arrangement of intracellular CMV DNA during productive infection. (A) MRC-5 cells were mock infected or infected
with CMV. At 2 or 48 h postinfection, permeabilized cells were reacted with increasing amounts of MNase for the indicated incubation times at
room temperature (24 and 48 U) or 37°C (0 and 96 U). DNA was prepared and separated in ethidium bromide-stained 1.2% agarose gels (top).
The same samples were transferred to nylon membranes and hybridized to a *?P-labeled probe derived from a bacterial artificial chromosome clone
of the complete CMV (Towne) genome (32) (bottom). To ensure comparable signal intensities despite varying amounts of viral DNA, a shorter
film exposure was chosen for the 48-h than for the 2-h samples. Marker, 100-bp DNA ladder (New England Biolabs). (B) At the indicated
postinfection time points, permeabilized cells were incubated for 30 min with 96 U MNase at 37°C, and samples were treated as described for panel
A. For the 48- and 96-h samples, only 1/10 or 1/50 of the DNA amounts used in the mock and 0.5- and 16-h lanes were loaded, respectively.

and 5% of the final DNA material was used per PCR, depending on the type of
sample, locus, and postinfection time point analyzed.

Immunofluorescence microscopy. MRC-5 fibroblasts on no. 1 coverslips (18 by
18 mm) were mock infected or infected with CMV. At 8 to 72 h postinfection, the
cells were rinsed briefly in PBS with 0.05% Tween 20 (PBS-T), fixed with
paraformaldehyde (2% in PBS) for 15 min at room temperature, washed three
times for 5 min each time in PBS-T, and permeabilized for 15 min with Triton
X-100 (0.1% in PBS). This was followed by three 5-min washes in PBS-T. As an
alternative to Triton X-100, cells were treated with methanol for 10 min at
—20°C, followed by two short wash steps in PBS-T. After fixation and perme-
abilization, samples were incubated for 1 h at room temperature with 100 pl
blocking solution (2% bovine serum albumin in PBS-T). To prevent nonspecific
binding of rabbit IgG to CMV-encoded Fcy receptors (2), IgG from human
serum (Sigma-Aldrich) was added to the blocking solution at a final concentra-
tion of 0.02%. After a wash step in PBS-T for 5 min, each sample was reacted
with 75 pl primary antibody solution in PBS-T with 0.02% human IgG containing
a combination of a CMV IE2- or ppUL44-specific mouse monoclonal antibody
and one of several polyclonal rabbit sera directed against human histone or
chromatin assembly proteins (Table 2). After a 1-h incubation at room temper-
ature with the primary antibodies, samples were washed three times for 5 min
each time in PBS-T and incubated under light protection for 1 h with 75 ul
PBS-T containing the following two antibody conjugates, each at a 1:1,000 dilu-
tion (2 pg/ml): Alexa Fluor 594 goat anti-mouse IgG (H+L) (highly cross-
adsorbed) and Alexa Fluor 488 goat anti-rabbit IgG (H+L) (highly cross-ad-
sorbed) (Invitrogen). In a subset of experiments 4’,6-diamidino-2-phenylindol
(DAPI) (Roche) was added to the secondary-antibody solution at a final con-
centration of 0.2 pg/ml. After that, coverslips were washed three times in PBS-T
and once in PBS and mounted on glass slides using ProLong Gold or SlowFade
Gold antifade reagent (Invitrogen). Where DAPI was not used, DRAQS (5 mM;
Alexis) was diluted 1:3,000 in SlowFade Gold mounting medium. Slides were
analyzed and images acquired using a Leica DMRX epifluorescence microscope
equipped with a digital camera system (Retiga; Q-Imaging) or a Zeiss LSM 510
Meta confocal microscope. Images were cropped and processed using Image-Pro

Plus 6.2 (Q-Imaging), Zeiss LSM 510, and/or Adobe Photoshop CS (version 8.0)
software.

Western blot analysis. Whole-cell extracts were prepared by sonication in lysis
buffer (50 mM Tris [pH 8.0], 50 mM NaCl, 0.1% SDS, 1% Igepal CA-630, 0.5%
sodium deoxycholate), and proteins were analyzed as previously described (42).
For a list of antibodies, see Table 2.

RESULTS

Nucleosomal arrangement of CMV genomes during produc-
tive infection. Previous reports have shown core histone asso-
ciation of intracellular CMV genomes, but to our knowledge, a
nucleosomal arrangement of DNA from the virus has not been
unequivocally demonstrated. MNase digestion was used to de-
termine whether the CMV genome becomes associated with
nucleosomes during productive infection. MRC-5 cells were
mock infected or infected with the CMV Towne strain, and
permeabilized cells were treated with MNase at early (2-h) and
late (48-h) postinfection time points. Different amounts of
enzyme and various incubation times were used to generate
partial to almost complete digestion of cellular and viral
genomic DNA. DNA fragments were visualized in stained aga-
rose gels (Fig. 1A, top). DNA laddering was detectable only in
samples of digested cells and not in control genomic DNA that
was either not treated with MNase (0 U; 0 min) (Fig. 1A) or
purified free of protein prior to digestion (data not shown).

The DNA isolated from MNase-treated cells and separated
in agarose gels was subjected to Southern blotting and hybrid-
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ized to a radioactively labeled DNA probe encompassing the
entire CMV genome (Fig. 1A, bottom). No signals were de-
tected in samples from mock-infected cells, while bands of full
viral-genome-length size and specific digestion products were
evident in all lanes corresponding to CMV-infected cells. At
2 h after infection, the viral genomic DNA proved to be largely
resistant to MNase digestion, even after extended incubation
with high enzyme concentrations. This observation suggests
that most CMV DNA molecules were still present within
capsids at this postinfection time point. However, a small pro-
portion of the total DNA was detected in mono- and dinucleo-
some size fragments under intermediate MNase reaction con-
ditions. This observation shows that at least a fraction and/or
subgenomic parts of the input viral DNA molecules were al-
ready assembled in nucleosomes by 2 hours after the initial
virus-cell contact. In the late phase of infection (48 h), a sub-
stantially (>10-fold) larger proportion of total viral DNA was
found in nucleosomal fragments compared to the early time
point. Again, mainly mono- and dinucleosome size bands were
observed. Improved detection of nucleosomal fragments at 48
versus 2 h postinfection may have resulted from more extensive
CMYV genome chromatinization. Alternatively, it may simply
reflect the differences in global accessibility of viral DNA to
nuclease digestion. To discriminate between these possibilities,
viral chromatin was examined at additional postinfection time
points by MNase assay (Fig. 1B). Comparison between samples
from 16 and 48 h postinfection clearly demonstrates an in-
crease in nucleosome assembly at similar overall accessibilities
of viral DNA.

The presence of core histones in the subnuclear compart-
ments of viral-DNA accumulation was confirmed by indirect
immunofluorescence microscopy using primary antibodies spe-
cific for total H2A, H2B, H3, or H4 protein. The viral repli-
cation compartments were simultaneously stained with an an-
tibody directed against the CMV DNA polymerase accessory
subunit ppUL44 (Fig. 2). Singly stained histone patterns were
indistinguishable from double-staining results, and none of the
four histone-specific antibodies detected cross-reacting bands
on Western blots of CMV-infected or uninfected cell lysates
(data not shown). In uninfected cells, each of the four human
histone species displayed a relatively even, diffuse, or mi-
cropunctate nuclear distribution (data not shown). At late
times after CMV infection, all core histones were detected,
both at the centers of viral replication and in the nuclear space
outside these structures. However, differences were observed
in the extents to which individual histones colocalized with the
viral nuclear compartments. H2A was strongly enriched in the
periphery and, to a lesser extent, within the viral structures.
While H3 was also found to codistribute with viral replication
compartments, this was less evident for H4 and H2B. In fact,
H2B appeared to be more abundant outside the viral struc-
tures. A modified histone form (H3 dimethylated at lysine 9)
known to be underrepresented in CMV chromatin (20; A.
Nitzsche, C. Paulus, and M. Nevels, unpublished data) was
largely excluded from the viral replication compartments, thus
serving as a negative control. In addition, ChIP assays revealed
that all four human core histone classes were physically asso-
ciated with the CMV genome at both early and late times
postinfection (see Fig. 4 and data not shown).

These results indicate that during productive infection of
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human fibroblasts, CMV genomes become extensively occu-
pied with host-derived core histones, most likely forming ca-
nonical nucleosomes. These data also present the first indica-
tion that nucleosome association of the viral genome increases
between the early and late stages of infection.

FAIRE analysis confirms differential early and late states of
CMY chromatin. To further examine the possibility that CMV
genomes exist in distinct early and late states that differ in the
extents of chromatinization, we employed a recently developed
method known as FAIRE (11, 39). The FAIRE procedure
provides a means of enriching nucleosome-depleted DNA
fragments from total chromatin. This DNA can then be quan-
tified by real-time PCR at specific regions of interest. The
reciprocal values from the PCR results are indicative of the
extents of nucleosome occupancy at the respective sequences.
We applied FAIRE to seven carefully selected viral indicator
regions. The indicator loci were spaced throughout the unique
long (UL) region of the viral genome and represented the
three kinetic classes of herpesvirus genes and a marker for
viral-DNA replication: the major IE (MIE) transcription unit,
the UL54 early gene, the UL32 late gene, and the core element
from the origin of lytic viral-DNA replication (oriLyt) (34).
Concerning the coding genes, we analyzed both promoter se-
quences surrounding the transcription start sites (MIE-P,
ULS54-P, and UL32-P), as well as sequences at the 3’ ends of
the open reading frames (MIE-T, UL54-T, and UL32-T).

FAIRE was performed at 2 and 48 h post-CMV infection of
MRC-5 cells (Fig. 3). At the early time point, substantially
larger amounts of FAIRE-extracted DNA were detected from
all seven examined viral genomic regions compared to a
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) con-
trol, indicating a much lower degree of nucleosome association
with the CMV genome than the cellular locus (data not
shown). At 48 h, the FAIRE results indicated up to a sixfold-
higher degree of chromatinization at the six viral coding genes
compared to the 2-h time point. At the same time, we observed
only a little (<1.5-fold) change in the oriLyt and GAPDH (Fig.
3 and data not shown). The FAIRE results strongly support the
view of distinct early and late states of CMV chromatin that
differ markedly in the extents of nucleosome assembly. They
also indicate that not all CMV genomic regions are equally
affected by the late increase in viral-genome chromatinization.

Temporal pattern of histone occupancy on CMV genomes in
productively infected cells. To assess the dynamics of nucleo-
some association of the CMV genome in a more specific and
comprehensive manner, we performed a series of ChIP assays
at the seven previously selected viral indicator loci. The anal-
ysis was carried out using a rabbit-derived antibody directed
against the globular domain of core histone H3 precipitating
total amounts of the protein as a surrogate marker of nucleo-
somes. As a negative control, we used normal rabbit IgG.
MRC-5 cells infected with CMV were subjected to ChIP, fol-
lowed by quantitative PCR at nine time points between 0.5 and
96 h postinfection. Importantly, both the input and the precip-
itated (output) DNAs were quantified, and the results are
presented as relative output-to-input ratios to account for the
varying copy numbers of viral genomes at different stages dur-
ing infection (Fig. 4). Histone H3 was specifically detected
above the normal IgG background in all viral and cellular
genomic regions and postinfection time points under investi-
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FIG. 2. Subnuclear distribution of core histones in relation to late viral replication compartments. MRC-5 cells were infected with CMV for
48 h, fixed with paraformaldehyde/methanol, and stained with a mouse monoclonal antibody specifically detecting the CMV ppUL44 DNA
polymerase accessory protein and rabbit polyclonal antibodies directed against the C-terminal histone fold domain of H2A, H2B, H3, or H4. A
rabbit antiserum specific for histone H3 dimethylated at lysine 9 (H3K9me2) was used as a negative control. Samples were subsequently stained
with DAPI, a mouse-specific Alexa Fluor 594, and a rabbit-specific Alexa Fluor 488 conjugate. Representative nuclei showing DAPI, ppUL44, and
the respective histone staining are shown. Additionally, merge images of ppUL44 and histone signals are presented. Scale bar, 10 pm.

gation. However, striking time- and locus-dependent differ-
ences in H3 association of the CMV chromosome were ob-
served, while histone levels at the GAPDH gene showed only
minor changes. At 0.5 h postinfection, comparable amounts of
H3 protein could be detected at the selected CMV sequences
with only ~2-fold variations between the individual viral loci.
This observation supports the view that sequences in at least a
subset of CMV genomes become assembled into nucleosomes
immediately upon nuclear entry. Importantly, the H3 levels in
the CMV DNA were ~5- to >10-fold lower than the cellular

control locus, suggesting a relatively low average degree of
viral-genome chromatinization at this very early stage of infec-
tion. Following the initial histone deposition, H3 levels in the
tested regions of the viral chromosome remained constantly
low or even decreased throughout the early phase of infection.
For example, at the MIE-P and the oriLyt, the amounts of
DNA-associated histone H3 consistently dropped by 2.4- or
>6-fold, respectively, in the 0.5-h to 16-h postinfection inter-
val. In contrast, at the MIE-T and the UL54-P, histone levels
did not change significantly (<1.3-fold) between the same time
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FIG. 3. Differential chromatinization of the CMV genome at early
versus late times postinfection as analyzed by FAIRE. MRC-5 cells
were infected with CMV and collected at 2, 16, or 48 h postinfection.
Enrichment for nucleosome-depleted chromatin by FAIRE extraction
was performed, and DNA from the aqueous phase was quantified by
real-time PCR using primer pairs specific for seven selected viral
indicator loci and human GAPDH. The results were normalized to
GAPDH and are representative of triplicate experiments with stan-
dard deviations. They are presented as the ratio of viral DNA recov-
ered from non-formaldehyde-fixed cells divided by the amounts of the
same DNA in the corresponding cross-linked samples. The data there-
fore reflect the degrees of nucleosome assembly in the respective viral
genomic regions.

points unless the values were normalized to the IgG control.
The early phase of low histone occupancy was succeeded by a
striking, gradual increase in H3 deposition at the CMV chro-
mosome starting from 24 h and peaking at 48 h postinfection
(Fig. 4). At 48 h, the increase in H3 occupancy averaged be-
tween ~5-fold (UL32-T) and ~12-fold (UL32-P) at five out of
the seven tested viral loci compared to the 16-h time point. At
the UL54-P and MIE-T sequences, H3 even reached levels
comparable to those of the GAPDH gene at this stage. How-
ever, the late histone deposition did not affect all parts of the
CMYV genome to similar extents, as we observed only little
change at the MIE-P and the oriLyt (2.7- and 1.8-fold in-
creases, respectively). Finally, between 48 h and 96 h post-
CMV infection, a moderate (up to ~2-fold) reduction in H3
occupancy was measured across all viral loci. For a subset of
regions and time points, ChIP experiments were repeated us-
ing antibodies directed against other core histones (H2A and
H2B) with results comparable to those for H3 (data not
shown).

Taken together, our ChIP data confirm the presence of two
major, discrete stages of net histone deposition on intracellular
CMYV genomes: an early stage in which histones become ini-
tially deposited and a late stage of much more efficient histone
association in a subset of, but not all, viral genomic regions.
Both assembly stages are followed by a phase of reduced av-
erage histone occupancy indicative of partial chromatin disas-
sembly.

CMYV chromatin assembly by DNA replication-independent
and replication-coupled mechanisms. Chromatin assembly in
eukaryotic cells can be divided into DNA replication-depen-
dent and -independent mechanisms (44, 47). During infection
of primary human fibroblasts, CMV DNA replication is known
to start at around 24 h (34). We confirmed this notion by
quantitative PCR in which viral-DNA levels did not rise at time
points up to 16 h but increased continuously between 24 and
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72 h postinfection (Fig. 5A). This strongly suggests that the
observed initial histone deposition on the CMV genome (0.5 to
16 h postinfection) is mediated by mechanisms that are inde-
pendent of DNA synthesis. To exclude the possibility that early
viral chromatin assembly occurs in conjunction with low-level
DNA replication mediated by viral or cellular DNA poly-
merases, we performed ChIP assays of cells infected for 2 h in
the presence of PAA or aphidicolin. PAA is a specific inhibitor
of the CMV DNA polymerase, whereas aphidicolin inhibits
both CMV and cellular DNA polymerase alpha activities (7,
19). PAA and aphidicolin were used at concentrations that
were confirmed to result in complete inhibition of the respec-
tive enzyme activities (Fig. 5C and data not shown). As ex-
pected, neither PAA nor aphidicolin had significant effects on
the levels of histone H3 deposition regarding all seven indica-
tor regions of the CMV genome at 2 h postinfection (Fig. 5B).
These results verify that early CMV chromatin assembly occurs
through DNA replication-independent mechanisms.

The late increase in histone deposition on the CMV chro-
mosome temporally correlates with the onset of viral-DNA
replication (compare Fig. 4 and 5A). This observation suggests
that late CMV chromatin assembly may be coupled with the
process of viral-DNA synthesis. To investigate this possibility,
we performed ChIP assays of PAA-treated and untreated cells
at 48 h post-CMV infection. Again, PAA was used under
conditions that completely inhibited viral-DNA synthesis but
did not negatively affect cell survival or the levels of GAPDH
DNA (Fig. 5C and data not shown). As shown in Fig. 5D, PAA
specifically inhibited the late increase in H3 deposition on the
viral genome either entirely (UL54-T, UL32-P, UL32-T, and
oriLyt) or at least to a large extent (MIE-P, MIE-T, and UL54-
P), while histone occupancy at the GAPDH locus was not
affected. From these results, we conclude that, for the most
part, late CMV chromatin assembly depends on and is most
likely coupled to the process of viral-DNA replication. The
different sensitivities to PAA in the tested viral loci may indi-
cate that in some regions of the CMV genome, DNA replica-
tion-dependent and -independent mechanisms of chromatin
assembly act side by side in the late phase of infection.

Increased levels and relocalization of human nucleosome
assembly proteins during CMYV infection. CMV genome chro-
matinization likely involves interactions between viral compo-
nents and proteins of the cellular chromatin assembly machin-
ery. To obtain evidence for this view, we analyzed the
accumulation and subcellular localization of three key media-
tors of human nucleosome assembly in CMV-infected fibro-
blasts: CAF1 p48, PCNA, and ASF1A. ASF1A and CAF1 are
histone chaperones involved in H3-H4 deposition, while
PCNA is a DNA polymerase processivity factor that targets
CAF1 to chromatin via direct interaction (44, 47). Surprisingly,
the steady-state levels of all three cellular proteins increased
significantly over the course of infection while the levels of
GAPDH did not change (Fig. 6A). In uninfected cells, CAF1,
PCNA, and ASF1A were predominantly found in a micropunc-
tate nuclear pattern (Fig. 6B to D). ASF1A was additionally
detected in one to several larger intranuclear complexes (Fig.
6D). In CMV-infected cells, both CAF1 and PCNA were
strongly enriched at the sites of viral-genome localization and
replication in late-stage infections, particularly at the 24-h time
point (Fig. 6B, C, and E). Recruitment of PCNA to viral
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FIG. 4. Temporal patterns of histone H3 occupancy in selected regions of the CMV genome. MRC-5 cells were infected with CMV, and cell
extracts were subjected to ChIP using an antibody specifically directed against the C-terminal domain of H3 at the indicated times (0.5 to 96 h)
postinfection. Normal rabbit IgG was used to control for nonspecific precipitation. Quantitative PCR was performed on input and coprecipitated
(output) DNAs with primers specific for the indicated viral genomic regions and human GAPDH. (A) The circular areas represent the mean
output-to-input DNA ratios determined from at least two independent ChIP assays, each quantified in duplicate. Where white circles are missing,
no specific PCR products were detected. (B) The data set used for the schematic representation in panel A is shown as bars (mean values) with
standard deviations. For the IgG controls, average values from all 10 time points are shown.

replication compartments was preceded by CAF1, since only
the latter accumulated at the viral structures in the early phase
(8 h) of infection (Fig. 6B and C). In contrast to CAF1 and
PCNA, ASF1A-positive complexes did not exactly colocalize
with viral replication compartments, but a subset showed jux-
taposed association at 8 and 24 h after CMV infection (Fig. 6D
and E). These results show for the first time that CMV pro-
foundly affects the accumulation and subnuclear targeting of
critical host cell chromatin assembly proteins. The data also
strongly suggest that components of the human nucleosome
assembly machinery act on CMV chromosomes throughout the
viral replication cycle, contributing to both DNA replication-
dependent and -independent viral-genome chromatinization.

DISCUSSION

Little is known about the physical properties of herpesvirus
chromosomes (25, 29). Studies of HSV-1 and other herpesvirus
capsids failed to reveal any abundant protein intimately coat-
ing the viral DNA. Moreover, recent proteome analyses of
purified CMV, EBV, and Kaposi’s sarcoma-associated herpes-
virus particles did not identify histones, although a variety of
other host cell proteins were detected (33). Consistently, our
own results did not yield any evidence for the presence of
histones in purified virion preparations of CMV (A. Nitzsche
and C. Paulus, unpublished data). Instead, early studies
showed that HSV-1 capsids are rich in polyamines and sug-
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FIG. 5. Consecutive stages of replication-independent and -dependent histone H3 deposition on the CMV genome. (A) MRC-5 cells were
infected with CMV for 0.5 to 72 h, relative amounts of viral and cellular DNAs were determined at the UL32-T and GAPDH loci by quantitative
PCR, and the results were normalized to GAPDH at 0.5 h (set to 1). The data present the mean amounts of DNA from three independent
experiments with standard deviations. (B) MRC-5 cells were pretreated with PAA (200 pg/ml) or aphidicolin (2 wM) for 1 h or left untreated prior
to infection with CMV. Infection continued for 2 h in the presence of the inhibitors. ChIP was performed using an antibody against the C-terminal
domain of histone H3, and the amounts of input and coprecipitated DNA were determined by quantitative PCR with eight specific primer pairs,
as indicated. PCR results from two independent experiments, each quantified in duplicate, are presented as mean output-to-input DNA fractions
normalized to the output-to-input ratio of GAPDH without drug treatment (set to 1). The error bars indicate standard deviations. (C) MRC-5 cells
were infected with CMV and either left untreated or treated with PAA (200 pwg/ml) immediately following infection. After 24 h, the culture medium
was changed, and fresh drug was added where applicable. Samples were collected at 2 and 48 h postinfection. Relative amounts of viral (means
of all seven viral indicator loci) and cellular (GAPDH) DNAs were determined by quantitative PCR and normalized to GAPDH at 2 h
postinfection (set to 1). The bars represent mean values with standard deviations from three experiments. (D) The samples from panel C were
subjected to ChIP as described for panel B. PCR results from two independent experiments, each quantified in duplicate, are presented as mean
output-to-input DNA fractions normalized to the output-to-input ratio of GAPDH at 2 h (set to 1). The error bars indicate standard deviations.

gested that these, rather than histones or other proteins, serve nome released into the nucleoplasm is initially “naked” with
to neutralize the DNA and enable it to become packed tightly respect to proteins. Nevertheless, previous work has shown
within the capsid (10). Thus, it appears that after the capsid has that the DNA of human herpesviruses, such as HSV and EBV,
docked with the nuclear pore, the uncoated herpesvirus ge- appears to be largely arranged in a nucleosomal structure
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FIG. 6. Increased accumulation of human nucleosome assembly proteins and association with intranuclear viral replication compartments
during CMV infection. (A) MRC-5 cells were mock infected (0 h) or infected with CMV for 8 to 72 h, as indicated, and proteins from whole-cell
extracts were separated in 10% polyacrylamide-SDS gels. After Western blot transfer, the proteins were reacted with the respective antibodies as
shown in Table 2. (B to D) Mock- or CMV-infected MRC-5 cells were fixed and permeabilized with paraformaldehyde/methanol (B and C)
or paraformaldehyde/Triton X-100 (D) at the indicated time points and incubated with primary antibodies specifically detecting the CMV
IE2 (0 and 8 h) or ppUL44 (24 and 72 h) proteins, together with antibodies directed against CAF1 p48, PCNA, or ASF1A, as indicated.
Samples were subsequently stained with an Alexa Fluor 594 conjugate, an Alexa Fluor 488 conjugate, and DRAQS. Single- and dual-color
merge confocal images of representative nuclei are shown. Scale bars, 10 wm. (E) Three-dimensional projections of z stacks showing details
of the spatial relationship between CMV replication compartments (ppUL44) (red) and complexes containing the indicated cellular
chromatin assembly proteins (green) at 24 h postinfection. The frames were acquired with a step width of 0.38 uM and rendered with the

Zeiss LSM510 software. Scale bar, 1 pm.
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inside latently infected cells (5, 48). Others have provided
evidence for histone association (18, 20, 23, 38, 40, 41, 46) and
at least partial nucleosome-like chromatinization of HSV and
CMV genomes in productively infected cells (12, 23, 24, 51).
These observations imply de novo deposition of histones on
intranuclear herpesvirus DNA.

Initial DNA replication-independent CMV chromatin as-
sembly. In fact, our results show significant deposition of hu-
man histones on CMV genomes by 30 min after high-multi-
plicity infection of human fibroblasts (Fig. 4), and nucleosomal
viral DNA was detected as early as 2 h postinfection under
these conditions (Fig. 1A). These observations indicate that at
least a subset of CMV genomes become histone associated
very quickly upon nuclear entry. However, average histone
levels at the CMV chromosome were substantially lower than
at a cellular control locus (GAPDH) between 0.5 and 16 h
postinfection, as determined by ChIP and FAIRE. In this re-
spect, the incoming viral genome may resemble transfected
plasmid DNA. Indeed, it has been recently shown that a tran-
siently transfected DNA template acquires a full complement
of core histones but exhibits only intermediate levels of nu-
cleosomal assembly (13). The limited histone deposition in the
early stages of CMV infection was shown to be DNA replica-
tion independent, because it occurred well before the onset of
viral-DNA synthesis (Fig. SA) and was not affected by chemical
inhibitors of viral and cellular DNA polymerases (Fig. 5B).
Thus, input DNA episomes of plasmid or herpesvirus origin
may generally exist in a rather irregularly chromatinized state,
most likely because replication-independent chromatin assem-
bly mechanisms are generally inefficient compared to replica-
tion-coupled mechanisms, which account for the bulk of eu-
karyotic nucleosome assembly. This conclusion would be
justified if the episomes formed a largely homogeneous group
in terms of nucleosome occupancy (Fig. 7A). However, ChIP
and FAIRE assays measure only average histone/nucleosome
occupancies. Therefore, our data are also compatible with
highly divergent chromatin states between individual DNA
molecules resulting in a heterogeneous pool of episomes (Fig.
7A). In this case, a fraction of input CMV genomes may be
assembled into nucleosomes while another subset may not
become histone associated at all, perhaps because the cellular
chromatin assembly machinery does not have access to the
latter group. Indeed, by MNase assay, the qualitative patterns
of viral DNA present in nucleosomes looked remarkably sim-
ilar at all tested postinfection time points (Fig. 1), supporting
the idea of a rather heterogeneous population of early CMV
genomes. The MNase accessibility data may also suggest pref-
erential association of viral DNA with di- and/or mononucleo-
somes rather than regular nucleosomal arrays, since more ex-
tensive laddering of viral chromatin fragments was not
observed (Fig. 1). Two critical mediators of nucleosome as-
sembly, CAF1 p48 and ASF1A, were enriched in or close to
the intranuclear compartments of CMV genome accumulation
before the onset of viral-DNA replication (Fig. 6B to D).
These proteins are therefore prime candidates among host cell
factors that may be involved in early CMV genome chromati-
nization.

Maintenance of low average histone occupancy on CMV
DNA through the early phase of infection. Our ChIP assays
revealed that average histone levels in the analyzed regions of
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FIG. 7. Models of CMV chromatin assembly and disassembly.
(A) Schematic of two possible chromatin distributions in early-phase
CMYV genome populations. By ChIP or FAIRE analysis, both the
heterogeneous and the rather homogeneous distributions would be
interpreted as reduced histone occupancy relative to a cellular control
locus. (B) Hypothetical four-step cycle of CMV chromatin assembly
and disassembly (assuming heterogeneous chromatin distributions).
Step I, limited initial DNA replication-independent nucleosome as-
sembly on “naked” input viral genomes. Step II, maintenance of low
chromatinization levels and partial chromatin disassembly. Step III,
DNA replication-dependent nucleosome assembly resulting in chro-
matinization of most or all newly synthesized viral genomes (note that
a subset of viral genomic regions is largely resistant to this step). Step
IV, complete chromatin disassembly in a fraction of replicated viral
genomes before or during encapsidation.

the CMV genome stayed generally low throughout the entire
early phase of infection (Fig. 4). Similar results were obtained
using the FAIRE technique (data not shown). Again, this may
reflect the inefficiency of cellular DNA replication-indepen-
dent chromatin assembly mechanisms. Since histone deposi-
tion likely poses a major barrier to the process of transcription
from the viral genome, it is also conceivable that one or more
CMYV gene products may antagonize further chromatinization
or even promote chromatin disassembly to facilitate viral early
gene expression. In support of the latter possibility, the average
histone H3 occupancy of viral DNA in several of the analyzed
regions dropped between 2 and 16 h postinfection (Fig. 4).
Furthermore, there is precedent for a herpesvirus protein re-
ducing the histone association of viral DNA. ChIP assays
showed that the VP16 virion transactivator protein of HSV-1
recruits ATP-dependent chromatin-remodeling proteins to vi-
ral IE gene promoters. This activity was correlated with
strongly reduced histone H3 levels at these promoters in the
presence of VP16 (15). It is tempting to speculate that viral
tegument or IE transactivators, such as pp71 (ppULS2), IE1-
72kDa, or IE2-86kDa, may adopt this function in CMV. In
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fact, we have previously shown that CMV IE1 and IE2 proteins
antagonize histone deacetylation (40), and acetylation of core
histone tails has been linked to increased nucleosome mobility
(14).

DNA replication-coupled CMV chromatin assembly. Our
ChIP assays clearly show that the average histone association
of the CMV chromosome increases by up to 12-fold concurrent
with and largely dependent on the process of viral-DNA syn-
thesis (Fig. 4 and 5D). In some regions, histone H3 occupancy
appeared to reach levels comparable to those of the cellular
reference locus, indicating an extent of viral-genome chroma-
tinization that has not been appreciated in productively her-
pesvirus-infected cells (25, 29). These results are compatible
with our MNase, immunofluorescence, and FAIRE analyses
(Fig. 1 to 3). Together, they demonstrate unanticipated DNA
replication-coupled assembly mechanisms of CMV chromatin
in the late stage of infection that most likely involve the host
cell nucleosome assembly machinery. In fact, at least two con-
served cellular mediators of replication-dependent nucleo-
some deposition (CAF1 and PCNA) are recruited to the sub-
nuclear compartments of viral-DNA synthesis during CMV
infection (Fig. 6B, C, and E). Moreover, the steady-state levels
of all three tested human chromatin assembly proteins specif-
ically increased over the course of the infection cycle, yet the
relevance of this observation remains to be determined.

A recent report by Oh and Fraser (41) did not find newly
synthesized HSV-1 DNA to be associated with histones, im-
plying a lack of replication-dependent chromatin assembly
during productive infection by the virus. This observation sug-
gests that two herpesviruses (HSV-1 and CMV) may have
evolved fundamentally different strategies with respect to chro-
matinization of newly replicated viral DNA. Alternatively, the
extent of replication-dependent viral-chromatin assembly may
be determined by the host cell environment. Oh and Fraser
used an African green monkey kidney (Vero) and a human
neuroblastoma cell line for their experiments. In contrast, all
experiments in the present work were performed on primary
human fibroblasts (MRC-5). Therefore, it is conceivable that
differences in available histone pools between cell types may
contribute to the observed effects. Normally, DNA replication-
dependent chromatin assembly occurs in S phase, where it is
coupled to histone synthesis in order to provide material for
nucleosomes. However, we used contact-inhibited, resting cells
for all our experiments. Moreover, CMV usually arrests cycling
cells at the G,/S border upon infection of primary human
fibroblasts (55) and inhibits cellular-DNA replication (56). Ac-
cordingly, productively CMV-infected cells do not appear to
undergo induction of histone synthesis (45) (C. Paulus and M.
Bergbauer, unpublished data). Under these conditions, the
histone proteins required for chromatinization of CMV DNA
have to be derived from available free cellular histone pools or
through mobilization from host chromatin. It seems unlikely
that the use of resting versus cycling cells accounts for the
differences between this study and the report by Oh and
Fraser, since the smaller pool of free histones in resting cells is
expected to limit their association with newly replicated viral
DNA instead of increasing it.

One intriguing finding of this study concerns the fact that not
all viral genomic regions under investigation underwent signif-
icant DNA replication-coupled chromatin assembly. The
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MIE-P and the oriLyt proved to be largely resistant to the late
increase in histone deposition (Fig. 4). Since both loci are
among the most critical cis-regulatory elements in the CMV
genome, high-affinity binding by cellular and/or viral regulatory
nonhistone proteins may compete with efficient nucleosome
deposition in these regions. Indeed, the analyzed regions in
both the MIE-P and the oriLyt include target sequences for
sequence-specific DNA binding by the CMV IE2-86kDa pro-
tein (17, 22, 26, 31, 57).

Complete disassembly of CMV chromatin as a prerequisite
for DNA packing into capsids? At 72 and 96 h postinfection,
we observed a decrease in histone H3 occupancy at all CMV
genomic regions under investigation (Fig. 4). This effect may
reflect either depletion of the available cellular histone pools in
the latest stages of infection or active disassembly of CMV
chromatin. Since herpesvirus genomes exist as histone-free
DNA inside capsids, our results actually imply that the repli-
cated, chromatinized CMV genomes we observe have to un-
dergo complete disassembly before or during packaging or may
not be packaged into capsids at all. In the latter case, a sub-
population of replicated viral genomes must exist in late in-
fected cells which somehow escape from DNA replication-
coupled chromatin assembly. It is hard to conceive how a
significant proportion of newly replicated viral genomes would
stay completely histone free in replication compartments that
harbor histones and accumulate chromatin assembly factors
(Fig. 2 and Fig. 6). Moreover, the analogous levels of average
histone occupancy between several viral loci and GAPDH at
48 h postinfection (Fig. 4) indicate that most, if not all, viral
genomes carry nucleosomes at this stage. Therefore, we favor
a scenario in which CMV chromatin disassembly immediately
before or, perhaps more likely, during DNA packaging into
capsids is a necessary prerequisite for the formation of infec-
tious virions. Here, the activities of unidentified viral and/or
cellular ATP-utilizing chromatin-remodeling factors, which
have the ability to disrupt histone-DNA interactions, would
almost certainly be required to allow packaging of CMV prog-
eny genomes.

Based on the results of this study and the considerations
described above, we propose a general model in which CMV
chromatin is assembled and disassembled in four successive
steps (Fig. 7B). We believe that these epigenetic events are
relevant to all viral-DNA-based processes in CMV and likely
other herpesvirus infections, including genome replication, the
DNA damage response, and the temporal cascade of transcrip-
tion. Further investigations into the dynamic structure of viral
chromatin and its consequences for the outcome of infection
not only may open up new opportunities for antiviral interven-
tion, they may also provide more general information about
the fate of naked and/or foreign DNA in the nucleus. In this
respect, CMV could serve as a useful model system for the
study of chromatin assembly and disassembly processes.
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