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Figure 9. H3 acetylation and polymerase |l
association to chromosome take place at ana-
phase-telophase transition prior to the onset
of bulk RNA synthesis. (A) Detection of histone
H3 lysine 9 acetylation using a specific anti-
body at various mitotic phases and in infer-
phase cells. (B) Simultaneous detection of GFP-
pol Il LS and Br-U incorporation through vari-
ous phases mitosis. Bar, 10 pm.

Exchanges of linker histone from mitotic
chromosomes

Our observations that linker and core histones can exchange
from mitotic chromosomes indicate that highly compact mi-
totic chromosomes are accessible at the nucleosome level. His-
tone H1 is a linker histone that binds to the DNA sequences
between two adjacent nucleosomes. In vitro and in vivo experi-
ments have suggested its role in stabilization of condensed
chromosomes, transcription regulation of a subset of genes
(Carruthers and Hansen, 2000), and telomeric silencing (Je-
drusik and Schulze, 2003). Although deletion of HI1 in unicel-
lular organisms has little to no effect on chromatin structure or
cell viability (Shen et al., 1995; Ushinsky et al., 1997; Patterton
et al., 1998; Barra et al., 2000; Ramon et al., 2000), recent stud-
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ies demonstrated that H1 is essential for mouse embryonic de-
velopment (Fan et al., 2003). However, the mechanism by
which H1 regulates chromatin structure and gene expression
remains to be clarified.

We have observed that histone Hlc-GFP actively ex-
changes on and off mitotic chromatin, though at a slower rate
than in interphase cells. The tsy of H1c-GFP varies from around
4.5 min at metaphase to 10-15 min at prophase, anaphase, and
telophase. It is intriguing that the ts, of fluorescence recov-
ery times vary at different phases of mitosis. Upon entering
prophase, FRAP slows down, followed by acceleration at
metaphase and a slowdown again at anaphase and telophase.
The recoveries are very similar at prophase, anaphase, and telo-
phase. The molecular mechanism behind these changes is not



clear, but might involve phosphorylation because treatment of
metaphase cells with staurosporine reduced the ts, for Hlc-
GFP from around 5 min to more than 20 min (unpublished
data), consistent with the report where changes in the phos-
phorylation of H1.1 affected the association of H1.1 with chro-
matin (Hendzel et al., 2004).

Core histones exchange coincides with
reactivation of transcription in telophase
Although GFP-fusion proteins of H2A, H2B, H3, and H4 show
little or no FRAP of prophase and metaphase chromosomes, they
showed limited but consistent dynamic exchange at later stages
of mitosis. Because the FRAP analyses were performed directly
on the mitotic chromosomes and there was a soluble pool of all
core histones in the mitotic cytoplasm, we interpret these obser-
vations as a replacement of core histones in mitotic nucleo-
somes. The core histone octamer has been thought to be de-
posited primarily at S phase (Wolffe, 1998, 2001); however,
emerging evidence indicates that core histones can be replaced,
either partially or even completely, in a replication-independent
manner (Ahmad and Henikoff, 2002a; Svejstrup, 2003; Vermaak
et al., 2003; Belotserkovskaya et al., 2004). The identification
and characterization of the facilitates chromatin transcription
(FACT) complex, both in yeast and in higher eukaryotic cells,
demonstrated that components of the complex interact with core
histones in reconstituted cell extract assays (Belotserkovskaya et
al., 2003) and are recruited to activated loci on Drosophila poly-
tene chromosomes (Saunders et al., 2003). Loss of function of
FACT homologues (spt6) in yeast induces the loss of active
chromatin, suggesting that FACT is necessary for transcription-
coupled nucleosome assembly (Kaplan et al., 2003). Additional
studies using in vitro transcription analyses demonstrated that
the passing of RNA pol II resulted in quantifiable loss of H2A:
H2B (Kireeva et al., 2002). There are also several histone vari-
ants that are incorporated in a replication-independent manner.
Histone variant H3.3 has been shown to incorporate only into
transcriptionally active chromatin outside of S phase (Ahmad
and Henikoff, 2002b). Another histone variant, H2A.Z, has also
been shown to form a dimer with H2B that exchanges with the
H2A: H2B dimer on an existing nucleosome array in the absence
of replication (Mizuguchi et al., 2004). All these studies indicate
the possibility that disruption of nucleosomes can take place in-
dependently of replication and can be coupled with transcription.
The exchange of core histones on mitotic chromatin at
anaphase and telophase observed by FRAP may reflect the re-
placement of a subset of nucleosomes in genome regions that
are transcriptionally reactivated in the earliest parts of the new
cell cycle. This interpretation is consistent with evidence of
chromatin remodeling and chromatin association with RNA
pol II at the anaphase—telophase transition (Fig. 9; Prasanth et
al., 2003). In situ incorporation of Br-U for 5 min at the same
stage showed little labeling outside of NORs (Fig. 9), suggest-
ing that the majority of transcription is yet to commence at this
point. The replacement of core histones conceivably precedes
transcription to allow the clearance of promoter regions for
factors to engage. This interpretation is consistent with the
emerging model of nucleosome disruption during transcription

activation (Belotserkovskaya et al., 2004). The exchange dy-
namics of H3 and H4 appear to be similar, whereas those of
H2B are slightly faster than H2A. These observations are con-
sistent with the idea that H2A:H2B dimers are disrupted to a
larger extent than H3 and H4 during transcription (Nacheva et
al., 1989). The lesser extent of exchange of H2A in comparison
with H2B could be partially due to the replacement of H2A by
its variants, such as H2A.Z (Redon et al., 2002).

In summary, we have found that mitotic chromosomes in
general and ribosome DNA loci in particular are accessible to
transcription factors and structural proteins in spite of its high
compaction ratio. Nucleosome components, including linker and
core histones, also show exchanges from condensed chromosome
during mitosis. These findings suggest that transcription silencing
during mitosis is likely due to other reasons, such as the loss of
activity and/or modifications of transcription factors, rather than
to the inaccessibility of DNA. Furthermore, a small fraction of
core histones undergo replacement at the anaphase—telophase
transition that is temporally correlated with histone tail modifica-
tion and RNA pol II association, suggesting that alterations in
chromatin structure may take place before resumption of tran-
scription as cells exit mitosis. Although the functional signifi-
cance of the exchange of transcription factors and structural chro-
matin proteins from chromosomes during mitosis is unknown, it
is tempting to speculate that the dynamic association of these pro-
teins may help prepare the genome for its reactivation by main-
taining a relatively open chromosome configuration. This may
serve to minimize the requirement for decondensation when large
numbers of genes must be rapidly reactivated as cells exit mitosis.

Materials and methods

Cell culture and transfection

Histone H1, H2A, H2B, H3, and H4 stable cell lines were provided by H.
Kimura (Kyoto University, Japan; Kimura and Cook, 2001). Histone stable
cell lines and Hela cells were maintained in DME supplemented with 10%
FBS at 37°C and 5% CO,. A clone stably expressing the largest subunit of
RNA pol Il tagged with EGFP was cultured in Ham's F12 medium plus
10% FBS at 39°C (Sugaya et al., 2000). Cells were diluted twice a week.
Expression constructs were transiently transfected into Hela cells by elec-
troporation. Subconfluent cells in a 100-mm culture dish were collected by
trypsinization and mixed with 20 g of DNA, including 4 ng target DNA
and 16 pg sheared salmon sperm DNA. A 280-ul mixture of cells in DME
containing 10% FBS and DNA was electroporated in an electroporator
(Bio-Rad Laboratories) at 250 V and 950 wF. Transfected cells and stable
cell lines were subsequently seeded onto glass coverslips that were
mounted on the bottom of 35-mm Petri dishes with an opening in the cen-
ter (MatTek) and grown for 24 h. To inhibit phosphorylation, cells were
treated with 1 pM staurosporine for 10-30 min. Staurosporine is an inhibitor
of phospholipid/calcium-dependent protein kinase.

Construction of GFP-fusion proteins

pEGFP-UBF1 expression vector was described previously (Chen and Huang,
2001). RPA43-GFP expression vector was previously characterized in
Dundr et al. (2002). GFP-UBF 1 mutants were constructed by inserting cDNA
containing UBF1 mutants into the pEGFP-C1 vector (CLONTECH Laborato-
ries, Inc.). GFP-RAP39/40 was constructed by inserting cDNA containing
RPA39/40 [gi:2266928] into the Bglll-Kpnl restriction site of pEGFP-C1
vector (CLONTECH Laboratories, Inc.) and the Hela stable cell lines were
constructed as described in Leung et al. (2004). Expression constructs were
sequenced to confirm that they contained the correct cDNA sequence.

Photobleaching and live cell imaging
Cells transfected with the GFP-fusion protein expression vector and stable
cell lines were maintained in DME supplemented with 30 mM Hepes, pH
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7.1, to stabilize the pH of the medium during imaging. The 35-mm dishes
with coverslip bottoms were directly mounted onto a 510 confocal laser
scanning microscope (Carl Zeiss Microlmaging, Inc.) equipped with an
argon-krypton laser. The medium was kept at 37°C using an ASI 400 air
stream incubator (Nevtek). The 488-nm laser and a 63 plan Apo lens
with a 1.4 NA were used in bleaching and imaging experiments. A laser
power of 0.05-1.1% of 3.75 mW was used in image acquisitions, and
100% of 3.75 mW was used in photobleaching. The time for each im-
age acquisition ranges from 1.8 s to 1 min, which did not significantly in-
fluence the fluorescent intensity through multiple acquisitions. An area of
2 um? or a half area of chromosomes was bleached with an iteration of
50-150. In FRAP analyses, images were collected before, immediately
after, and at 9- or 1.8-s intervals after bleaching for the nucleolar or NOR
FRAP and 1-min intervals for the chromosome FRAP. At least 10 cells
were analyzed for each result.

Quantitation of relative fluorescence intensity (RFI)

Fluorescence intensity was measured using Metamorph (Universal Imaging
Corp.) imaging software. The average intensities of the areas of interest in
images, including before and immediately after, and a series of time
points after bleaching were measured under the same conditions for each
dataset. The fluorescence intensity of a nonphotobleached region in the
same cell was also measured. The RFI at each time point was calculated
as described by Phair and Misteli (2000). RFI = (I,/TN,)/(lo/TNo), where
Il = the average fluorescence intensity of the photobleached region at var-
ious time points after photobleaching, TN, = the average fluorescence in-
tensity of the nonphotobleached region at the corresponding time point,
lo = the average fluorescence intensity of the photobleached region before
photobleaching, and TNy = the average fluorescence intensity of the non-
photobleached region before photobleaching. When I/TN; = 1o/TNo,
namely, when RFI = 1, the fluorescence recovery of the photobleached
region reaches 100%.

Detection of histone proteins of chromosome and cytoplasm fractions in
mitotic cells

The isolation and purification of mitotic chromosomes were performed
as described previously (Valdivia, 1998). Hela cells were treated with
nocodazole (500 ng/ml; Sigma-Aldrich) for ~16 h. Mitotic cells were
then incubated in 75 mM KCl on ice for 20 min and subsequently in dis-
ruption buffer (10 mM Tris-HCl, pH 7.4, 120 mM KCI, 20 mM NaCl,
0.1% Triton X-100, 2 mM CaCl,, 5 pg/ml aprotinin, 5 ug/ml leupep-
tin, 0.5 png/ml pepstatin A and 0.1 mM PMSF) for 10 min. The cells
were homogenized and the resultant extract centrifuged at 3,000 g for
15 min at 4°C. The supernatant was used as the cytoplasmic fraction.
The pellet, which is enriched with crude chromosomes, was further puri-
fied by centrifugation in a 36-ml linear gradient consisting of 20-60%
wt/vol sucrose in disruption buffer. Fractions containing chromosomes
were pooled and centrifuged at 2,500 g for 10 min at 4°C. The chro-
mosome pellet was washed, sonicated, and resuspended in aqueous
disruption buffer. To extract the histone proteins, sulfuric acid was
added into purified chromosome and cytoplasmic fraction to a final con-
centration of 0.4 N and left on ice 30 min. After centrifugation at
1,200 g for 10 min, to the supernatants TCA was added to 20%, these
were left on ice 30 min, and then centrifuged again for 10 min. The pel-
lets were washed with acetone, 0.1% HCI, and then rewashed with ac-
etone. After being air dried, the pellets were resuspended in Laemmli
sample buffer, sonicated, and boiled. Proteins present in the chromo-
some and cytoplasmic fractions were separated by SDS-PAGE for West-
ern blot analyses using antibodies directed against histones H1, H2A
(Upstate Biotechnology), H2B (Cell Signaling Technology), H3 (Upstate
Biotechnology), H4 (a gift from D. Allis, The Rockefeller University, New
York, NY), and GFP (BD Biosciences Clontech). Inmunoblotting signals
were visualized by conversion of SuperSignal West Pico Chemilumines-
cent Substrate (Pierce Chemical Co.).

In vivo incorporation of Br-U

Hela cells were seeded onto glass coverslips in 35-mm Petri dishes and
were grown overnight. Cells were rinsed once with PBS and once with a
glycerol buffer (20 mM Tris-HCI, pH 7.4, 5 mM MgCl,, 25% glycerol, 0.5
mM PMSF, and 0.5 mM EGTA). Cells were then permeabilized in the
glycerol buffer containing 5 pg/ml digitonin at RT for 3 min. Subse-
quently, cells were incubated in transcription cocktail (100 mM KCI,
50 mM Tris-HCI, pH 7.4, 5 mM MgCl,, 0.5 mM EGTA, 25% glycerol,
1 mM PMSF, 2 mM ATP, 0.5 Mm CTP, 0.5 mM GTP, 0.2 mM Br-UTP and
25 U/ml RNAsin) for 5 min at 37°C.
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Immunolabeling

For Br-U staining, cells were gently rinsed twice with PBS and fixed in 2%
PFA after the transcription reaction. For acetyl histone H3 (K9) staining,
subconfluent Hela cells grown on glass coverslips were extracted with
CSK buffer containing 0.5% Triton X-100 on ice for 5 min and immedi-
ately fixed in 2% formaldehyde for 10 min. Antibodies specifically recog-
nizing Br-U (Sigma-Aldrich), UBF (a gift from E.K.L. Chang, University of
Florida, Gainesville, FL) and acetyl histone H3-K9 (Upstate Biotechnology)
were incubated with cells for 1 h at RT. The immunolabeling signals were
subsequently detected by incubating cells with Texas red- or FITC-conju-
gated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.).
Fluorescent images were collected on a confocal laser scanning micro-
scope (model LSM 510; Carl Zeiss Microlmaging, Inc.) equipped with
META and a 405-nm laser (Carl Zeiss Microlmaging, Inc.).

Online supplemental material

Fig. S1 shows the increases of H3-K9 acetylation on telophase chromo-
somes temporally correlate with the decreases of H3-S10 phosphoryla-
tion. Bar, 10 uM. Online supplemental material is available at http://
www.jcb.org/cgi/content/full /jcb.200407182/DCT1.
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