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The linker histone H1 is involved in maintaining higher-order chromatin structures and displays dynamic
nuclear mobility, which may be regulated by posttranslational modifications. To analyze the effect of H1 tail
phosphorylation on the modulation of the histone’s nuclear dynamics, we generated a mutant histone H1,
referred to as M1-5, in which the five cyclin-dependent kinase phosphorylation consensus sites were mutated
from serine or threonine residues into alanines. Cyclin E/CDK2 or cyclin A/CDK2 cannot phosphorylate the
mutant in vitro. Using the technique of fluorescence recovery after photobleaching, we observed that the
mobility of a green fluorescent protein (GFP)-M1-5 fusion protein is decreased compared to that of a
GFP-wild-type H1 fusion protein. In addition, recovery of H1 correlated with CDK2 activity, as GFP-H1
mobility was decreased in cells with low CDK2 activity. Blocking the activity of CDK2 by p21 expression
decreased the mobility of GFP-H1 but not that of GFP-M1-5. Finally, the level and rate of recovery of cyan
fluorescent protein (CFP)-M1-5 were lower than those of CFP-H1 specifically in heterochromatic regions.
These data suggest that CDK2 phosphorylates histone H1 in vivo, resulting in a more open chromatin structure

by destabilizing H1-chromatin interactions.

Consisting of a central globular domain flanked by two ly-
sine-rich, positively charged amino (N)- and carboxy (C)-ter-
minal tails, the mammalian linker histone H1 plays important
roles in the stabilization of higher-order chromatin structure,
in the inhibition of DNA replication, and in transcriptional
regulation (39). Histone H1 binds to the nucleosomal core
particle near the entry and exit point of DNA, although its
exact location within the 165-bp chromatosome remains con-
troversial (14, 48, 50). Mammals possess up to five somatic
histone H1 variants, termed Hla to Hle (nomenclature is from
reference 42). Two other H1 variants, H1° and H1t, are found
in differentiated cells and testes, respectively. The variants
have been suggested to have different functions in cell cycle
progression and gene expression (8).

The phosphorylation of histone H1 at its N- and C-terminal
tails during the cell cycle influences its function. Phosphoryla-
tion of H1 increases during the transition from G, to S phase,
reaching a limited maximum during S phase (45). Additional
phosphorylation occurs at the G,-M transition, resulting in
maximal phosphorylation during mitosis. It has been shown
that histone H1 phosphorylation increases or decreases tran-
scription of specific genes (3, 17, 18) and that phosphorylated
H1 is localized to RNA splicing centers (13), suggesting a
regulatory role for phosphorylation.

Whereas phosphorylated Hla, Hlc, and Hle can contain
four phosphate groups, H1b and H1d contain five, correspond-
ing to the number of conserved cyclin-dependent kinase phos-
phorylation sequence motifs located at the tails (45). Consis-
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tent with these findings, cdc2 has been implicated as the major
in vivo G, kinase for H1 (30). Recent data suggest that CDK2
is another in vivo H1 kinase and is perhaps responsible for the
H1 phosphorylation observed during the transition from G, to
S phase (3, 5, 12, 23). At each stage of the cell cycle, H1b is the
most highly phosphorylated of any of the H1 variants.

As summarized above, histone H1 is involved in maintaining
chromatin higher-order structure. Specifically, linker histones
can both direct and stabilize the in vitro folding of nucleosomal
arrays into compact, condensed structures (1, 9, 28). While
many of the studies investigating H1 function have been per-
formed using in vitro systems, analyses with Tetrahymena
strongly suggest that H1 also regulates higher-order structure
in vivo (6). The globular domain of linker histones binds to
DNA in the nucleosome, while the tails are believed to stabi-
lize the folded chromatin fibers (22). Early reconstitution ex-
periments demonstrated that phosphorylation of the histone
H1 tails diminishes H1’s ability to condense chromatin (29).
More recently, others have shown that while in vivo phosphor-
ylation does not influence H1 binding to mononucleosomes, in
vitro aggregation of polynucleosomes is decreased by linker
histone phosphorylation (46).

The consequence of increased H1 phosphorylation appears
to be the relaxation of chromatin structure (13, 23, 47). Ac-
cordingly, dephosphorylated H1 is located in the electron-
dense chromatin bodies of Tetrahymena macronuclei, whereas
phosphorylated H1 is present at higher levels in the surround-
ing euchromatin (35). Relaxed or decondensed chromatin is
suggested to facilitate the activities of the replication and tran-
scription machineries on DNA (11, 13, 21). However, consis-
tent with the observation that the highest levels of H1 phos-
phorylation occur during mitosis, a model suggesting that
phosphorylation drives chromosome condensation by promot-



VoL. 23, 2003

ing H1-H1 protein interactions via the proteins’ globular do-
mains was proposed (6). An alternative model postulates that
phosphorylation of H1 weakens tail-DNA interactions and de-
creases H1-H1 globular domain binding, resulting in a decon-
densed chromatin state (41). Support for the latter model
comes from experiments which have demonstrated that while
unphosphorylated linker histone inhibits the activity of ATP-
dependent chromatin-remodeling enzymes on nucleosomal ar-
rays, in vitro phosphorylation of the histone before incorpora-
tion into the arrays can restore enzyme activity by relaxing the
topological constraints induced by unphosphorylated histone
H1 (26).

Importantly, in vivo evidence to support the latter model
was obtained by analyzing the mobility of green fluorescent
protein (GFP)-tagged histone H1 in living cells by using the
technique of fluorescence recovery after photobleaching
(FRAP) (31, 36). In these FRAP experiments, fluorescently
tagged histones were expressed in cells, followed by photo-
bleaching of specific nuclear regions. The relative level of
recovery of the protein can be measured within the bleached
area. GFP-H1 recovered within several minutes, whereas
GFP-H2B did not show appreciable recovery over the same
time period (31). Deletion of the C-terminal tail increased
the rate of recovery, suggesting that the H1 tail is involved
in stabilizing H1-chromatin association. Furthermore, inhi-
bition of kinase activity decreased the level of recovery of
GFP-H1. Recently, with the use of histone H1 mutants, it
has been shown that phosphorylation of the histone tails and
an as yet undescribed ATP-dependent process both increase
H1-chromatin dissociation (16). However, these studies
were performed using Tetrahymena H1, which lacks the cen-
tral globular domain contained in the mammalian H1. Thus,
histone H1 is in nuclear dynamic equilibrium, and phos-
phorylation of its tails is suggested to alter Hl-chromatin
binding (31, 36). Interestingly, GFP-H1 recovered to a lesser
extent in heterochromatic regions than in euchromatin, sug-
gesting a more statically bound GFP-H1 in heterochromatin
(36).

We set out to determine whether direct phosphorylation of
the H1 tails influences the dynamic mobility of histone H1 in
vivo and to identify the responsible kinase(s) in mammalian
cells. The serine or threonine residues in the five cdc/CDK
phosphorylation consensus sites were mutated into alanines,
followed by the fusion of GFP to the carboxy-terminal end of
either wild-type histone H1b or unphosphorylated mutant hi-
stone, termed M1-5. FRAP experiments were performed to
compare the mobilities of the two chimeric proteins in different
cell lines, which exhibited different CDK2 activities. GFP-
M1-5 recovered to a lesser extent in two immortalized cell lines
studied but not in a third cell line that was shown to have much
lower intrinsic CDK2 activity. Consistent with these results,
cells at G, where CDK2 activity is very low, and cells in which
the CDK?2 inhibitor p21 is overexpressed displayed decreased
GFP-H1b mobility. Lastly, by specifically analyzing hetero-
chromatic regions, we observed that cyan fluorescent protein
(CFP)-tagged M1-5 recovers considerably slower than CFP-
H1b in heterochromatin although their rates of recovery are
the same in euchromatin, suggesting that the statically bound
form of GFP-H1b observed previously in heterochromatin is in
the unphosphorylated state.
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MATERIALS AND METHODS

Plasmids. The H1b phosphorylation mutant M1-5 was created by successive
rounds of in vitro site-directed mutagenesis by using pcDNA3.1/HygroH1b
(FLAG) as the starting template. pcDNA3.1/HygroH1b (FLAG) contains the
coding sequence of the human H1b gene in front of an oligonucleotide coding for
the FLAG epitope. The in vitro site-directed mutagenesis was accomplished
using the Quikchange site-directed mutagenesis kit (Stratagene) with five sets of
primers (25 to 28 bp in length) each centered around one of the phosphorylated
serine or threonine residues within the five potential cyclin/CDK2 phosphoryla-
tion motifs (see Fig. 1). These five mutagenic primer pairs contained alterations
which resulted in a serine- or threonine-to-alanine change at the following sites:
residue 18 (ACT—GCT), residue 146 (ACC—GCC), residue 154
(ACC—GCC), residue 172 (AGC—GCC), and residue 187 (AGC—GCC).

Both the H1b and M1-5 coding regions were excised from pcDNA3.1/Hygro
(FLAG) and cloned into the pEGFP-N1 (Clontech) and pECFP-N1 (Clontech)
vectors. The GFP or CFP coding sequence is located 3’ of the histone coding
sequence. The cytomegalovirus promoter drives expression. For the cell cycle
and p21 infection experiments, the coding sequences for GFP-H1b and GFP-
M1-5 were excised from the pEGFP-N1 vector and cloned into the bicistronic
vector pEFIRES-N (25), kindly provided by Steven Hobbs (Cancer Research
Campaign Center for Cancer Therapeutics, Institute of Cancer Research, Lon-
don, United Kingdom). The pEF-la promoter drives the expression of the
chimeric proteins in the pEFIRES-N vector. This promoter was used because it
functions in serum-starved cells. The construction of the yellow fluorescent
protein (YFP)-tagged lac repressor containing a nuclear localization sequence
has been previously described (37).

In vitro kinase assays. Purified FLAG-tagged Hib [H1b (FLAG)] and FLAG-
tagged M1-5 [M1-5 (FLAG)] proteins used as phosphorylation substrates in the
in vitro kinase assay were prepared as follows. Wild-type H1b (FLAG) and M1-5
(FLAG) coding regions were subcloned from the pcDNA3.1/Hygro vector into
the bacterial expression vector pET-3d (Stratagene). The expression clones,
pET-3dH1b WT (FLAG) and pET-3dH1b M1-5 (FLAG), were used to trans-
form Escherichia coli BL21 (DE3) cells and were induced with 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside). After lysis, the cell lysates were precipi-
tated with 5% perchloric acid to remove bacterial proteins. The bacterially
expressed FLAG-tagged wild-type and M1-5 H1b proteins were then purified
from the resulting supernatant by precipitation with 15% trichloric acid, washed
once with acidified acetone (0.5 ml of concentrated HCI/100 ml) and twice with
acetone, dried in a vacuum desiccator, dissolved in Tris-buffered saline, and
subsequently passed over an anti-FLAG M2 affinity column (Sigma). Protein
concentrations were determined using the Pierce Coomassie Plus kit (Pierce).

The kinase complexes were coimmunoprecipitated from Sf9 cell lysates con-
taining baculovirus-expressed cyclin E/CDK2 and cyclin A/CDK2 (Pharmingen).
Cell lysates (40 ng) were incubated with 4 pg of CDK2 (M2) rabbit polyclonal
antibody (Santa Cruz) and Protein A/G PLUS agarose (Santa Cruz) in a final
volume of 500 wl of ELB (150 mM NaCl, 50 mM HEPES [pH 7.5], 5 mM EDTA,
0.1% NP-40, Complete protease inhibitor [Roche]) for 18 h at 4°C with gentle
agitation. The beads were then washed three times with ELB and once with 1X
kinase buffer (20 mM Tris [pH 7.5], 10 mM MgCl,, 5 mM MgCl,, 2.5 mM MnCl,,
1 mM dithiothreitol buffer) before being resuspended in 1X kinase buffer, 3 pCi
of [y-**P]ATP (Perkin-Elmer), 14 pM ATP, and 2 pg of H1b (FLAG) protein to
a final volume of 15 pl. After incubation at 30°C for 15 min, sodium dodecyl
sulfate (SDS) loading dye was added and the reaction mixtures were heated to
99°C for 5 min before being analyzed by SDS-12% polyacrylamide gel electro-
phoresis. After electrophoresis, the wet gel was exposed to autoradiography. As
a loading control, the above-described assay was done in duplicate and the
resulting SDS-PAGE gel was stained with Coomassie dye for visualization of the
proteins.

Endogenous CDK2-associated kinase activities of asynchronously growing
HeLa, WI-38 VA, and WI-38 cells (Fig. 2C) were determined as described above.
Equal amounts of protein were used for each immunoprecipitation. The kinase
substrate was calf thymus histone H1 (Boehringer Mannheim).

Cell culture, transfection, and adenoviral infection. HeLa, WI-38 VA (13
subline 2RA), and WI-38 cells were purchased from the American Type Culture
Collection. These cell lines were maintained at 37°C and 5% CO, in Dulbecco’s
modification of Eagle’s medium (DMEM,; Cellgro Inc.) supplemented with 10%
fetal bovine serum (FBS). AO3_1 cells were cultured as described previously
(32).

From a confluent T-75 flask, HeLa, WI-38 VA, or WI-38 cells were split 1:20,
1:10, or 1:6, respectively, into 60-mm-diameter dishes containing acid-etched
coverslips. After 18 h, cells were transfected using the FuGENE 6 reagent
(Roche Molecular Biochemicals). For each transfection, the total amount of
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FIG. 1. Cyclin E/CDK2 and cyclin A/CDK2 phosphorylate wild-type but not mutant H1b in vitro. (A) Schematic diagram representing the
tripartite structure of the human linker histone H1b consisting of a globular domain flanked by an N- and a C-terminal tail. Below are the
sequences of the cyclin-dependent kinase phosphorylation consensus motifs from wild-type and mutant H1, with the phosphorylated residues
underlined. The arrows indicate the locations of these five residues within H1b. Each of these serine or threonine residues within wild-type H1b
(FLAG) was mutated into an alanine residue in the H1b phosphorylation mutant M1-5 (FLAG). (B) In the top panel, results of an in vitro kinase
assay demonstrate that the cyclin E/CDK2 and cyclin A/CDK2 complexes phosphorylate the wild-type (WT) H1b (FLAG) protein but not the
phosphorylation mutant M1-5 (FLAG). The bottom panel shows results of a kinase assay performed in parallel. The gel was then stained with
Coomassie, showing that equal amounts of FLAG-tagged H1b protein were loaded.

DNA was kept at 2 ug. The amounts of expression plasmids used were 0.25, 0.5,
and 2.0 ng for HeLa, WI-38 VA, and WI-38 cells, respectively. The ratio of the
amount of DNA (in micrograms) to the volume of FuGENE 6 reagent (in
microliters) was kept at 1:3 for each transfection. Transfection was allowed to
proceed for 48 h. For cell synchronization experiments using WI-38 cells, trans-
fection was allowed to proceed for 24 h, followed by the addition of DMEM with
0.1% FBS for 48 h. To analyze cells at late G, 10% FBS was added back for 12 h.
For adenovirus infection, the 24-h transfection of WI-38 VA cells was followed
by the addition of DMEM with 0.1% FBS for 48 h. Cells were then infected for
36 h with adenovirus expressing either E. coli B-galactosidase (B-Gal) or p21
(kindly provided by M. Rijnkels and J. W. Harper, respectively, Baylor College
of Medicine, Houston, Tex.) at a multiplicity of infection of 100, as previously
described (19). For experiments done with the AO3_1 cell line, cells were
cotransfected with 0.4 pg of YFP-Lac and 0.4 pg of either CFP-HI1b or CFP-
M1-5

FRAP. FRAP experiments were performed on a Zeiss LSM 510 confocal
microscope, as previously described (44). Briefly, cells were transferred to a
live-cell closed chamber (Bioptechs, Inc.) with the appropriate medium recircu-
lated by a peristaltic pump. One prebleach image was acquired, followed by
bleaching at the appropriate wavelength for 50 iterations over the selected
region. Images were taken every 0.5 s after bleaching. Fluorescence intensities
were obtained using the LSM software, and data were analyzed using Microsoft
Excel, as described previously (40). The times required for recovery of 50% of
fluorescence intensity were calculated for each individual cell and averaged.

RESULTS

Cyclin E/CDK2 and cyclin A/CDK2 phosphorylate wild-type
histone H1b but not mutant histone M1-5 in vitro. Previous
studies have suggested that one in vivo kinase for the linker
histone H1 is CDK2 and that phosphorylation of histone H1
may influence its binding affinity for chromatin (see above). To
establish directly the importance of specific Hlb phosphoryla-
tion sites in controlling mobility, we generated a mutant H1b,
M1-5, in which the five potential CDK/cyclin phosphorylation

consensus sites located within the tail domains were mutated
from serine or threonine residues to alanines (Fig. 1A).

To compare the extents of phosphorylation of histone H1b
and M1-5 by CDK2/cyclins, we carried out in vitro kinase
assays using purified FLAG-tagged wild-type H1b or M1-5 as
the phosphorylation substrate and baculovirus-produced cyclin
E/CDK2 and cyclin A/CDK2 as potential kinases. These com-
plexes have been shown to phosphorylate H1 in vitro in a
manner indistinguishable from intracellular generation during
late G; (23). Whereas histone H1b is phosphorylated by both
cyclin E/CDK2 and cyclin A/CDK?2 in vitro, M1-5 is not phos-
phorylated by either kinase complex (Fig. 1B). Similarly, as
determined by Western analysis using an antibody specific for
phosphorylated H1 (Upstate), stably expressed FLAG-tagged
H1 is phosphorylated in vivo whereas FLAG-tagged M1-5 is
not (T. K. Hale and R. E. Herrera, unpublished data).

GFP-M1-5 recovers more slowly and to a lesser extent than
GFP-H1b in HeLa and WI-38 VA cells but not in WI-38 cells.
In order to study the role of phosphorylation on the nuclear
dynamics of histone H1b, we first fused GFP to the carboxy
termini of both Hlb and M1-5. GFP tagging of the linker
histone or mutant histone does not significantly influence the
proper assembly or function of the fusion proteins in chroma-
tin (16, 31, 36). Furthermore, the salt-dissociation rate of the
chimeric proteins is similar to that of endogenous H1 (A.
Contreras and R. E. Herrera, unpublished data). HeLa cells
were transiently transfected with the chimeric proteins, and the
dynamic properties of the two GFP-tagged proteins in the
nuclei of living cells were compared using FRAP. Based upon
visual inspection of fluorescence intensities, the transfected
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FIG. 2. GFP-MI-5 recovers to a lesser extent than GFP-H1b in HeLa and WI-38 VA cells but not in WI-38 cells. (A) Representative
immunofluorescence of HelLa cells transfected with either GFP-H1b (top panel) or GFP-M1-5 (bottom panel) and photobleached for FRAP
analysis as described in Materials and Methods. An image was taken before bleaching (Pre), immediately after bleaching (0 s), and then every 0.5 s
until the level of recovery within the bleached region stabilized. Comparison at 25 and 60 s shows that GFP-H1b recovered more in the bleached
region than did GFP-M1-5. Bar, 3 uM. (B) Quantitative analysis comparing the relative levels of recovery of GFP-H1b and GFP-M1-5 in HelLa,
WI-38 VA, and WI-38 cells. Each data point represents the mean of the levels of recovery, measured at 0.5-s intervals, of at least 10 cells from
one experiment. GFP-M1-5 did not recover to the same level as did GFP-H1b in HeLa and WI-38 VA cells. Experiments were done in triplicate,
and similar results were measured for the different experimental sets. Although not shown, error bars at each time point were calculated as twice
the standard error of the mean and showed no significant overlap for FRAP experiments done in HeLa and WI-38 VA cells. Analysis using the
standard Student ¢ test exhibited high statistical significance (see the text). (C) Histone H1 kinase activity of anti-CDK2 immunoprecipitated from
cell lysates of exponentially growing, asynchronous HeLa, WI-38 VA, and WI-38 cells. The position of **P-labeled histone H1 (P-H1) is indicated.
Sevenfold (7X) more CDK2 kinase activity is present in HeLa cells and fourfold (4X) more CDK2 kinase activity is present in WI-38 VA cells

than in WI-38 cells (1X), as determined by radioactivity quantitation measured as counts per minute (CPM).

cells expressed varying levels of the chimeric proteins. Due to
the alterations of chromatin structure observed with H1 over-
expression (20), only lower-expressing cells were chosen for
analysis. These lower-expressing cells did not exceed a calcu-
lated average fluorescence intensity of 150 arbitrary confocal
units.

After photobleaching of a strip of approximately 1 wm in
width across the nucleus, the extent of recovery of fluorescence
signal was recorded in the bleached region every 0.5 s until the
intensity signal stabilized. These data were used to analyze
protein mobility by calculating the time required for 50% of
the fluorescence signal to recover over the bleached region
(rate of recovery, represented by ¢, ,,). In addition, the extents
of recovery of the GFP-tagged histones were measured by

analyzing the percentage of fluorescence signal that recovered
within the photobleached region. This percentage measures
the fraction of molecules that is mobile (27). Differences be-
tween the extents of recovery among proteins measured in the
same cell type reflect differences in immobile fractions of the
chimeric proteins.

In HeLa cells, GFP-H1b recovered to 47% during the first
5 s after bleaching, in contrast to GFP-M1-5, which recovered
to only 37% over the same time period (Fig. 2A and B). This
difference observed in the extents of recovery at 5 s postbleach-
ing was maintained throughout the course of the experiment.
The level of recovery of the intensity signal for both chimeric
proteins over the bleached region stabilized after approxi-
mately 100 s. After this time period, GFP-H1b recovered to
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TABLE 1. Time required for 50% recovery of fluorescence (¢,,) and percent recovery

Histone and/or relevant experimental

VA

Cell line conditions ty (s) =2 X SEM P value (¢ test) % Recovery = 2 X SEM P value (t test)

HeLa GFP-H1 6.0 = 1.8 0.003 82 3.6 0.001
GFP-M1-5 152 +5.0 72 £42

WI-38 GFP-H1 3714 0.9 89 = 6.0 0.32
GFP-M1-5 3612 93 £4.0
Cells in G, 6.0 = 1.0 <0.001 83 £2.0 0.04
Asynchronous cells 3.1+0.6 89 =42
Cells in G, 6.0 = 1.0 0.04 8320 0.04
Cells in mid to late G, 4408 87 25

WI-38 GFP-H1 41=x1.0 0.004 89 = 4.0 0.01
GFP-M1-5 75 1.6 82 +£28
GFP-H1, p21-expressing cells 16.1 £ 34 0.001 71+34 0.005
GFP-H1, B-Gal-expressing cells 83+14 81 = 4.6
GFP-M1-5, p21-expressing cells 10.1 = 1.8 0.70 78 =32 0.73
GFP-M1-5, B-Gal-expressing cells 109 + 34 79 + 6.4

AO3_1 CFP-M1-5, lac array 255 *7.0 69 £9.1
CFP-M1-5, nucleus 19.7 £ 5.6 0.22¢ 86 +9.8 0.04¢
CFP-H1, lac array 124 £ 3.0 0.004¢ 87 8.2 0.008¢
CFP-H1, nucleus 14.0 = 3.0 0.009° 89 = 6.0 0.005¢

¢ P values are for comparisons with GFP-M1-5 in the lac arrays.

82%, whereas GFP-M1-5 recovered to 72%. This difference is
highly statistically significant as calculated by the standard Stu-
dent ¢ test (P = 0.001). In addition, GFP-H1 recovered twice as
fast as GFP-M1-5, as the t,,, values for the proteins were 6.0
and 15.2 s, respectively (P = 0.003) (Table 1). Though not
included in this analysis, cells with high fluorescence intensities
and normal morphology exhibited the same differences in the
rates and extents of recovery of the wild-type and mutant
proteins (data not shown).

To determine whether the differences observed in HelLa
cells in the rates and extents of recovery of wild-type histone
H1b and the mutant histone are observed in different cell
types, we carried out FRAP experiments with WI-38 human
normal diploid lung fibroblasts and with the counterpart WI-38
VA cell line. WI-38 cells have a finite passage number, whereas
WI-38 VA cells are immortalized due to stable expression of
simian virus 40 large T antigen. Similar to what was observed
in HeLa cells, GFP-M1-5 recovered to a lesser extent than
GFP-H1b in WI-38 VA cells. After 100 s, GFP-M1-5 recov-
ered to 82%, whereas GFP-H1b recovered to 89% (P = 0.01)
(Fig. 2B). The exchange rate for GFP-H1b (¢,, = 4.1 s) in
WI-38 VA cells was also significantly faster than that for GFP-
M1-5 (¢, = 7.5 s) (P = 0.004) (Table 1). Interestingly, no
difference in mobilities of GFP-H1b and GFP-M1-5 in WI-38
cells was observed in the recovery (Fig. 2B; Table 1).

Because CDK2 has been suggested as an in vivo kinase for
histone H1 (3, 5, 23), we compared the CDK2 activity levels of
these three different cell lines. Histone H1 purified from calf
thymus was used as the phosphorylation substrate in measuring
the CDK2-associated kinase activity from lysates of asynchro-
nously growing cells. As shown in Fig. 2C, WI-38 cells have the

lowest level of CDK2 activity. Compared to WI-38 cells, WI-38
VA cells and HeLa cells have four- and sevenfold greater
levels of CDK2 activity, respectively (Fig. 2C). Thus, the levels
of recovery of the fusion proteins directly correlate with CDK2
activity. When CDK2 activity is low, moderate, or high, the
difference in levels of recovery between the two chimeras is
low, moderate, or high, respectively.

GFP-H1b recovers to a lesser extent in WI-38 cells at G,
than in cells at mid to late G,. A correlation between G
progression, CDK2 activity, and H1 phosphorylation in WI-38
cells has been reported previously (23). Briefly, at G,, when
cells have low CDK2 activity, low levels of phosphorylated
histone H1 are observed. However, as cells progress through
mid to late G,, increasing levels of histone H1 phosphorylation
correlate with increasing CDK2 activity. The FRAP experi-
ments depicted in Fig. 2 indicated that a correlation exists
between CDK?2 activity and the levels of recovery of the pro-
teins. We therefore wanted to investigate whether this corre-
lation is also apparent during changes in CDK2 activity during
the cell cycle.

To test whether the difference in CDK2 activity observed
during G, progression correlates with a change in the level of
recovery of GFP-H1b in WI-38 cells, we performed FRAP
experiments with transfected cells that were either serum
starved for 72 h or serum starved before the readdition of
serum for 12 h (at which point the cells are in late G, [23]). For
comparison, FRAP was also performed with an asynchronous
population of transfected WI-38 cells. As shown in Fig. 3 and
presented in Table 1, GFP-H1b recovered to a higher level in
G, and asynchronous cells than in those arrested in G,. After
45 s, when the intensity within the photobleached region of the
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FIG. 3. GFP-HI1b recovers least in WI-38 cells at G,. A quantitative analysis of results from FRAP experiments was carried out to compare
the relative levels of recovery of GFP-H1b in asynchronous cells, cells at late G,, and serum-starved cells (G,). For analysis of WI-38 cells at G,
and late G, cells were transfected with GFP-H1b for 24 h, followed by serum starvation in growth medium with 0.1% FBS. For cells at late G,
growth medium supplemented with 10% FBS was added back for 12 h. The level of recovery of GFP-H1b is lowest in cells at G,. Experiments
were done as described above but in duplicate. Error bars did not significantly overlap between results for asynchronous cells and G, cells or

between results for cells at late G, and those for cells at G,,.

nucleus stabilized, GFP-H1b recovered to 83, 87, and 89% in
cells at G, and mid to late G, and in asynchronous cells,
respectively. P values for G, versus G, or asynchronous cells
are both 0.04. The ¢, , values for GFP-H1 in these cells are 6.0,
4.4, and 3.1 s, respectively. The exchange rate observed in the
G, cells is significantly different from those observed in the
asynchronous cells and in cells in mid to late G, (Table 1).
Thus, the recovery rate of GFP-HI1 is lower in cells that are in
phases of the cell cycle that have low CDK2 activity. The
dynamics of GFP-M1-5 are independent of cell cycle status, as
no change in GFP-M1-5 mobility is observed when cells in G,,
are compared to those in late G; (A. Contreras and R. E.
Herrera, unpublished data).

p21 expression decreases the recovery and exchange rates of
GFP-H1b, but not those of GFP-M1-5, in WI-38 VA cells. The
role of p21 in inhibiting G, progression by blocking the activity
of CDK/cyclins has been well characterized (43). Infection of
cells with an adenovirus expressing p21 has been shown to
block the activity of CDK2 (19). Recent data suggest that p21
expression leads to a decrease in phosphorylation of histone
H1 and CDK?2 kinase activity in serum-starved retinoblastoma
(Rb) null mouse embryo fibroblasts (A. Morrison and R. E.
Herrera, unpublished data). These cells maintain high levels of
CDK2, due to the derepression of the cyclin E gene, even in
G, It has been shown that the only active CDK in these
G,-arrested Rb~/~ cells is CDK2 (24). Therefore, p21 expres-
sion in G, Rb null mouse embryo fibroblasts most likely only
blocks the activity of CDK2.

As shown in Fig. 2 and 3, CDK2 may play a role in influ-
encing the recovery of GFP-H1b in living cells. To test this
observation more directly, we wanted to analyze the effect of
p21 expression on the mobility of GFP-H1b in WI-38 VA cells
at G,. WI-38 VA cells have high CDK2 activity at G, due to
the inactivation of the Rb protein by large T antigen, which

leads to derepression of the cyclin E promoter and cyclin
E/CDK?2 activation. Therefore, when cells are arrested in Gy,
CDK?2 is the only active CDK in these cells. WI-38 VA cells
were transfected with GFP-H1b for 16 h, followed by serum
starvation. After 48 h of serum starvation, cells were infected
for 30 h with either B-Gal-expressing adenovirus (adeno-3-
Gal) or p21-expressing adenovirus (adeno-p21). FRAP exper-
iments were then carried out following adenovirus infection as
described before.

Infection with adeno-p21 (Fig. 4B) decreased the recovery
of GFP-H1b compared with that in cells infected with adeno-
B-Gal (Fig. 4A). Fifteen seconds after bleaching, GFP-H1b
recovered to 58% in cells infected with adeno-B-Gal but only
to 45% in adeno-p21-infected cells (Fig. 4C). After the level of
intensity recovery had stabilized, GFP-H1b recovered to 81%
in adeno-B-Gal-infected cells but, in adeno-p21-infected cells,
the extent of recovery was 71% (P = 0.005). Furthermore, the
exchange rate of GFP-H1b decreased nearly twofold, as the ¢, ,
value for p21-infected cells was 16.2 s, compared to 8.3 s for the
B-Gal-expressing cells (P = 0.001) (Table 1).

To test whether these differences in rates and extents of
recovery are due to a change in the phosphorylation status of
GFP-H1b and to ensure that the recovery difference seen with
the transfection of GFP-H1b is not due to overexpression of
B-Gal, FRAP experiments were carried out in WI-38 VA cells
transfected with GFP-M1-5. As shown in Fig. 4D and Table 1,
the recovery of GFP-M1-5 is not affected in cells overexpress-
ing p21 compared to that in cells infected with adeno-p-Gal.
Taken together, these results demonstrate that the mobility of
GFP-histone H1 that is unable to be phosphorylated is de-
creased compared to that of GFP-histone H1 that can be
phosphorylated and that CDK2 activity directly or indirectly
determines the phosphorylation of histone H1 in vivo.
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FIG. 4. p21 overexpression decreases the recovery of GFP-H1b, but not that of GFP-M1-5, in WI-38 VA cells at G,,. (A and B) Representative
immunofluorescence of WI-38 VA cells transfected with GFP-H1b, serum starved for 48 h, infected with adenovirus expressing either -Gal (A) or
p21 (B), and photobleached for FRAP analysis as described in Materials and Methods. An image was taken before bleaching (Pre), immediately
after bleaching (0 s), and then every 0.5 s until the level of recovery within the bleached region stabilized. Comparison of the immunofluorescent
images 15 s postbleaching shows that the extent of recovery of GFP-H1b is lower in cells infected with adenovirus expressing p21. Bar, 3 uM. (C
and D) Quantitative analyses comparing the relative recoveries of GFP-H1b (C) and GFP-M1-5 (D) in WI-38 VA cells infected with adenovirus
expressing either 3-Gal or p21. Each data point represents the mean of the levels of recovery, measured at 0.5-s intervals, of at least 10 cells from
one experiment. Infection with adeno-p21 decreases the extent of recovery of GFP-H1b (p21 + GFP-H1b) compared to that observed in the case
of infection with adeno-B-Gal (b-gal + GFP-H1b). No change in recovery of GFP-M1-5 is measured in cells infected with either adeno-p21 (p21
+ GFP-M1-5) or adeno-B-Gal (b-gal + GFP-M1-5). Experiments were done as described above. Error bars did not significantly overlap between

the curves of p21 plus GFP-H1b and B-Gal plus GFP-H1b.

The mobility of CFP-M1-5 is reduced compared to that of
CFP-H1b in heterochromatin. Previous studies have compared
wild-type GFP-H1 dynamics in heterochromatic versus euchro-
matic regions, defining these regions according to morpholog-
ical criteria (36). We wanted to analyze the mobility of our
GFP-tagged chimeric proteins more directly in both hetero-
chromatic and more euchromatic regions of the nucleus to test
whether phosphorylation status may influence histone H1 dy-
namics in these regions.

In order to target our FRAP analysis to heterochromatic
regions, we took advantage of a lac repressor-based system that
allowed for the direct visualization of a heterochromatic chro-
mosome arm generated by gene amplification (2, 49). AO3_1
CHO cells, in which lac operator repeats and coamplified
genomic DNA form an ~90-Mbp highly condensed hetero-

chromatic chromosomal array (32), were cotransfected with
YFP-tagged Lac and either CFP-tagged H1b or CFP-M1-5.
YFP-Lac binds to the lac operator repeats within the array,
and thus the heterochromatic region can be visualized as a 0.5-
to 1.0-uM mass (Fig. 5A) by fluorescence microscopy. For
FRAP analysis, photobleaching was performed across a region
of the nucleus that contains the heterochromatic array (Fig.
5A). The extent and rate of recovery of CFP-H1b or CFP-
M1-5 were measured over the heterochromatic array and over
the “nonarray” portion of the nucleus (Fig. 5B, inset).

When the recovery plateau was reached at 110 s after
bleaching, the relative extent of recovery of CFP-H1b over the
heterochromatic array was 87% (Fig. 5B, graph). However, the
extent of recovery of the CFP-M1-5 mutant was only 69% (P
= 0.008). In addition, the recovery rate of CFP-H1 (12.4 =
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FIG. 5. CFP-M1-5 recovers to a lesser extent than CFP-H1b in heterochromatin. (A) Representative immunofluorescence of AO3_1 CHO
cells cotransfected with CFP-H1b (green) and YFP-Lac (red) as determined by FRAP analysis. YFP-Lac is targeted to a heterochromatic array
containing lac repeats. An image was taken before bleaching (Pre), immediately after bleaching (0 s), and then every 0.5 s until the level of recovery
within the bleached region stabilized. Bleached regions contained the entire heterochromatic array, as shown in panel A. (B) Quantitative analysis
comparing the relative recoveries of CFP-H1b and CFP-M1-5 in either heterochromatin (CFP-H1b : Lac and CFP-M1-5 : Lac, respectively) or
the portion of the nucleus not containing the array (CFP-H1b : Nuc and CFP-M1-5 : Nuc) (see inset). Each data point represents the mean of
the levels of recovery, measured at 0.5-s intervals, of at least 10 cells from one experiment. CFP-M1-5 recovered to a lesser extent than CFP-H1b
in the heterochromatic array (Lac) but not in general nuclear regions (Nuc). Experiments were done as described above. Error bars did not
significantly overlap between results for CFP-H1b : Lac and those for CFP-M1-5 : Lac.

3.0 s) was faster than that of CFP-M1-5 (25.5 = 7.0 s) in
heterochromatin (Table 1). Interestingly, over the nonarray
portion of the bleached nucleus, CFP-H1b and CFP-M1-5
recovered to 89 and 85%, respectively, and at the same rate
(Table 1). The CDK2 activity in these CHO cells is sixfold less
than that observed in HeLa cells (A. Contreras and R. E.
Herrera, unpublished data). Thus, the major decrease in rates
and extents of recovery of CFP-M1-5 compared with those of
CFP-H1b is specific for heterochromatic regions.

DISCUSSION

The FRAP technique has become an essential tool for study-
ing protein dynamics in living cells (27, 33). Intensity measure-
ments taken after the photobleaching of a cell expressing a
fluorescently tagged protein can be used to describe and com-
pare the mobilities of different proteins. Using this technique,
others have previously analyzed the nuclear dynamics of linker
histone variants (16, 31, 36). A role for phosphorylation of H1
was proposed, as both treatment of cells with kinase inhibitors

and mutation of the histone tails at phosphorylation consensus
motifs decreased the recovery rate of H1 (16, 31). In the
present study, we show that a GFP-tagged mutant histone H1
that cannot be phosphorylated (Fig. 1) recovers more slowly
and to a lesser extent than the wild-type linker histone GFP-
H1b in vivo (Fig. 2). Furthermore, the recovery of GFP-H1b is
dependent on the activity of the cyclin-dependent kinase,
CDK?2 (Fig. 3 and 4). Lastly, by targeting our analysis to spe-
cific heterochromatic regions, we show that the extent and rate
of recovery of CFP-M1-5 are lower than those of CFP-H1b,
primarily in heterochromatin (Fig. 5).

The recovery rate of GFP-H1b, but not that of GFP-M1-5,
correlates with intracellular CDK2 activity. Similar to what is
observed in Tetrahymena (16), our mutant histone chimera
GFP-M1-5 is less mobile than GFP-H1b in HeLa and WI-38
VA cells. However, no difference in mobilities between the two
fusion proteins is observed in the WI-38 cell line, which has
significantly lower CDK2 activity than the other two cell lines
studied (Fig. 2). These data are consistent with the hypothesis
that unphosphorylated tails stabilize H1-chromatin interac-
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tions. The decrease in the level of recovery observed for GFP-
M1-5 in the bleached area may be due to a population of
GFP-M1-5 that is more immobile than that of GFP-H1b in the
nonbleached areas of the nucleus (1), and/or within the
bleached area, potential binding sites for H1 on chromatin may
be taken up more by GFP-M1-5 than by GFP-H1b (2). As
shown previously, core histone posttranslational modifications
(36) and dynamic competition for chromatin binding between
H1 and other DNA binding proteins (10) may also influence
H1-chromatin interactions. The involvement of CDK2 in af-
fecting recovery correlates with the idea that histone H1 may
be a downstream target of CDK2 activity.

The mobility of GFP-H1b is influenced by CDK2 activity.
Although recent work demonstrated a role for an ATP-depen-
dent process in increasing the mobility of H1 in Tetrahymena,
the data did not address what specific ATP-dependent remod-
eling complex influences H1 mobility (16). Our FRAP data
analyzing the mobility of GFP-M1-5 in the different cell lines
suggest a relationship between GFP-H1b mobility and CDK2
activity. To further test whether CDK2 activity may affect H1
mobility, we set out to analyze GFP-H1 mobility in synchro-
nized cells. The activity of cyclin E/CDK2 is low in G, and early
G, and peaks during the transition from late G, to S phase. As
shown in Fig. 3 and Table 1, the rate of recovery of GFP-H1b
is lower in cells arrested in G, than in those in G,, when CDK2
activity is highest. Thus, at G,, WI-38 cells contain GFP-H1b
that is more immobile. We hypothesize that the decrease in the
rate of recovery at G, is due to a low level of CDK2 activity,
which results in a relatively less phosphorylated GFP-H1b.
This in turn stabilizes the interaction between H1b and chro-
matin. These results do not exclude the involvement of other
G, kinases that may either directly or indirectly influence H1
mobility.

To directly test the effect of CDK2 activity on the mobility of
the linker histone, we specifically blocked the activity of CDK2
by adenovirus expression of the CDK2 inhibitor protein p21 in
serum-starved WI-38 VA cells expressing GFP-H1b or GFP-
M1-5. Whereas the mobility of GFP-M1-5 is not affected by
p21 expression, GFP-H1b mobility is decreased in cells ex-
pressing p21 (Fig. 4). Because GFP-M1-5 cannot be phosphor-
ylated, the decrease in kinase activity due to p21 infection does
not influence the mobility of the mutant chimera. These data
suggest that histone H1b is a direct target for CDK2 in vivo and
that in vivo phosphorylation of the linker histone variant does
affect its nuclear mobility.

CFP-M1-5 recovers most slowly in heterochromatin. In
vitro experiments have shown that one function of histone
H1 is to direct and stabilize higher-order chromatin struc-
tures (1, 9, 28) and that phosphorylation of the tails de-
creases chromatin condensation (29). Furthermore, it has
been shown that the mobilities of linker histones over het-
erochromatin are lower than those over euchromatin, sug-
gesting that heterochromatin contains a more immobile
population of linker histones (36). We wanted to compare
the mobilities of our chimeric proteins over heterochroma-
tin to those over more euchromatic regions to test the effect
of the unphosphorylated tails on the mobility of H1b in
these two nuclear compartments. As shown in Fig. 5, CFP-
M1-5 recovers slower and to a lesser extent than CFP-H1b
over heterochromatin, which is visualized by cotransfection
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with YFP-Lac. A difference is not observed in the recovery
rates of the tagged histones over euchromatin. Thus, the
effect on mobilities of the unphosphorylated tails is largely
specific for heterochromatic regions in these CHO cells and
suggests that there is more immobile CFP-M1-5 than im-
mobile CFP-H1b in this region. The lack of a mobility dif-
ference between the two proteins in the nonarray portion of
the nucleus may be due to decreased CDK2 activity, which
is consistent with the findings in WI-38 cells. Although the
rates of recovery of M1-5 are the same in heterochromatin
(lac array) versus in other areas of the nucleus (Table 1), the
percent recovery of M1-5 is smaller over the array. This
observation indicates that the recovery rate of M1-5 is the
same throughout the nucleus and is independent of chro-
matin structure, yet there exists in heterochromatin a more
immobile fraction of M1-5, which may prevent other M1-5
proteins from binding to the arrays. The observation that no
significant change in percent recovery is seen for wild-type
H1 may be due to the ability of H1, unlike M1-5, to become
phosphorylated, thus facilitating the dynamic exchange of
wild-type H1 in chromatin throughout the nucleus. Further-
more, these observations suggest that the factor(s) control-
ling H1 phosphorylation, namely CDK2, is not sequestered
in any particular region of the nucleus. These data are
consistent with the hypothesis that the linker histone
present in heterochromatin is unphosphorylated. CDK2 ac-
tivity may function in heterochromatic regions to relieve
higher-order structures and may be necessary in euchro-
matic regions to maintain a pool of phosphorylated H1
during times in the cell cycle when a more open chromatin
conformation is favored. Although CDK2 activity influences
the mobility of histone H1 over more euchromatic regions,
the binding of unphosphorylated H1 is likely to be more
stable in condensed regions of chromatin.

Model for the role of H1 phosphorylation during cell cycle
progression and chromatin maintenance. Our data are consis-
tent with a model whereby phosphorylation of the linker his-
tone H1 tails promotes chromatin decondensation (41). In this
model, the positively charged, nonphosphorylated tails shield
the negative charge of the DNA backbone to allow for chro-
matin fiber interactions within condensed structures. Upon
phosphorylation, the negative phosphate groups weaken the
interaction of the tails with DNA to allow for local deconden-
sation of chromatin. Indeed, increased H1 phosphorylation
results in a more relaxed chromatin structure (13, 23, 47) and
increased accessibility to chromatin-modifying enzymes (26)
and facilitates the activity of the transcriptional and replicative
machineries (11, 13, 21). These results, however, differ from
those of studies that suggest that the phosphorylation of the
histone tails increases H1-H1 interactions and directs chromo-
some condensation, thus explaining the observation that peak
levels of H1 phosphorylation are observed during mitosis (6,
7). Interestingly, indirect immunofluorescent analysis with an-
tibodies against phosphorylated histone H1 shows both asso-
ciation (4) and dissociation (34) with mitotic chromosomes.
More importantly, mitotic chromosomes and functional nuclei
assemble properly in the absence of linker histones, indicating
that phosphorylated linker histones may not be essential for
chromatin compaction (15, 38, 51).

Our data support the model that as cells progress through
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the transition from late G, to S phase, histone H1 becomes
phosphorylated by cyclin E/CDK2, resulting in a more open
chromatin conformation. This global, genome-wide relaxation
facilitates the replication of DNA during S phase. Since cyclin
E levels decrease during S phase, the phosphorylation of H1 is
perhaps maintained by the increasing activity of the cyclin
A/CDK2 kinase complex. The H1 phosphorylation observed
during G, or G, may also be necessary to allow for the tran-
scription of particular genes. Thus, the unphosphorylated form
of histone H1 may stabilize the higher-order structure neces-
sary for local facultative chromatin condensation and for gen-
eral heterochromatin maintenance during interphase. Finally,
as high levels of phosphorylation have been observed in cells
transformed with oncogenes (13), an interesting point to con-
sider is the effect of aberrant H1 phosphorylation on genomic
instability.
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