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ABSTRACT: Linker histones stabilize higher order chromatin structures and limit access to proteins involved in
DNA-dependent processes. Core histone acetylation is thought to modulate H1 binding. In the current study,
we employed kinetic modeling of H1 recovery curves obtained during fluorescence recovery after photo-
bleaching (FRAP) experiments to determine the impact of core histone acetylation on the different variants
of H1. Following brief treatments with histone deacetylase inhibitor, most variants showed no change in H1
dynamics. A change in mobility was detected only when longer treatments were used to induce high levels of
histone acetylation. This hyperacetylation imparted marked changes in the dynamics of low-affinity H1
population, while conferring variant-specific changes in the mobility of HI molecules that were strongly
bound. Both the C-terminal domain (CTD) and globular domain were responsible for this differential
response to TSA. Furthermore, we found that neither the CTD nor the globular domain, by themselves,
undergoes a change in kinetics following hyperacetylation. This led us to conclude that hyperacetylation of
core histones affects the cooperative nature of low-affinity HI binding, with some variants undergoing a
predicted decrease of almost 2 orders of magnitude.

Histone H1 or “linker histones” are of paramount importance
in the formation and stabilization of higher order chromatin
structure (/—5). There are at least six variants of histone HI in
mammalian somatic cells (H1.0, H1.1, H1.2, H1.3, H1.4, and
H1.5) (6—8). These differ in their amino acid sequences, mole-
cular weights, turnover rates (9), timing and pattern of expres-
sion (10, 11), and efficiency of condensing DNA (/2—15). The
latter could be attributed to small but significant differences in
the amino acid sequences of the C-terminal domain, which affects
the DNA binding properties of each variant (/6).

Positioned at the entry and exit points of DNA in the
nucleosome, their highly basic C-termini interact with linker
DNA to promote folding of the nucleosomal chain into highly
organized chromatin fibers. Histone H1-containing nucleosomes
constrain two left-handed superhelical turns comprising of 168
bp of DNA (17). A strong association of histone H1 with the
nucleosome is thought to keep the DNA wrapped sufficiently
tight to limit its accessibility to transcription factors and other
nuclear proteins. This limited accessibility has implications for
transcription, replication, recombination, and DNA repair (18).

Transcriptional activation is associated with changes to chro-
matin structure (/9—21). Since histone Hl compacts DNA
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leading to limited nuclear dynamics, histone H1 was attributed
the function of a global repressor of transcription (22—25). This
assertion was countered by studies demonstrating that the influ-
ence of H1 on transcription is contingent upon the gene and may
not always be repressive (24, 26—31).

A more recent study showed that a 2-fold reduction in H1
levels in embryonic stem cells led to an at least 2-fold change in
gene expression in only a few genes, although this impaired
differentiation and resulted in death of mutant embryos in mid-
gestation (32, 33). Selective repression of genes has also been
reported in histone H1 knockout mice (32, 33). Linker histones
have also been implicated in the precise positioning of nucleo-
somes (27), which may explain the selectivity of histone H1 in the
regulation of specific genes.

The posttranslational modifications of histones by lysine
acetylation is thought to reduce the binding of the histone H1
proteins to the nucleosome (34, 35), leading to a more accessible
chromatin structure (36, 37). Genes in a transcription-competent
state are characterized by increased core histone acetylation
(38—41), whereas hypoacetylation is associated with gene silen-
cing. Displacement of histone H1 by core histone acetylation not
only alters chromatin condensation but may also regulate the
activity of transcription factors and enzymes involved in DNA
repair and recombination (20, 42).

A steady state of histone acetylation is maintained by the
antagonistic effects of two enzymes: histone acetyltransferases
(HATs) (42) and histone deacetylases (HDACs) (43). Core
histone acetylation occurs primarily at multiple highly conserved
lysine residues and occurs in a site-specific manner (reviewed in
ref 44). Hyperacetylation of core histones prevents chromatin
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from folding into the 30 nm fiber and reduces the ability of
chromatin to self-assemble into higher order structures (45, 46).
Recent work that substituted glutamine to mimic acetyllysine
residues on core histones suggested that acetylation of H2B and
H4 caused the greatest hindrance to nucleosomal self-associa-
tion (47), switching between a relatively open state of chromatin
and a closed one by reducing nucleosomal interactions and
occluding the interactions between linker DNA and core histone
tails (44). Acetylation of a single residue, lysine 16 of histone H4,
could inhibit condensation of nucleosomal arrays in vitro (48),
although the role that linker histones play in regulating this
switch is not clear (49).

We have previously used FRAP' to establish the importance of
the C-terminal domain of histone H1 in binding to chroma-
tin (50). In addition, we have shown that the individual histone
H1 subtypes vary considerably in their chromatin binding
affinity (16) (reviewed in ref 57). Mathematical modeling of
FRAP recovery curves suggests that there are at least three
different subpopulations of histone H1 in vivo, characterized as
molecules bound with high affinity (which we will now term as
HA sites), low-affinity (LA), and freely diffusing Hl mole-
cules (52). In our current study, we have analyzed the influence
of inhibition of HDACs by TSA on the mobility of N-terminal
GFP-tagged constructs of all major somatic variants of HI
(H1.0—H1.5) as measured by FRAP. Contrary to previously
published studies (53), we find that treatment with TSA for short
durations (1—2 h) does not lead to significant change in Hl
dynamics. The hyperacetylation of the core histones induced by
lengthy (18 h) treatment with TSA induces a marked change in
the binding of LA H1 molecules. Individual binding domains of
H1 (CTD and globular domain), however, do not change their
kinetics upon hyperacetylation. This leads us to conclude that
hyperacetylation acts by decreasing the cooperativity with which
H1 binds chromatin, thereby pushing the vast population of H1
molecules into a state that maintains a much less stable associa-
tion with chromatin.

EXPERIMENTAL PROCEDURES

Cell Culture. Mouse embryonic fibroblasts (10T1/2 cells) and
Ciras-3 cells (H-ras transformed 10T1/2 cells) were maintained in
alpha-modified minimum essential media, supplemented with
10% fetal bovine serum and 1% L-glutamine. Cells were treated
with trichostatin A (purchased from Sigma and dissolved in
DMSO) at a concentration of 100 ng/mL for either 1 or 18 h.

Nuclei Isolation and Electrophoretic Separation of His-
tones. Nuclei were isolated as described in ref 54, with some
modifications. Briefly, 70—80% confluent cells were washed with
ice-cold phosphate-buffered saline (PBS). Nuclei were isolated
using ice-cold nuclear isolation buffer (250 mM sucrose, 150 mM
NaCl, 20 mM Tris, pH 8, 2 mM MgCl,, | mM CaCl,, and 0.1%
NP-40) supplemented with PhosSTOP (from Roche), a phos-
phatase inhibitor cocktail, pepstatin (Roche), DTT, and Com-
plete protease inhibitor cocktail (Roche). Histones were extracted
with 0.4 N sulfuric acid and precipitated with ice-cold acetone
followed by centrifugation at 10000g for 10 min at 4 °C. They
were then washed three times with acetone and stored at —20 °C
until further analysis. Twenty micrograms of total histones was
redissolved in acid—urea sample buffer and electrophoresed in

! Abbreviations: FRAP, fluorescence recovery after photobleaching;
TSA, trichostatin A; GFP, green fluorescent protein; CTD, C-terminal
domain; HA, high affinity; LA, low affinity.
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acetic acid—urea—Triton X-100 (AUT) gels as described (55, 56).
Gels were then stained with Coomassie Brilliant blue.

For SDS gels, protein extracts were dissolved in SDS loading
buffer (Tris—glycine—SDS), separated on a 18% acrylamide gel,
and then transferred onto nitrocellulose membranes. Phosphory-
lated and total proteins were stained with Pro-Q Diamond Blot
stains and SYPRO Ruby Protein Blot stain (Molecular Probes),
respectively.

Antibodies against acetyllysine were purchased from Cell-
Signaling Technology, mouse mAB 968]1.

Fluorescence Recovery after Photobleaching. Mouse em-
bryonic fibroblasts were cultured on number 1.5 glass coverslips
in tissue culture media. They were then transfected with indivi-
dual HI variant constructs using Effectene (Qiagen) transfection
reagent. Approximately 24 h after transfection, the binding
affinity of histone H1 molecules was analyzed by FRAP. For
global H1 analysis, a rectangular region (1.5 um in length) was
photobleached, encompassing both euchromatin and hetero-
chromatin regions of the nucleus, and recovery was monitored
at regular time intervals (57). Only the cells that expressed GFP-
HI at low concentrations were analyzed to avoid complications
with HI overexpression. For heterochromatin vs euchromatin
H1 analysis, cells were pretreated with Hoechst 33342 (200 ng/mL)
for 0.5 h and then replaced with fresh growth media. Hoechst
itself did not have a statistically significant effect on H1 bind-
ing (Supporting Information Figure 1). Regions that stained
intensely were the heterochromatin regions, while the remaining
was classified as euchromatin. Two 1 um diameter spots were
simultaneously photobleached in heterochromatin and euchro-
matin regions, respectively. Images were corrected for cell move-
ment and rotation using ImageJ software complemented with a
specific algorithm plug-in (StackReg (58)). Intensity measure-
ments were done with Metamorph software. Statistical tests for
ts0/t9p and plotting of the FRAP curves were performed using
GraphPad Prism version 5.00 for Windows, GraphPad Software,
San Diego, CA.

Kinetic Modeling of HI Dynamics in Vivo. A mathema-
tical model was developed based on our previous studies (52, 57),
and the solution of the reaction-diffusion equation was fitted to
those obtained from experimental FRAP data, allowing the
estimation of multiple kinetic properties from a typical FRAP
curve. The equations assume that histone HI moves randomly
throughout the nucleus and undergoes a reversible binding—
unbinding interaction with chromatin. This analysis allowed an
estimation of effective diffusion, binding and unbinding rates,
and binding affinity. We also measured the proportion of the HA
population and found an effective diffusion coefficient that
accounts for a LA subpopulation and the freely diffusing sub-
population. These measurements were carried out for all cells
subject to FRAP experiments. We then submitted the data to a
two-sample Kolmogorov—Smirnov test (KS test) to determine if
the set of estimated effective diffusion coefficients and binding
affinities from the control groups differed significantly from
those of the treatment groups. The reason for using nonpara-
metric statistics for data analysis is the nonnormal distribution
exhibited by the parameter distributions. Detailed mathematical
equations, etc., can be found elsewhere (52, 59).

RESULTS

Comparison of Binding Affinities among Different HI
Variants. Mathematical modeling revealed that histone H1 was
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F1GURE 1: Comparison of 75y (a) and f9y (b) values of the six H1
variants before and after treatment with HDAC inhibitor, TSA.
Based on the relatively high 75y and 9o values, we can group HI1.0,
H1.4, and H1.5 as a high-affinity H1 group, whereas H1.1 and H1.3
constitute a mid/medium-affinity group. H1.2 constitutes the low-
affinity H1 group. Note thatin H1.0, H1.4, and H1.5 there is a slight
drop in 59 and 9 values after 1 h treatment although it was found to
be insignificant. Major changes in these values were found only after
18 h of treatment with TSA. Each bar represents an average (=SEM)
from 15 different FRAP experiments. Significance between control vs
TSA (1 or 18 h) was analyzed using unpaired 7 test (95% confidence
interval). [Notation for significance: (***) if p value is <0.001, (**)
if p is between 0.001 and 0.01, and (¥) if p is between 0.01 and 0.05.]

not a single kinetic population. Rather, we obtained evidence for
a HA (high-affinity) binding population and a second, larger
population, with an effective diffusion coefficient that was several
orders of magnitude too slow to be a diffusing molecule (52, 57).
Because most histone H1 is clearly, by direct visualization,
associated with chromatin, we can conclude that this effective dif-
fusion coefficient actually reflects a separate bound population,
which we will refer to as LA (low affinity). For simplification, the
time required for 50% recovery (sg) is used as a surrogate marker
for this population, which is the predominant form of histone H1
for every variant examined. We use a second measure, the time to
90% recovery, as a surrogate measure for changes in the smaller
HA population. Note that the use of these surrogate markers is
based on clear evidence obtained from mathematical modeling
revealing that there are two distinct kinetic populations of the
protein.

In order to characterize the changes in Hl dynamics in
response to core histone acetylation, we studied the kinetics of
HI1 in cells with a basal level of core histone acetylation (control
cells) compared with those containing hyperacetylated core
histones. Previously, using SK-N-SH neuroblastoma cells, we
showed that H1.1 and H1.2 had the weakest binding to chroma-
tin whereas H1.4 and H1.5 bound strongly (/6). Here, using
10T1/2 mouse embryonic fibroblast cells, we confirm a similar
distribution (control cells in Figure 1). Based on the recovery
profile of HI variants in these cells, H1.2 had high rates of
recovery and low 5y (21 & 4 s) and f9 values (170 £ 40 s). H1.0,
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H1.4, and H1.5 behaved similarly and exhibited slow recovery
kinetics, with a 5o of 62 & 18, 76 £+ 24, and 74 £ 18 s and f9 of
637 £ 156, 667 £+ 168, and 638 & 165 s, respectively. H1.1 and
H1.3 had properties that reside between these two extremes. The
t5o values in H1.1 and H1.3 were 40 & 9 and 36 & 11 s, respec-
tively, while the #9 values were 382 + 117sin H1.1t0292 4+ 105s
in H1.3.

Changes in Histone Phosphorylation and Acetylation
Post-TSA Treatment. To gain insight into the molecular
dynamics of histone HI in response to TSA treatment, we
examined the acetylation and phosphorylation status of the core
histones and H1 following such treatment. Mouse embryonic
fibroblasts were treated with 100 ng/mL TSA for 0.5, 1, or 18 h.
Cells were then harvested, and the isolated histones were
analyzed using acetic acid—urea—Triton X-100 (AUT) gel elec-
trophoresis (Supporting Information Figure 1a,b). Some increase
in histone acetylation was detectable within the first 30 min of
TSA treatment, as indicated by the relative increase of mono-
acetylated H4 and the corresponding decrease in unacetylated H4.
After 1 h treatment with TSA, there is an increase in mono-, di-,
and a small amount triacetylated H4 species. After 18 h of TSA
treatment, mono-, di-, tri-, and tetraacetylated H4 species
were abundant. Treatment of TSA for 48 h did not lead to a
further appreciable increase in H4 acetylation (data not shown).
Immunoblotting analysis using an antibody directed against
acetyllysine was carried out to further characterize the changes
in acetylation in core histones (Supporting Information Figure
lc,d). TSA treatment for 0.5 h increased overall acetylation levels
in core histones by 1.4-fold, and a further increase to 2-fold (over
control cells) was observed following 1 h treatment with TSA.
After 18 h, there was a 7-fold increase in core histone acetylation
over the untreated control cells. The antibody was unable to
detect acetyllysine residues on histone H1 in either control or
hyperacetylated cells (figure not shown).

TSA exerts cellular effects other than inhibition of HDAC,
including an inhibition of proliferation through the induction of
p21 WAF1/Cipl (60), which inhibits the histone H1 kinase cdk2.
This additional activity complicates the study on the impact on
histone H1 binding, since phosphorylation of H1 has been shown
to destabilize H1 binding and its inhibition would be expected to
increase the binding affinity of histone H1. These secondary
effects, which are characterized by induction of genes susceptible
to changes in histone acetylation status, would be observed only
after prolonged treatment with TSA (greater than 6 h). Con-
sistent with that expectation, changes to the phosphorylation of
H1 or that of core histone phosphorylation status were not
observed with brief treatments with TSA. With prolonged
treatment of 18 h, we found the levels of core histone phospho-
rylation to be similar to those observed in control cells. The level
of H1 phosphorylation, however, was lower after 18 h of TSA
treatment as compared to control cells (Supporting Information
Figure 2a,b). Notably, the expression of H1.0 is also upregulated
in these cells. Phosphorylated histones from the ras-transformed
Ciras-3 mouse cells were included as a positive control, where
phosphorylation is observed on histone H1, H2A, and H3 (data
not shown).

Analysis of Histone H1 Dynamics Post Induction of Core
Histone Acetylation (TSA, 1 h). Based on the above results,
the most significant change in chromatin that we observe upon
TSA treatment (1 h) is an upregulation of global histone acetyl-
ation levels. We proceeded to test the impact of TSA treatment on
histone H1 binding using FRAP. MEFs were incubated with
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FIGURE 2: FRAP recovery profiles postinduction of core histone acetylation (TSA treatment for 1 h). Each FRAP recovery curve shown here is
an average from 15 different FRAP experiments, repeated at least three times. The plots show the relative intensity versus time (in seconds) for
each of the six H1 subtypes. The inset replots the recovery profiles as the relative intensity versus the log of time. This better illustrates the recovery
at earlier time points (1—100 s). Note that in most variants there is no change in recovery profiles following 1 h TSA treatment.

TSA for 1 h and were then subjected to FRAP experiments. The
results show that a brief treatment with histone deacetylase
inhibitors does not lead to any significant increase or decrease
in histone H1 binding. All variants fail to show a change that
reaches statistical significance (Figures 1 and 2).

While #5y and 9 can provide some information on the changes
in LA and HA binding sites, they are not as informative as
extracted kinetic information obtained from mathematical model-
ing. Using the latter approach, we are able to obtain informa-
tion on changes in pool sizes, the amount of time H1 molecules
spend bound to the chromatin (residence time (res T)), and the
amount of time spent in the weakly bound and freely diffusing
states before engaging in a high-affinity binding event (transition
time (T trans)). Changes in the effective diffusion coefficient
provide a measure of binding to LA sites (52, 67). Specifically,
increased effective diffusion rates require that the binding to LA
sites be reduced in duration and/or that there be fewer LA sites
available for binding, resulting in an increased freely diffusing
pool.

Consistent with the trend seen in #5y and fq, values, no change
in any kinetic parameter proved to be statistically significant
following treatment with TSA for 1 h (Table 1).

Histone H1 Dynamics with Hyperacetylated Core His-
tones. To investigate the effects of core histone hyperacetylation
on HI mobility, we performed FRAP analysis after treating cells
with TSA for 18 h (overnight incubation) (Figure 3).

HI1.1 and H1.2 revealed a statistically significant drop in fs,
and 9 values (p <0.001) (Figure 1). This suggests that both the
loosely bound subpopulation, which predominates in the ts
measurement, and the strongly bound subpopulation, reflected in
the t9o measurement, were altered by core histone hyperacetyla-
tion. Both subtypes share a similar FRAP recovery profile: the
two curves (control and TSA, 18 h) converged at later time
points. Histone H1.3 showed modest changes in mobility follow-
ing core histone hyperacetylation. The #5y and f, revealed a
statistically significant decrease, although the drop in gy was
not as dramatic as seen in other variants. The strongly binding
HI variants, H1.0, H1.4, and H1.5, were also affected by the
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Table 1: Detailed Kinetic Modeling Data“

control TSA, 1h TSA, 18 h
HI variant Doy (U2/s) B (%) resT(s) Ttrans(s) Degr(u’/s) B(%) resT(s) Ttrans(s) Der(u’/s) B(%) resT(s) T trans (s)
H1.0 median 0.008 20 624 2498.5 0.009 20 606 2043 0.013 16 346 2189
p-value 0.65 0.86 0.59 0.54 0.004 0.54 0.01 0.34
HI.1 median 0.01 19 349 1406.5 0.009 18 439 2376 0.02 18 149 659.8
p-value 0.35 0.10 0.35 0.35 0.001 0.51 0.01 0.05
H1.2 median 0.016 18 157 787.35 0.017 16 179 1070 0.024 13 141 980.8
p-value 0.46 0.84 0.46 0.12 0.001 0.03 0.19 0.19
H1.3 median 0.01 18 330 1422.5 0.011 16 312 1559 0.017 18 219 956.3
p-value 0.28 0.23 0.72 0.95 0.001 0.62 0.03 0.10
H1.4 median 0.005 19 716 2967.3 0.006 19 661 3278 0.009 19 392 1875
p-value 0.14 0.71 0.93 0.94 0.001 0.48 0.04 0.24
H1.5 median 0.005 17 667 3170.7 0.006 21 518 1549 0.008 22 502 1919
p-value 0.18 0.16 0.13 0.12 0.01 0.27 0.10 0.04

“Kinetic parameters were obtained after modeling each FRAP curve based on the model described in Carrero et al. The effective diffusion coefficient is
associated with the freely diffusing and low-affinity population, while residence time is an indicator of the affinity of the strongly bound population. The level of
significance was determined by a two-sample Kolmogorov—Smirnov test.
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18 h TSA treatment. There was a statistically significant (p <
0.001) drop in the t5, values in all three variants, suggesting
that the loosely bound subpopulation increases its mobility upon
TSA treatment. H1.0, H1.4, and H1.5 show a concomitant
statistically significant drop in toy values as well (p < 0.001 in
H1.0 and H1.4 and p=0.003 in H1.5). Interestingly, there is less
apparent convergence in the recovery curves from control and
TSA-treated cells for these more tightly binding histone HI
subtypes.

We then proceeded to mathematically model the FRAP curves
enabling us to better understand the changes in kinetic behavior
of H1 molecules postinduction of core histone hyperacetylation.
The hyperacetylation observed after an 18 h treatment with TSA
led to significant changes in the kinetic parameters, although
the changes were not uniform among all variants (detailed
information can be found in Table 1). The results of kinetic
modeling show that there are significant increases in the effective

diffusion coefficient in all variants analyzed (a p-value of less than
0.001 in H1.1, H1.2, H1.3, and H1.4, 0.004 in H1.0, and 0.01
in HL.5).

The changes to the HA population were variant dependent.
With the exception of histone H1.2, there was no statistically
significant change in the proportion of H1 at HA sites after 18 h
of TSA treatment (p = 0.03). Although the proportion did not
change in most variants, the residence time dropped significantly
in H1.0, H1.1, H1.3, and H1.4 (1.5—2-fold decrease compared to
control cells). A decrease in residence time indicates a decrease in
affinity to the HA sites and is inversely proportional to the
dissociation rate of HA molecules to the freely diffusing/LA
states.

Another similar time-dependent parameter obtained is the
time H1 molecules spend cycling back and forth between the
freely diffusing population and LA state before converting to a
HA stably bound H1 population. This is known as the transition
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time, and the higher the transition time, the lower the association
rate of HA H1 molecules. The only H1 variants in which a change
in this parameter was observed were H1.1 and H1.5 (p=0.049 in
H1.1 and p=0.044 in H1.5).

Heterochromatin vs Euchromatin. Several studies have
shown that specific H1 variants have preferential localization
within the nucleus, some showing greater enrichment in euchro-
matin, while others in heterochromatin (16, 62). Using GFP-
tagged HI variants and Hoechst staining, we had previously
shown that in MEF’s H1.0, HI1.1, H1.2, and H1.3 had a
preferential enrichment in euchromatin, while H1.4 and H1.5
showed greater enrichment in heterochromatin (16). A similar
pattern was found in human fetal fibroblasts using immunopre-
cipitation experiments (63).

To quantify the changes in recovery patterns in these sub-
domains upon treatment with TSA, we photobleached a spot of
1 um in diameter, specifically targeted to regions that were
densely stained with Hoechst (heterochromatin) and those that
were not (euchromatin). The mouse embryonic fibroblasts show
visually distinct heterochromatin and euchromatin regions (16).
Hoechst did not affect the binding of HI at the concentrations
used in this study (Supporting Information Figure 3).

(a) Control Cells. Statistically significant differences in 75y
were found between heterochromatin- and euchromatin-enriched
pools for each variant, with the euchromatin-enriched HI1
molecules recovering much faster (lower #5y) than those enriched
in heterochromatin (Figure 4a). Similar changes were observed in
too values, although the change in mobility between heterochro-
matin and euchromatin is most distinct in H1.3, H1.4, and H1.5
(Figure 4b). The significant changes seen in the 5 value for all
variants suggest that the major contributor to the kinetic

disparities between heterochromatin- and euchromatin-enriched
H1 molecules stems from the low-affinity subpopulation of linker
histones. Only histones H1.3, H1.4, and H1.5 showed a statisti-
cally significant difference in the #oy value, suggesting a physical
difference in the HA sites for these histones in euchromatin versus
heterochromatin.

(b) Induction of Hyperacetylation. To analyze the effect
of core histone acetylation and hyperacetylation on the binding
of H1 population between the euchromatin and heterochroma-
tin, we treated MEF cells with TSA for 1 and 18 h, respectively,
and then specifically measured the recovery rates in the euchro-
matin and heterochromatin regions. Similar to the results in
Figure 1, the 1 h TSA treatment did not cause any statistic-
ally significant changes in f5y or oy values for all variants
(Figure 4c—f; FRAP curves are shown in Supporting Informa-
tion Figures 4—7). However, the values were reduced in a manner
that is consistent with the trend previously observed after 18 h of
treatment.

Following treatment with TSA for 18 h, statistically significant
decreases in 5 in the euchromatin pool were observed for all of
the H1 variants (Figure 4c,d). When the time was represented in
the log scale, significant changes seen in the low-affinity H1
population were obvious (Supporting Information Figure 4). In
heterochromatin-enriched pools of H1, however, there were also
differences in the FRAP recovery profiles. A statistically sig-
nificant drop in t5, was observed for all of the variants, except for
H1.2 (Figure 4e.f). The decline, however, was not as prominent as
that seen in euchromatin. The 9o measurements showed that not
all variants responded to the 18 h TSA treatment according to
their affinities. The f9q values of the low-affinity H1.2 and high-
affinity H1.4 were not affected by the TSA. The absence of an
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FiGure 6: Behavior of individual domains of HI to hyperacetylation. (a) Key residues within the globular domain (site I, site II, or both) were
mutated, and their recovery was monitored with FRAP. Thisis a comparison in untreated cells (basal levels of acetylation). (b—d) FRAP recovery
curves of the mutants following an induction of hyperacetylation. Note that mutation of just one residue in the globular domain can entirely
abrogate the kinetic response to hyperacetylation. (e, f) Both the globular domain and the CTD (of H1.1) by themselves fail to show a change in

recovery following hyperacetylation.

effect in the H1.2 was also seen in the #5, measurements, but the
heterochromatin-enriched H1.4 showed an initial decline in 5,
values. Similar to H1.0, the other heterochromatin-enriched
variant, H1.5, showed a steep decline in t9y value. H1.0, HI.1,
and H1.5 display a trend that is very similar to the population
enriched in euchromatin.

H1 Hybrids and Their Response to Hyperacetylation.
Both the globular domain and the CTD have been shown to have
an impact on H1 binding, with the CTD being the primary
determinant for HA binding (50, 64). In order to understand
which domain of HI1 played a role in influencing the behavior of
H1 variants toward core histone hyperacetylation, we con-
structed H1 hybrids, which have the CTD and globular domain
swapped between different variants (/6). For example, HI.1—1.4
has the globular domain of H1.1 and the CTD of H1.4. Should
the CTD be the primary determinant that influences the changes
seen upon core histone hyperacetylation, then all hybrids that
harbor the same CTD should give a similar kinetic response.
Since the globular domain is identical in H1.1—H1.5, the only
other difference between the variants is restricted to the short

amino-terminal domain (NTD). Differences between the behavior
of the CTD in the native histone versus the hybrid, then, would
imply a role for the NTD in the acetylation response.

In all of the HI hybrids analyzed (H1.1-1.4, H1.4—1.1,
HI1.5—1.1, H1.1-1.5), we observed a decrease in fs, and fo
values, consistent with those observed for their “parent” mole-
cules (Figure 5). There was a consistent decrease in effective
diffusion coefficient upon core histone hyperacetylation in all of
the hybrids. Hybrids H1.4—1.1 and H1.5—1.1, which share the
same CTD of H1.1, also share a similar kinetic response seen in
native H1.1, with a decrease in residence time and a stable
proportion of strongly bound molecules being maintained. The
change in the HA kinetic parameters, however, cannot be entirely
explained by the sequence of the CTD. Hybrid H1.1—1.4, which
shares the CTD of H1.4, did maintain a stable pool of strongly
bound molecules. However, the rapid fall of residence time seen
in native H1.4 upon core histone hyperacetylation is not seen in
hybrid HI1.1-1.4. HI variant H1.5, which saw no change in
residence time following core histone hyperacetylation, now sees
a significant decline when coupled with the globular domain of H1.1.
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This suggests that the NTD can make a subtle contribution to the
influence of acetylation on histone HI binding.

Hyperacetylation Changes the Cooperativity of HI
Binding to Chromatin. Recent evidence suggests that the
contributions of the CTD and globular domains to histone H1
binding are more than just additive. The globular domain, which
contains two defined DNA binding sites, only binds with one
site in the absence of the CTD. In the presence of the CTD,
both sites are engaged. The result is that the globular domain and
the CTD bind to chromatin cooperatively (65). We therefore
wished to test whether or not cooperativity was altered in
the presence of histone acetylation. For the following coopera-
tivity experiments, H1.1 was selected as a prototype for other
HI1 variants, given its midrange affinity to chromatin and similar
amino acid length to H1.2 (213 AA compared to 215 AAin H1.1)
and H1.4 (219 AA). Before we measured the change in coopera-
tivity in the entire H1.1 molecule, we measured the binding
affinities of the individual subdomains in the presence of
hyperacetylation. We found that the globular domain and the
CTD (of H1.1) by themselves failed to show a change in recovery
following treatment with TSA (18 h) (Figure 6e.f). This is in
contrast to the increase in effective diffusion and reduction of
residence time seen when the domains are coupled (asin WT H1).
We then compared the kinetics of the HI molecule with key
mutations in the individual sites of the globular domain. The
globular domain consists of two sites, site I and site II, which are
critical in binding to DNA (64). Site I is thought to bind DNA
near the nucleosomal dyad, while site IT is thought to interact
with linker DNA. As has already been shown in msH1° (R42A
site ITand K73A site I), mutation of critical residues in these sites
in HI.1 (R57A site II and K88A site I) also leads to significant
change in recovery (Figure 6a). Note that these mutants still have
anintact CTD. Interestingly, mutations at either site in the globular
domain are enough to abrogate the response to core histone
hyperacetylation (Figure 6b—d), with no effect on the effective
diffusion coefficient being observed. The removal of the CTD
(R5S7TAACTD, R57TAKS8S8AACTD) did not alter the effective
diffusion coefficient in the presence of hyperacetylation (data
not shown).

These results suggest that the only way histone hyperacetyla-
tion may be able to impact H1 dynamics is by decreasing the
cooperativity in binding to chromatin. Cooperativity in binding
is present when the binding of one domain influences (in a
positive or a negative manner) the binding of the other domain. A
mathematical model for assessing cooperativity was recently
described in ref 65. The degree of cooperativity (y) is proportional
to the difference in the ratio of the bound and freely diffusing
subpopulation in the complete protein (WT protein) and the sum
of the ratios of the individual binding domains (65).

Since the individual domains (CTD, globular domain, sites I
and II) do not change their kinetics upon hyperacetylation, the
change in cooperativity (Ay) is just proportional to the change in
the ratio of bound to free WT H1 molecules upon hyperacetyla-
tion. A mathematical formula for measuring the change in
cooperativity is given in the Supporting Information. If there is
no change in cooperativity (Ay = 0), then there is no change in
how the two domains bind following the modification (i.e.,
hyperacetylation). On the other hand, if there were a negative
change (Ay < 0), then the binding of one domain would not
support the binding of the other domain in the presence of the
modification (i.e., hyperacetylation). Based on our calculations
on the change in cooperativity, all H1 variants and hybrids
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undergo a negative change in cooperative binding upon hyper-
acetylation (Figure 7).

As per the existing model of H1 binding to chromatin, the
CTD establishes initial contact, followed by the cooperative
binding of either site I or site II to DNA (64, 65). Analyzing
the change in recovery of the K88A mutant allowed us to assess
the change in cooperation between the CTD and site IT upon H1
binding, while the R57A mutant allowed us to assess the change
in cooperation between the CTD and site I upon H1 binding.
Since these two mutants suffer negligible changes to Dy upon
hyperacetylation, a change in cooperativity Ay ~ 0 is seen
(a value of —1 £ 4 for R57A and —4 + 3 for K88A). This
implies that the binding of the CTD—site I or CTD—site II is
unaffected by hyperacetylation (Figure 8). However, when all of
the three domains of H1 are present (site I, site II, and the CTD),
there is a big change in the cooperativity of binding in the
presence of hyperacetylation (Figure 7). This change therefore
occurs during the transition of CTD—site I binding or CTD—site
11 binding to CTD—site [—site I binding, which eventually paves
the way for high-affinity binding. HI1.1 undergoes a change of
cooperativity by a factor of —60 following hyperacetylation.
Note that this decrease is relative to control cells, since the
absolute change in cooperativity would depend upon the ratio of
bound and free fractions of the individual binding domains of the
molecule.

Extrapolating these calculations to other variants and hybrids
of HI, we see that all of the variants and HI hybrids show
decreased cooperativity, with H1.4 having an almost 100-fold
decrease in cooperativity when compared to control cells. This
extrapolation is a predicted loss of cooperativity, since we did not
directly measure the individual binding domains for other histone
Hls. The validity of the extrapolation rests on the assumption
that the individual binding domains of the variants, like H1.1, do
not undergo a change in cooperativity and that the change is
observed only in the intact molecule.

DISCUSSION

Core histone acetylation has been shown to modify the
structure of the chromatin fiber (66—69). Biochemical evidence
suggests that hyperacetylation causes a moderate loosening of
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chromatin (45, 70). The loosening of chromatin is consistent with
weaker DNA—histone interactions seen in the thermal denatura-
tion profile and increased DNase I susceptibility of nucleosome
particles following hyperacetylation (7/). From these studies, it
can be inferred that core histone acetylation should impact all
histone H1 variants equally through the potential disruption of
the histone HI binding site on the surface of the nucleosome.
Instead, on the basis of our results, we find significant differences
in the relative change in cooperativity and the variant-specific
changes in HA population. This suggests that either (a) disrup-
tion of the HI binding site by acetylation is not the sole
mechanism explaining the influence of acetylation on H1 binding
or (b) different H1 subtypes have different requirements for bind-
ing to the surface of the nucleosome.

There have been previous attempts to address the influence of
histone acetylation on the binding of H1 histones in living
cells (53, 72). Following a 2 h incubation with TSA, mouse
H1.2 (Hlc) and H1.0 (H1°) were found to have a significantly
shorter residency time in both euchromatin and heterochromatin
regions. We chose to examine cells after 1 h treatment with TSA
and after 18 h treatment with TSA. This was chosen to prefer-
entially reflect the separate kinetic pools of acetylated histones
(reviewed in ref 73). Brief periods of incubation with deacetylase
inhibitors impact primarily euchromatic pools of histones while
much longer incubations are required to impact heterochromatin
regions. Surprisingly, the 1 h treatment with TSA had no
significant impact on the recovery of histone H1 in euchromatin.
This may be a reflection of the relatively low abundance of
hyperacetylated chromatin in euchromatin. A 1 ym circle neces-
sary for conducting the FRAP experiment may limit the sensi-
tivity to detect these smaller pools of chromatin. The failure to
alter the recovery in heterochromatin following a | h treatment
with TSA was expected based on the slow kinetics of acetylation,
even in the presence of TSA.

Induction of core histone hyperacetylation by longer treat-
ments evoked marked changes in mobility of all H1 variants
analyzed, with a consistent change in the effective diffusion
coefficient being observed for all H1 variants tested. The effective
diffusion coefficient reflects the combined contributions of both a
small freely diffusing pool and a much larger weakly bound (LA)
population that constitutes the bulk of the histone H1 nuclear
pool for all variants. The increased effective diffusion coefficient
can arise through two (or more) mutually inclusive mechanisms.
The number of H1 binding sites may be reduced by disruption of
chromatin structure and, in particular, the trajectory of the DNA
at the entry and exit points of the nucleosome. This would result
in an increase in the freely diffusing pool of H1. The other way
effective diffusion coefficient can increase is if H1 is engaged in
LA interactions and is unable to progress to HA interactions with

chromatin. This implies that H1 cycles rapidly back and forth
between freely diffusing and LA interactions upon hyperacetyla-
tion. This is almost certainly the case in this instance because the
population of freely diffusing histone HI is so small that these
measurements are not sensitive enough to detect even a several-
fold change in freely diffusing HI.

The changes imparted to the HA HI population are more
varied. Unexpectedly, the distribution of histone H1 between HA
and LA sites is largely unchanged. The exception is histone H1.2,
where the proportion of molecules bound to HA sites decreases
by approximately 30%. Interestingly, H1.2 is also unique in that
the transition time and the residence time in the HA sites are
unchanged. Thus, for histone H1.2, the recycling at LA sites is
increased but the duration of time it takes for an individual
histone H1.2 molecule to convert to a HA site remains the same.
Histone H1.2, commonly the most abundant histone HI in the
cell, may see a reduction in available binding sites as a result of
changes in chromatin and nucleosome structure upon histone
hyperacetylation.

The transition time reflects the duration that an individual
histone H1 molecule spends cycling between LA binding sites and
unbound diffusing states before engaging in a HA interaction
that provides a relative immobilization of the histone HI
molecule. It reflects the likelihood that an interaction will be of
high affinity. For HI1.1 and HI.5 the transition time decreases.
The increased cycling (the effective diffusion coefficient is in-
creased) implies that the probability of engaging in a HA inter-
action may not have changed significantly for these two variants.
For the remaining Hls, however, the transition time remains
unchanged. With the increased cycling of these variants, this
implies that the probability of either directly engaging or, more
likely, converting from LA to HA binding is significantly lower
following TSA treatment. Nonetheless, the proportion of binding
sites that are HA remains the same.

The residence time is a measure of the binding affinity of
histone H1 at sites where it binds with relatively high stability.
For most H1 subtypes, the residence time of an HI molecule at a
high affinity site is dramatically reduced. This illustrates that
hyperacetylation has a very significant effect on the ability of
histone H1 to be retained at sites of high-affinity binding. The
exceptions to this are H1.2 and H1.5. The binding of H1.5 seems
remarkably robust in spite of hyperacetylation.

HI binding to chromatin is largely mediated by the coopera-
tive binding of the HI CTD and globular domain (65). These
individual domains do not alter their kinetics upon hyperacetyla-
tion. Since there is a dramatic effect when these individual
domains are combined in the wild-type protein, we concluded
that it is the cooperativity of binding that is impaired upon
hyperacetylation. In the case of H1.1, acetylation led to decreased
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cooperativity, and the primary indicator of this change was the
effective diffusion coefficient. This implies that the transition
from a state partially bound by two domains, either CTD—site I
or CTD—site I, to a state bound by all three domains, CTD—site
I=site I1, is impaired (by a factor of 60x in H1.1 and a predicted
value of 100x for H1.4). The latter state would pave the way for
the acquisition of the three-dimensional structure of the CTD
allowing for high-affinity binding. The transition to a state in
which both globular domain sites and the CTD are bound occurs
less frequently, leaving more H1 in LA and freely diffusing states.
From a structural perspective, this implies that the CTD—site I or
CTD-site I binding state is unable to undergo a conformational
change that would bring the nucleosome entry and the exit linker
DNA stems together, which is a prerequisite for high-affinity H1
binding and, indeed, higher order chromatin structure.

In conclusion, we have shown that core histone acetylation
plays a pivotal role in regulating the dynamics of all histone H1
family members tested. However, once H1 binds to chromatin,
the effect of core histone hyperacetylation becomes varied. It can
affect the residence time, transition time, or the proportion of HA
molecules in a variant-specific manner. In all cases, there is a
significant reduction in the cooperativity of binding.
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Assessing change in cooperativity in HI binding to chromatin
(mathematical derivation), effect of TSA on histone acetylation,
phosphorylation, etc., effect of Hoechst on HI mobility, FRAP
recovery profiles of H1 variants postinduction of core histone
acetylation (TSA treatment for 1 h) enriched in euchromatin and
heterochromatin, and FRAP recovery profiles of H1 variants
postinduction of core histone acetylation (TSA treatment for 18 h)
enriched in euchromatin and heterochromatin. This material is
available free of charge via the Internet at http://pubs.acs.org.
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