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Summary

Differentiation of embryonic stem (ES) cells from a plu-
ripotent to a committed state involves global changes
in genome expression patterns. Gene activity is criti-
cally determined by chromatin structure and interac-
tions of chromatin binding proteins. Here, we show
that major architectural chromatin proteins are hyper-
dynamic and bind loosely to chromatin in ES cells.
Upon differentiation, the hyperdynamic proteins be-
come immobilized on chromatin. Hyperdynamic bind-
ing is a property of pluripotent cells, but not of undif-
ferentiated cells that are already lineage committed.
ES cells lacking the nucleosome assembly factor
HirA exhibit elevated levels of unbound histones, and
formation of embryoid bodies is accelerated. In con-
trast, ES cells, in which the dynamic exchange of H1
is restricted, display differentiation arrest. We suggest
that hyperdynamic binding of structural chromatin
proteins is a functionally important hallmark of plurip-
otent ES cells that contributes to the maintenance of
plasticity in undifferentiated ES cells and to establish-
ing higher-order chromatin structure.

Introduction

Embryonic stem (ES) cells possess an unlimited poten-
tial to self-renew and the capacity to differentiate into
multiple lineages. During differentiation, ES cells lose
their pluripotency and undergo dramatic morphological
and molecular changes. One of the key events during
this process is the selective silencing and activation of
specific subsets of genes (Eiges and Benvenisty, 2002;
Keller, 1995; Loebel et al., 2003; Weiss and Orkin,
1996). In addition, the genome of differentiating ES cells
undergoes global chromatin reorganizations via chro-
matin remodeling events and epigenetic modulations
(Hajkova et al., 2002; Jaenisch and Bird, 2003; Rasmus-
sen, 2003; Surani, 2001). These changes are brought
about by the interaction of a multitude of proteins with
chromatin and changes in chromatin structure.
Chromatin is generally composed of transcriptionally
permissive, less condensed euchromatin and the highly
condensed and often repressed heterochromatin

*Correspondence: mistelit@mail.nih.gov

(Patterton and Wolffe, 1996). The core subunit of chro-
matin, the nucleosome, consists of a histone octamer
of four core histones, H2A, H2B, H3, and H4, wrapped
inside 146 bp of double-stranded DNA. Adjacent nucleo-
somes are connected via linker DNA bound by the linker
histone H1. Higher-order organization of this basic sub-
unit defines the nature of the chromatin structure and its
accessibility. In addition to the four core histones, sev-
eral additional histone variants are present in mamma-
lian cells (Sarma and Reinberg, 2005). Although some
of their functions are yet to be determined, some appear
to play active cellular roles, such as H2Ax in DNA damage
responses (Rogakou et al., 1999) or H3.3, which accumu-
lates in actively transcribed regions of the genome
(Ahmad and Henikoff, 2002).

The interaction of proteins with chromatin is highly dy-
namic in vivo. Fluorescent recovery after photobleach-
ing (FRAP) approaches have demonstrated that most
chromatin proteins are highly mobile within the mamma-
lian cell nucleus and transiently interact with chromatin
in vivo (Phair et al., 2004). An exception to this rule is
the core histones that bind relatively stably to chromatin
(Kimura and Cook, 2001; Phair et al., 2004). Other struc-
tural chromatin proteins, such as linker histones and the
heterochromatin protein HP1, have residence times on
chromatin on the order of a few seconds to minutes
(Cheutin et al., 2003; Festenstein et al., 2003; Lever
et al., 2000; Misteli et al., 2000). These observations sug-
gest that establishment, maintenance, and functional
modulation of chromatin domains involve the dynamic
interaction of proteins with chromatin.

While it seems likely that chromatin proteins play key
roles in bringing about the changes in genome expres-
sion patterns associated with ES cell differentiation
and possibly also have a role in maintenance of pluripo-
tency, little is known about how proteins interact with
chromatin in pluripotent ES cells and whether their inter-
actions are modulated as cells begin their differentiation
process. In order to compare the interaction of proteins
with chromatin in pluripotent cells to their behavior in
differentiated cells, we analyze chromatin structure
and chromatin protein dynamics in pluripotent mouse
ES cells during early neuronal differentiation.

Results

Morphological Changes in Chromatin Structure
during ES Cell Differentiation

To compare nuclear architecture in pluripotent ES cells
to that in lineage-committed cells, we investigated ar-
chitectural features of the cell nucleus of murine R1 ES
cells during their differentiation from pluripotent cells
into neural progenitor cells (NPCs) (Lee et al., 2000).
We triggered the differentiation of R1 cells by depletion
of the leukemia inhibitory factor (LIF) from the medium,
leading to formation of embryoid bodies (EBs) after 4
days and eventually NPCs within 7 days (see Experimen-
tal Procedures for details). We limited our analysis to un-
differentiated ES cells, an early time point of 24 hr after
withdrawal of LIF, and a later time point of 7 days to
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avoid the heterogeneity associated with EBs. The three
selected time points consisted of largely homogenous
populations suitable for imaging. As expected, more
than 90% of pluripotent ES cells expressed the stem
cells marker Oct4. After 24 hr, Oct4 expression was still
highly abundant, but it was limited to roughly 80% of the
cells, and after 7 days Oct4 was no longer detectable
(Figures S1A and S1D; see the Supplemental Data avail-
able with this article online). The neural progenitor
marker nestin was detected in ~2.5% of undifferenti-
ated ES cells, in ~20% of cells after 24 hr, and in over
80% of 7-day-old NPCs (Figures S1B and S1D). By day 7,
almost all of the progenitors are already committed to
the neural lineage, as evidenced by immunostaining with
TUJ1 antibody against the neuronal marker B-tubulin 111,
which was undetectable in both undifferentiated ES cells
and cells after 24 hr (Figures S1C and S1D).

To compare the global organization of the genome in
pluripotent ES cells to early stages of differentiation,
heterochromatin was visualized by double immuno-
staining of heterochromatin protein 1 (HP12) and Oct4
(Figure 1A, top) or nestin (Figure 1A, bottom). In addition,
we employed double immunostaining of HP14 with his-
tone H3 trimethylated on lysine 9 (H3-triMeK?9), a modifi-
cation generally associated with heterochromatin, in
undifferentiated ES cells, 24 hr after LIF removal or in
7-day-old NPCs (Figure 1B). HP1 staining (Figures 1A
and 1B, green) appeared as large, poorly defined re-
gions in undifferentiated ES cells, but it was confined
to small, discrete foci with well-defined borders in
NPCs. The H3-triMeK9 patterns (Figure 1B, red) were
similar to those observed by DAPI (Figures 1A and 1B,
blue) or HP1 staining, with diffusely labeled regions in
undifferentiated ES cells and the appearance of discrete
foci in NPCs. These morphological changes occurred
during the later stages of differentiation, since, 24 hr
after removal of LIF, heterochromatin appeared similar
to that in ES cells (data not shown). In order to quantify
the differentiation-dependent chromatin rearrangement,
we counted the number of H3-triMeK9-labeled foci in
undifferentiated ES cells and NPCs, and we measured
both the total H3-triMeK9-stained area and the labeling
intensity. The number of heterochromatin foci per nu-
cleus increased (Figure 1D, p < 0.0001), while the aver-
age focus size decreased (Figure 1E, p < 0.05) as cells
differentiated. Both H3-triMeK9 intensity (Figure 1F)
and the total heterochromatin area per nucleus (Fig-
ure 1G) increased in ES cells and NPCs (p < 0.0001, p <
0.05, respectively). This increase occurred in spite of
the unchanged nuclear area (2D) in ES cells and NPCs
(Figure S2B, p > 0.5) and an overall decrease in nuclear
volume (Figure S2B), ruling out the possibility that an in-
crease in nuclear volume was the cause for the observed
increase in heterochromatin area. Finally, when hetero-
chromatin was visualized directly by FISH, rather than
by examination of heterochromatin binding proteins,
by using a specific DNA probe against the major satellite
repeat, undifferentiated ES cells displayed a more dif-
fuse heterochromatin structure (Figure 1C, left), while
regions of major satellite repeats appeared as well de-
fined foci in NPCs (Figure 1C, right). Taken together,
these observations suggest that chromatin is reorgan-
ized globally as ES cells differentiate and lose their
pluripotency.

The observed differentiation-induced increase in H3-
triMeK9 is consistent with previous reports (Keohane
et al., 1996; Lee et al., 2004), in which progress in differ-
entiation was accompanied by both an increase in H3-
triMeK9 as well as a decrease in the acetylation of his-
tones H3 and H4, a modification generally associated
with euchromatin (Muller and Leutz, 2001). To study his-
tone modifications during differentiation of R1 ES cells,
we used both Western blotting and immunofluorescence
microscopy with antibodies specific for H3-triMeKO9,
pan-acetylated histone H3, or pan-acetylated histone
H4. By using Western blot analysis, an increase was ob-
served in H3-triMeK©9, but not in HP1 expression during
differentiation (Figure 1H and Figure S3C), in agreement
with our immunofluorescence results (Figure 1B). In
contrast to the H3 methylation status, the acetylation
level of both histone H3 (Figure 1H and Figure S3A)
and histone H4 (Figure 1H and Figure S3B) was reduced
in NPCs (Figure 1H, right and Figures S3A and S3B,
bottom) compared to ES cells (Figure 1H, left and
Figures S3A and S3B, top). However, 24 hr after the
withdrawal of LIF (Figure 1H, middle and Figures S3A
and S3B, middle), a slight increase was observed in
acetylation of H4, and no significant change was ob-
served in acetylated H3.

Dynamics of Architectural Chromatin Proteins

in ES Cells

Heterochromatin domains are maintained by dynamic
structural proteins including heterochromatin protein
HP1 and linker histones (Cheutin et al., 2003; Festen-
stein et al., 2003; Lever et al., 2000; Misteli et al., 2000;
Schmiedeberg et al., 2004). To ask whether protein-
chromatin interactions differ in pluripotent ES cells com-
pared to differentiated cells, we analyzed the in vivo
binding properties of architectural chromatin proteins
in living ES cells by using fluorescence recovery after
photobleaching (FRAP). Using an established FRAP
protocol (Cheutin et al., 2003), we measured the chro-
matin binding dynamics of HP1a-GFP expressed at
low levels in undifferentiated ES cells, ES cells 24 hr after
LIF withdrawal, or in NPCs (Figure 2A). No obvious dif-
ference was observed when HP12-GFP in euchromatic
regions was bleached where it is bound with short resi-
dence time (Cheutin et al., 2003) (data not shown). In
contrast, HP1a-GFP exchange in heterochromatin foci
was significantly faster in undifferentiated ES cells than
in NPCs or in cells 24 hr after LIF withdrawal; the recov-
ery signal reached 50% of the initial intensity within 3.5 s
after bleaching in ES cells, but 7.3 s in NPCs (p < 0.01)
and 8.2 s in cells 24 hr after LIF withdrawal (p < 0.01)
(Figure 2B, p > 0.25 for NPCs versus 24 hr after LIF with-
drawal). In addition, recovery was complete within ~20 s
in ES cells, but it took more than 60 s in NPCs. Similar re-
sults were obtained for HP13 and HP1y (data not
shown). The differences in recovery times were due to
faster recovery in the earliest time points after photo-
bleaching (Figure 2). The rate of recovery in ES cells at
later time points was identical to that observed in NPCs.
As previously demonstrated, the faster recovery of HP1
in ES cells in the early stages after bleaching is indicative
of an increased fraction of loosely bound or soluble
HP1 in ES cells compared to NPCs (Phair et al., 2004).
The faster recovery kinetics of HP1-GFP cannot be
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accounted for by changes in expression levels during
differentiation, as shown by Western blot (Figure S4),
and they are not due to nonphysiological levels of the
expressed proteins since HP1-GFP was only moder-
ately overexpressed (Figure S4). In addition, HP1-GFP
dynamics have previously been shown to be largely in-
sensitive to expression levels (Cheutin et al., 2003).

To ask whether increased binding dynamics were lim-
ited to HP1 or were a general property of structural chro-
matin proteins, we determined the exchange dynamics
of the linker histone H1° and the core histones H2B,
H3, and H3.3 by using well-characterized functional
YFP or GFP fusion proteins (Ahmad and Henikoff,
2002; Phair et al., 2004). In somatic cells, the recovery
of H1 has previously been shown to take place over sev-
eral minutes (Lever et al., 2000; Misteli et al., 2000), while
the recovery time of core histones has been shown to be
on the order of hours (Kimura and Cook, 2001; Phair
et al., 2004). The overall recovery kinetics of transiently
expressed H1°-GFP (Figure 2C), H2B-GFP (Figure 2D),
and H3-YFP (Figure 2E) in undifferentiated ES cells
were significantly faster than in NPCs when half of the
nucleus, including heterochromatin and euchromatin re-
gions, was bleached (p < 0.05; calculated at t =100 s for
H3 and H2B and at 15 s for H1 0). In all cases, the faster
overall exchange in ES cells was attributable to in-
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Figure 1. Chromatin Rearrangement in ES
Cells and NPCs

(A) ES cells (top) or neural progenitor cells
(NPCs) (bottom) were coimmunolabeled
with HP1a (green) together with the stem
cell marker Oct4 (red, top) or with the NPC
marker nestin (red, bottom). Left, DAPI stain-
ing; right, overlay.

(B) Double immunolabeling of ES cells (top)
or NPCs (bottom) with anti-HP1a antibody
(green, right) and H3-triMeK?9 (red, left). DAPI
staining (blue), left; overlay, right.

(C) DNA-FISH (red) for the mouse major satel-
lite repeat. Left, an undifferentiated ES cell;
right, NPCs. A similar length scrambled 5'-
biotinylated probe yielded no signal (data
not shown).

(D) Distribution of heterochromatin foci num-
ber per nucleus in ES cells (red bars) or NPCs
(blue bars). The average number of foci per
nucleus increased from 4.4 = 1.7 in ES cells
to 9.4 = 3.1 in NPCs (p < 0.0001).

(E) Average focus size in ES cells (red) and
NPCs (blue) (p < 0.05).

(F) Distribution of H3-triMeK9 intensity in ES
cells (red bars) or NPCs (blue bars). At least
50 nuclei from each group were analyzed. Af-
ter background subtraction, the average in-
tensity values increased from 23.8 = 2.0 in
ES cells to 62.5 = 11.4 in NPCs (arbitrary
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(H) Western blot for Oct4, trimethylated lysine
9 of histone H3 (H3K9), acetylated H3 (AcH3),

Jr—— and acetylated H4 (AcH4) in nuclei from undif-

ferentiated ES cells (left), 24 hr after LIF with-
drawal (middle), and NPCs (right). Anti-H3
(bottom) was used as a loading control.

All scale bars are 5 um.

creased recovery during the first few seconds after
bleaching; this was followed by a slower phase (after
~30 s for H2B and H3, and after 5 s for H1°), which
was not significantly different between ES cells and
NPCs. As previously shown, the rapid initial phase is di-
agnostic of an increased loosely bound or soluble pool
of rapidly diffusing molecules (Misteli et al., 2000; Phair
et al., 2004). Although we cannot distinguish whether
these molecules are soluble or loosely bound, we favor
the latter since fully soluble molecules are known to re-
cover much faster than observed here (Phair et al.,
2004). Quantitative analysis of the FRAP data indicated
that the size of the loosely bound pool of H2B and H3
in ES cells was 18% and 25%, respectively, whereas it
was less than 3% in NPCs for both proteins (Figures
2D and 2E, right). This latter value is similar to that found
in somatic cells (Kimura and Cook, 2001). Interestingly,
the histone variant H3.3-YFP displayed slow-exchange
dynamics at all stages of differentiation (Figure 2F).
Since H3.3 is considered to be a marker of transcription-
ally active, open chromatin regions (Ahmad and Henik-
off, 2002), this behavior is consistent with the notion
that ES cells contain increased levels of transcriptionally
open chromatin. Moreover, it is consistent with the for-
mation of heterochromatin domains during differentia-
tion (Ahmad and Henikoff, 2002). The reduced dynamics
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Figure 2. Hyperdynamic Binding of Architec-
tural Chromatin Proteins in ES Cells

(A) Fluorescence recovery after photobleach-
ing (FRAP) to study the dynamics of chroma-
tin-associated proteins.

A heterochromatic (white arrow) region in
cells expressing HP10-GFP was bleached,
and the recovery was measured. In each ex-
periment, undifferentiated ES cells (top), cells
24 hr after LIF withdrawal (middle), and NPCs
(bottom) were analyzed. The scale bar is 5 um.
(B) FRAP curves of heterochromatin foci of
transiently expressed HP10-GFP. Hetero-
chromatin recovery was significantly faster
in ES cells compared to either NPCs or cells
24 hr after LIF withdrawal.

(C) FRAP curves for transiently expressed
H1°-GFP.

(D) FRAP curves for transiently expressed
H2B-GFP. Left: recovery kinetics over a pe-
riod of 10 min in undifferentiated ES cells
(empty circles), cells 24 hr after LIF with-
drawal (gray circles), and NPCs (black
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of H1, H2B, and H3 in NPCs were not due to changes in
the expression levels of these proteins during ES cell dif-
ferentiation, as shown by Western blotting (Figure S3C),
and they were not due to nonphysiological levels of the
fusion protein since overexpressed core and linker his-
tones typically constitute less than 5% of the total cellu-
lar histone levels (Kimura and Cook, 2001; Misteli et al.,
2000) (Figure S4).

Since ES cells cycle rapidly between S phase and M
phase with short G1 and G2 phases, we sought to rule
out that the observed differences in binding dynamics
were due to the changed cell cycle dynamics of ES cells
compared to NPCs. To this end, we arrested R1 ES cells
stably expressing H1°-GFP at G1/S with aphidicolin and
performed FRAP analysis every 2 hr for a total of 16 hr

15

Time (sec)

200
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mated mobile fractions of undifferentiated
ES cells (white), cells 24 hr after LIF with-
drawal (gray), and NPCs (black).

(E) FRAP curves for transiently expressed H3-
YFP as in (D).

(F) FRAP curves for transiently expressed
H3.3-YFP as in (D). In (C)-(F), half of the nu-
cleus was bleached, including heterochro-
matin and euchromatin regions. Values rep-
resent averages from at least 20 cells from 3
experiments = SD.
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after release from the G1/S block (Figure 3). No differ-
ence in FRAP recovery was observed at any point in
the cell cycle (Figure 3, bottom right, overlay), consistent
with previous observations (Cheutin et al., 2003; Kimura
and Cook, 2001; Phair et al., 2004). These results rule out
that changes in cell cycle dynamics were the cause for
the reduced mobility of chromatin-associated proteins
during ES cell differentiation.

Reduced Binding of Endogenous Chromatin

Proteins in Undifferentiated ES Cells

To independently verify and extend the FRAP experi-
ments to endogenous proteins, we tested the associa-
tion of structural proteins with chromatin by biochemical
extraction. Upon salt extraction of isolated nuclei,
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Figure 3. H1°-GFP Kinetics during Cell Cycle
R1 cells stably expressing H1°-GFP were
treated overnight with aphidicolin (5 pg/ml)
to arrest cells at G1/S. The following day,
aphidicolin was washed out, and cells were
subjected to FRAP analysis every 2 hr for
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two complete cell cycles. At time 0, the pop-
ulation of cells is enriched with cells at G1. Af-
ter 2 hr, most cells are in S phase. No signifi-
cant change in kinetics was observed during
the different cell cycle stages. Values repre-
sent averages from at least 20 cells from 2 ex-
periments = SD.
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fractions of both endogenous H1 and HP1 were released
at lower salt concentrations in ES cells than in NPCs
(Figure 4A). While less than 50% of H1 was extracted
at 500 mM NaCl from NPCs, more than 80% was extract-
able in ES cells (Figure 4A, left). Similarly, whereas less
than 30% of HP1 was extractable with 250 mM NaCl in
NPCs, more than 90% was released from ES cells
(Figure 4A, right). All endogenous core histones were
similarly more extractable (Figure 4B). Between 20%-
30% of histones were removed by 200 mM NaCl from
chromatin isolated from ES cells (Figure 4B, compare
lanes 1 and 2), whereas no detectable core histones
were released from NPC chromatin (Figure 4B, compare
lanes 3 and 4). In ES cells and NPCs, extraction with up
to 500 mM NaCl resulted in no further loss of core his-
tones (data not shown), suggesting that the increased
extractability in ES cells represents a distinct fraction
of core histones rather than reduced binding of the en-
tire pool of core histones. This later observation is in line
with the observation of a rapid and slow phase in the
FRAP recovery curves. Finally, in nuclei prepared from
undifferentiated ES cells (Figure 4C, lanes 1-3), core his-
tones were readily released upon micrococcal nuclease
(MNase) digestion (Figure 4C, arrow). No core histones

were detected in the soluble supernatant of whole nuclei
(lane 1). Release of almost all histones was achieved af-
ter 10 min of digestion (lane 2), and no additional release
was observed after 20 min of digestion (lane 3). In con-
trast, in nuclei prepared from NPCs (Figure 4C, lanes
4-6), release was slower, with only a partial release after
10 min (lane 5) and a ~2-fold increase after 20 min of
MNase digestion (lane 6). These observations are in
agreement with our estimates from FRAP analysis and
are consistent with the identification of a loosely bound
fraction of chromatin proteins identified by FRAP. The
in vivo imaging and biochemical extraction data on en-
dogenous proteins together strongly support the con-
clusion of the existence of a hyperdynamically bound
fraction of chromatin proteins in undifferentiated ES
cells.

Available Pools of Architectural Chromatin Proteins
Affect Differentiation

These results suggest that several key architectural chro-
matin proteins exist in undifferentiated ES cells in a hy-
perdynamic, loosely bound, or soluble fraction. To test
whether the hyperdynamic nature of these proteins is
functionally important for efficient ES cell differentiation,
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Figure 4. Biochemical Evidence for Looser Binding Fraction of His-
tones in Undifferentiated ES Cells versus NPCs

(A) Isolated nuclei from either undifferentiated ES cells (ESC) or
NPCs were extracted with increasing salt concentrations (NaCl),
and the extracted fraction was detected by Western blotting. Note
the increased release of both proteins from ES cells at low salt con-
centration. au = arbitrary units.

(B) Total histones were purified from ES cells (lanes 1 and 2) and
NPCs (lanes 3 and 4) in the absence (—) or presence (+) of 0.2 M
NaCl. All core histones were more readily extractable from ES cells
compared to NPCs. Right: quantified densitometry of three indepen-
dent experiments presented as the percentage of extracted his-
tones = SD.

(C) Nuclei from ESCs (lanes 1-3) or NPCs (lanes 4-6) were incubated
for 0, 10, or 20 min with 1 U/ml micrococcal nuclease, and superna-
tants were run on a 4%-20% gradient gel. Note the faster release of
the histone fraction (arrow) in ESCs versus NPCs (compare lanes 2
and 5).

we asked whether perturbing the dynamic balance of
core histone influences the ability of cells to differentiate.

We first tested whether an increase in the hyperdy-
namic fraction of core histones affects differentiation.
To this end, we analyzed ES cells lacking the nucleo-
some assembly factor HirA (Roberts et al., 2002). HirA
is associated with the histone variant H3.3, promoting
DNA synthesis-independent nucleosome assembly (Ray-
Gallet et al., 2002; Tagami et al., 2004), and it is essential
for development since HirA~'~ mice die in utero (Roberts
et al., 2002). We hypothesized that the absence of

HirA from ES cells would result in reduced efficiency of
incorporation of core histones H3 and H3.3 and, as
a consequence, in an increased nucleoplasmic fraction
of these core histones. FRAP analysis and biochemical
extraction of endogenous core histones confirmed this
prediction. FRAP analysis showed a dramatic increase
in the rapidly recovering unbound and loosely bound
fractiond of both H3 and H3.3 in undifferentiated ES cells
(Figures 5A and 5B, Movies S1 and S2). While parental
HirA*/* wild-type (wt) cells displayed similar FRAP kinet-
ics of H3 and H3.3 to that of R1 ES cells, with a rapid re-
covery fraction of H3 and H3.3 of 20%-40%, this fraction
was more than 80% in HirA™’~ cells (Figures 5A and 5B).
Similarly, endogenous H3 was more soluble in HirA™/~
cells, as assayed by salt extractions (Figure 5C). In
HirA~'~, but not in HirA** cells, H3 was extractable
from isolated nuclei with 1 M KCI (Figure 5C), supporting
the presence of an increased fraction of soluble core
histones in HirA™'~ cells.

When we analyzed the ability of HirA~'~ ES cells to dif-
ferentiate, we found accelerated progression through
the early stages of differentiation (Figure 5E). In HirA~/~
cells, embryoid bodies (EBs) formed within less than
24 hr upon LIF withdrawal (Figure 5E, bottom), whereas
this process took ~72 hr in control HirA** cells (Fig-
ure 5E, top). The rapid differentiation into EBs is unlikely
due to the presence of elevated levels of differentiation-
inducing factors in HirA™'~ cells, since microarray anal-
ysis has not revealed misregulation of any differentia-
tion-specific genes in these cells (P.J.S., unpublished
data). Western blot analysis of Oct4 levels in undifferen-
tiated ES cells and EBs in both wt and HirA™'~ cells
showed sustained levels of Oct4 protein in both HirA*/*
and HirA~/~ EBs (24 hr) (Figure 5D). Most Oct4 was lost
by day 4 (Figure 5D). In contrast, HirA~~ EBs had con-
siderably more nestin-containing colonies than wt EBs
after 24 hr (Figure 5F), supporting the notion of facilitated
differentiation. Nestin-positive cells emerged in almost
all HirA™/~ colonies analyzed (Figure 5G, bottom left, ar-
rows), while the number and morphology of chromatin
foci, detected both by DAPI staining (Figure 5G, top
left) and H3-triMeK9 staining (Figure 5G, top right), ap-
peared similar to HirA*'* cells. This accelerated differen-
tiation suggests that increased availability of histones fa-
cilitates early differentiation.

We conversely analyzed differentiation in ES cells in
which the binding dynamics of chromatin proteins is in-
hibited. To this end, we took advantage of an H1 9 mutant
with increased binding capacity to chromatin. Since the
C-terminal domain of H1 contributes significantly to its
binding (Hendzel et al., 2004; Misteli et al., 2000), dupli-
cation of this domain is expected to confer stronger
binding of H1° to chromatin. We generated ES cells sta-
bly expressing H1%cc-GFP or a control H1°-GFP under
a Zn-inducible metallothionein (MT) promoter (Fig-
ure 6A). The increased binding of H1%cc-GFP in vivo
was confirmed by a significantly slower FRAP exchange
rate of H1%c-GFP compared to H1°-GFP in living ES
cells and cells 24 hr after LIF withdrawal (Figure 6B)
and decreased sensitivity to salt extraction from iso-
lated nuclei (Figure S5D). In addition, in vitro binding as-
says revealed that both GFP-tagged and untagged
H1%c proteins bound significantly more tightly than
the corresponding wt H1° proteins (Figures S5A-S5C)
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Figure 5. Accelerated Differentiation of HirA~'~ ES Cells
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(A) FRAP images of transiently expressed H3.3-YFP before bleach (left), immediately after bleach (middle), and 5 s after bleach (right) in HirA*/*
cells (top) or HirA™'~ ES cells (bottom). The scale bar is 5 um. See also Movies S1 and S2.

(B) FRAP curves of H3.3-YFP (top) and H3-YFP (bottom) in HirA~/~ ES cells (empty circles), 24 hr after LIF withdrawal (gray circles), and NPCs
(black circles). Half nuclei were bleached in these experiments. A total of 20 cells were analyzed from 2 experiments. For clarity, error bars are
omitted. Typical standard deviations were < 10% of the average value. Right: estimated mobile fractions of H3.3 (top) and H3 (bottom) in HirA™/~
ES cells = SD.

(C) Isolated nuclei from either wt parental HirA*'* cells or HirA~/~ cells were extracted with increasing salt concentrations (KCI) and were detected
with anti-H3 antibodies.

(D) Western blots of Oct4 in undifferentiated ES cells and EBs in wt HirA** (left) and HirA™'~ (right) cells.

(E) 24 hr intervals during the course of differentiation of control or HirA~'~ ES cells into embryoid bodies (EBs). In wt HirA*'* cells, EB formation is
completed within ca. 72 hr (top), whereas, in HirA~~ cells, it is completed within ca. 24 hr (bottom). The scale bars are 50 um.

(F) Immunostaining quantitation of colonies containing Nestin-positive cells in HirA*"* (white) and HirA™'~ (black) undifferentiated ES cells (left),
24 hr EBs (middle), and 4 day EBs (right).

(G) HirA~'~ colony 24 hr after LIF withdrawal double labeled for H3-triMeK9 (top right) and Nestin (bottom left, arrows). Top left: DAPI staining;

bottom right: overlay. The scale bar is 10 um.

(Gunjan et al., 2001). GFP-tagged and untagged wt H1°
bound with similar affinity to purified nucleosomes as
endogenous H1 (Figure S5C).

To assess the effect of the dynamics of H1 binding on
differentiation, we monitored the fate of H1%c-GFP-
expressing cells during the course of differentiation.
When stable cell clones were grown in the absence of
ZnCl,, they displayed normal growth kinetics similar to
that of the wt ES cells (Figure 6C, left). When cells
were grown in the presence of 50 uM ZnCl,, the H1 0.
GFP line displayed similar behavior to that of the wit,
while the H1%c-GFP line displayed reduced growth
rates (Figure 6C, right). We then differentiated these
stable lines in the absence or presence of ZnCl,. In the
absence of ZnCl,, both H1°-GFP and H1%c-GFP lines
differentiated normally (data not shown). However, in
the presence of ZnCl,, while cells expressing H1°-GFP
differentiated normally into neuroblasts (Figure 6D, left
and inset), cells expressing H1%°cc-GFP failed to differ-
entiate and remained as round ES cell-like colonies

(Figure 6D, bottom right and inset). These cells did not
further differentiate into NPCs or neurons, as indicated
by the absence of the neuronal marker B-tubulin Il
(Figure 6D, insets), and died upon prolonged culturing
(data not shown). In these cells, Oct4 did not disappear
completely as in their H1%-wt counterparts (Figure 6E),
suggesting differentiation arrest rather than progression
into a different lineage. These observations show that
the dynamic exchange of linker histone is required for
ES cell differentiation.

Hyperdynamic Binding Is a Property of Pluripotent
Stem Cells

The hyperdynamic binding of chromatin-associated
proteins could either be a general feature of undifferen-
tiated cells or might be a specific property of pluripotent
cells. In order to distinguish between these two possibil-
ities, we tested the dynamic behavior of HP1 and H2B in
additional multipotent cell types (P19, C3H/10T1/2) and
compared it to that in undifferentiated, but already
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lineage-committed, cell lines (P12, C2C12). P19 mouse
embryonal carcinoma (EC) cells are multipotent progen-
itors that can give rise to all three germ cell layers
(McBurney, 1993). C3H/10T1/2 mouse mesenchymal
stem cells are pluripotent mesodermal progenitors ca-
pable of differentiating into myogenic, chondrogenic,
adipogenic, and osteogenic lineages (Pinney and Emer-
son, 1989). When heterochromatin FRAP kinetics of
HP1-GFP were measured in either P19 (Figure 7A) or
C3H/10T1/2 (Figure 7B), a significant decrease, similar
to that seen in R1 cells, in mobility upon differentiation
into neural ectoderm and mesoderm, respectively, was
observed in both cases (p < 0.005). In contrast, no signif-
icant differences in FRAP recovery kinetics were evident
in PC12 rat pheochromocytoma or C2C12 myoblasts
upon differentiation into neurons via NGF or into myo-
tubes by serum deprivation, respectively. In both cases,
the transition from dividing to differentiated cells did not
involve changes in heterochromatin FRAP kinetics for
HP1-GFP (Figures 7C and 7D). Similar results were
observed for the core histone H2B. H2B-GFP displayed
decreased FRAP mobility upon differentiation of
pluripotent P19 cells (Figure 7E, p < 0.05), while a less
pronounced decrease in mobility was observed in multi-
potent C3H/10T1/2 cells (p > 0.05). In already committed
PC12 cells, no change in FRAP kinetics was recorded
after differentiation (Figure 7G), and a slight, but statisti-
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Figure 6. Restricted Dynamic Exchange of
Linker Histone H1 Confers Differentiation
Arrest

+ ZnCl,

(A) Zn-inducible metallothionein (MT) pro-
moter-driven H1%-GFP fusion constructs
used for stable transfections. Wt H1° (top)
consists of an N-terminal domain (dark gray),
a core domain (light gray), and the chromatin
binding C-terminal domain (orange). In the
mutant H1%c (bottom), the C-terminal do-
main was duplicated. Not drawn to scale.
Right: stable ES cell clones expressing H1°-
GFP (top) and H1%cc-GFP (bottom). The scale
baris 2 um.

(B) FRAP curves of stable H1°-GFP (circles)
and H1%c-GFP (triangles) in ES cells (top),
24 hr following LIF withdrawal (middle), and
in NPCs (bottom, H1°-GFP only). Half nuclei
were bleached. Values represent averages
from at least 20 cells from 3 experiments.
For clarity, error bars are omitted. Typical
standard deviations were < 10% of the aver-
age value.

(C) Cell counts per 100 um? of wt, H1°-GFP
stable cells, and H1%c-GFP stable cells 48
hr after plating. All cells were plated at similar
densities of 10 cells/100 um?. Values repre-
sent quantitation of at least 100 cells = SD.
(D) Normal differentiation of stable H1°-GFP
ES cells (left), but not of H1%c-GFP cells
(right), which remained as round, undifferenti-
ated colonies 4 days after LIF withdrawal. The
scale bar is 100 pm. Inset: immunofluores-
cence staining with TUJ1 antibody of a differ-
entiating cell (7 days after LIF withdrawal), ex-
pressing the intermediate filament B-tubulin
1l (red), a neuroblast marker. DNA staining
(DAPI) is shownin blue. The scale baris 10 um.
(E) Western blot of Oct4 in stable H1°-GFP
cells (left) and stable H1%cc-GFP cells (right)
during differentiation.

7

cally not significant, decrease was measured in commit-
ted C2C12 cells (Figure 7H, p > 0.1). These observations
suggest that chromatin-associated proteins are hyper-
dynamic in several multipotent cell types and that de-
creased mobility is associated with loss of multipotency
rather than differentiation per se.

Discussion

Based on quantitative single cell in vivo imaging and bio-
chemical analysis of endogenous proteins, we report
here that several major architectural chromatin proteins
exist in undifferentiated ES cells in a hyperdynamic frac-
tion. This soluble or loosely bound fraction of chromatin
proteins is a hallmark of pluripotent ES cells and is not
a general feature of differentiation processes, as it
does not occur in unilineage differentiating cells. We
propose that this loosely bound or soluble pool of struc-
tural chromatin proteins contributes to the maintenance
of the pluripotent state of ES cells and is essential in the
early stages of ES cell differentiation for reshaping the
global architecture of the genome, particularly for the re-
organization of heterochromatin.

Genome Architecture during ES Cell Differentiation
By comparing the morphological appearance of hetero-
chromatin regions in undifferentiated pluripotent ES
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(A-D) FRAP analysis of heterochromatin foci
in pluripotent (A) P19 cells and (B) C3H/
10T1/2 cells, or in lineage-committed (C)
PC12 cells and (D) C2C12 cells transiently
transfected with HP14-GFP. White, undiffer-
entiated cells; black, cells differentiated for
7 days.

(E-H) FRAP analysis of H2B-GFP in (E) plurip-
otent P19 cells or (F) multipotent C3H/10T1/2
cells, or in lineage-committed (G) PC12 cells
and (H) C2C12 cells. Hyperdynamic fractions
of HP1 and H2B were found in pluripotent,
but not in lineage-committed, cell lines.
White, undifferentiated cells; black, cells dif-
ferentiated for 7 days.
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cells and ES cell-derived neuronal precursor cells, we
find evidence that heterochromatin undergoes substan-
tial spatial rearrangements during the very earliest
stages of ES cell differentiation. While heterochromatin
showed a more dispersed pattern, heterochromatin in
NPCs appeared more similar to what is typically ob-
served in somatic cell types showing heterochromatin
compaction and concentration in distinct foci. In addi-
tion, in ES cells, FISH signals of satellite repeats show
a more diffuse signal not restricted to distinct foci, and
these regions became more condensed in NPCs. These
results resemble the differences in heterochromatin foci
observed between undifferentiated F9 cells and after
treatment with retinoic acid (Cammas et al., 2002). In an-
other system, no significant differences in the extent of
centromere clustering were observed between undiffer-
entiated human ES cells and two diploid differentiated
cell types, including a lymphoblastoid cell line (FATO
LCL) and primary fibroblasts (Wiblin et al., 2005). How-
ever, centromeres in ES cells were mainly found within
the nuclear interior, whereas, in differentiated cells, cen-
tromeres tend to localize at the nuclear periphery (Wiblin
et al., 2005). If indeed pericentric heterochromatin is
confined to a smaller portion of the nuclear interior in un-
differentiated ES cells, this might explain the seemingly
fewer, and larger, heterochromatin foci detected in
these cells. These morphological changes are paralleled
by an increase in H3-triMeK9, an epigenetic marker for

silenced heterochromatin, and a decrease in acetylation
of H3 and H4, which are both associated with trans-
criptionally active euchromatin. These morphological
changes and the increase in epigenetic histone modifi-
cations characteristic of euchromatin suggest that chro-
matin in ES cells assumes a globally more open confor-
mation than in differentiated or partially differentiated
cells. These chromatin properties of ES cells might re-
flect a functionally important hallmark of pluripotency.

Hyperdynamic Chromatin Proteins Are a Hallmark

of Pluripotent ES Cells

ES cells possess two qualities that distinguishes them
from other cell types: they retain an unlimited capacity
to self-renew, and, unlike immortalized cells, they are
also able to generate the three embryonic germ layers
and further differentiate to essentially every type of cell
and tissue (O’Shea, 2004). This unlimited potential sug-
gests that their genome has not yet been determined to
fit any particular cell type and is still plastic. We suggest
that hyperdynamic binding is a hallmark of pluripotency.
This conclusion is supported by the presence of a hyper-
dynamic fraction in all pluripotent cell lines (R1, parental
HirA cells, P19, and C3H/10T1/2) analyzed here. More
importantly, we were unable to detect a hyperdynamic
fraction in three undifferentiated, but lineage-commit-
ted, cell lines (NPC, PC12, and C2C12). The hyperdy-
namic nature of chromatin protein binding may
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contribute to maintaining chromatin in a globally rela-
tively open, plastic state and, in this way, to the mainte-
nance of pluripotency. Our data support a model in
which ES cells preserve the potential to differentiate
into multiple cell types by maintaining a loosely bound
fraction of histones and other chromatin-associated
proteins, which through free exchange with bound his-
tones and chromatin, generate a state of active, “breath-
ing” chromatin.

Hyperdynamic Binding in Genome Reorganization
The transition from undifferentiated, pluripotent ES cells
to differentiated or partially differentiated cells involves
dramatic changes in genome expression profiles (Ahn
et al., 2004; Kelly and Rizzino, 2000; Loring et al., 2001;
Sperger et al., 2003). During commitment, the parts of
the genome that are not required for the newly forming
lineage are presumably silenced (Eckfeldt et al., 2005).
This silencing process involves epigenetic modifica-
tions and global reorganization of chromatin (Muller
and Leutz, 2001), including condensation of heterochro-
matin into distinct foci as observed here. We suggest
that the loosely bound fraction of architectural chroma-
tin proteins is functionally important in the remodeling
process during the early stages of differentiation by
facilitating the structural chromatin changes that are
required during this transition. As differentiation pro-
gresses and cell type-specific genome expression pro-
grams are implemented, the available structural proteins
are incorporated into chromatin to establish the cell
type-specific global chromatin architecture. When this
occurs, the transcriptional potential of the genome is re-
stricted. One noteworthy observation is the slight in-
crease in the acetylation level of H4 24 hr after the onset
of differentiation. The concurrent increase in both H4
acetylation and H3-triMeK9 methylation might suggest
that, during the very early stages of differentiation, for-
mation of heterochromatin parallels a transient rise in
the transcriptional potential of euchromatin, allowing si-
multaneous activation and repression of different parts
of the genome to fit the differentiation needs. Neverthe-
less, our observation that the reduction of dynamic
binding of the major structural heterochromatin protein
HP1 precedes the formation of distinct heterochromatin
foci might suggest that immobilization of structural pro-
teins is an early step in the differentiation-dependent
chromatin remodeling and silencing process.

Consistent with a globally highly transcriptionally ac-
tive genome in ES cells, we find that the only structural
chromatin protein without an increased hyperdynamic
pool is H3.3, which preferentially associates with tran-
scriptionally active regions (Ahmad and Henikoff, 2002).
This finding is also consistent with the observed accel-
erated differentiation of HirA™'~ cells, since, in those
cells, less H3.3 is incorporated into the open chromatin
regions, thus facilitating the formation of heterochroma-
tin regions and promoting differentiation.

Hyperdynamic Binding and Differentiation

We provide two lines of evidence to suggest that the
dynamic properties of architectural chromatin proteins
are functionally relevant for the differentiation process.
Upon inhibition of HirA, the available loosely bound
pool of core histones H3 and H3.3 increases, as shown

by FRAP analysis and biochemical extraction. This in-
creased pool is how available for formation of hetero-
chromatin, facilitating the rearrangements observed
during early differentiation. On the other hand, the pres-
ence of a dominant, tightly binding linker histone re-
duces the availability of these molecules, thus impeding
the formation of heterochromatin. Thus, prevention of
chromatin proteins from assembly into chromatin accel-
erates differentiation, while restriction of linker histone
in ES cells blocks differentiation. These data imply that
the dynamic nature of chromatin is functionally impor-
tant for stem cell differentiation.

The observed fate of HirA™'~ ES cells is in agreement
with the phenotype of HirA™~ embryos. Upon loss of
HirA, embryos typically die around day 10, although de-
velopmental defects occur much earlier, displaying se-
vere early gastrulation defects at day 6 or earlier (Roberts
et al., 2002). Similarly, HirA~'~ ES cells exhibit efficient
and rapid differentiation in the early stages, and 6 or 7
days after the onset of differentiation, they begin to dete-
riorate and die. While HirA~'~ ES cells were able to differ-
entiate into early NPCs they never progressed to the next
level of differentiation to produce neurons (E.M., unpub-
lished data). The fact that HirA~/~ ES cells were able to
undergo early differentiation also clearly demonstrates
that these steps of differentiation are HirA independent,
and that deposition of core histones must occur via dif-
ferent, possibly redundant, pathways.

On the other hand, ES cells stably expressing the
strongly bound H1%¢c mutant displayed both reduced
growth rate and perturbed differentiation. Thus, interfer-
ence with the dynamic exchange of the linker histone H1
from chromatin affects two of the classical stem cell fea-
tures. Although the mode of action of the H1%°cc mutant is
not clear, it seems likely that, upon expression of the mu-
tant, the tight association between H1%c and chromatin
slowly out-competes the chromatin binding of the en-
dogenous H1°. After a while, most of the linker histone
will be replaced by H1 O¢c, thus restricting the dynamics
of the genome globally and preventing its “breathing.”
Therigid genome is likely less flexible, and the activation
and suppression of the desired chromatin domains may
be more difficult. Differentiation is hence blocked, and
the cells die upon prolonged culturing.

Taken together, our observations demonstrate the ex-
istence of a hyperdynamic fraction of architectural chro-
matin protein in the nucleus of pluripotent ES cells. We
suggest that this soluble, more loosely bound fraction
is a specific hallmark of ES cells. The presence of a hy-
perdynamic fraction of chromatin proteins points to al-
tered chromatin structure in ES cells. We propose that
these properties of chromatin have functional relevance
by contributing to the maintenance of pluripotency of ES
cells and facilitate the timely formation of higher-order
chromatin domains during differentiation.

Experimental Procedures

Cells

Mouse R1 ES cells were from A. Nagy (Toronto, Canada). R1 ES cells
were grown on gelatin-coated plates with DMEM, 15% ES-grade fe-
tal calf serum (FCS), 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 0.1 mM B-mercaptoethanol, and 1000 U/ml leukemia
inhibitory factor (LIF). Nestin-positive NPCs were generated by us-
ing a protocol kindly provided by R. McKay (National Institutes of
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Health) (Lee et al., 2000). Briefly, ES cells were plated on bacterial
culture dishes without LIF for 4 days to allow for embryoid body
(EB) formation. EBs were replated on poly-L-lysin/fibronectin
(Sigma)-coated plates in DMEM/F12 medium supplemented with
ITS (5 ng/ml insulin, 50 ug/ml transferrin, 30 nM selenium chloride)
and fibronectin (5 pg/ml). HirA~'~ and HirA*'* cells were grown on
a feeder layer of y-irradiated mouse embryonic fibroblasts (MEF).
P19 embryonic carcinoma cells were grown in DMEM with 10%
FBS and 1 mM sodium pyruvate. Differentiation was with 1 uM all-
trans retinoic acid (ATRA). C3H/10T1/2 mesenchymal stem cells
were grown in high-glucose DMEM with 10% FBS. Differentiation
was with 2% horse serum. Rat PC12 pheochromocytoma cells
were grown in DMEM with 8% horse serum and 8% FBS. Differenti-
ation was induced with NGF (50 ng/ml). C2C12 myoblast cells were
grown in DMEM with 10% FBS. Differentiation was with 2% horse
serum. All cell culture media were supplemented with 2 mM gluta-
mine, 100 U/ml penicillin, and 50 pg/ml streptomycin. Lipofect-
amine-2000 was used for all transfection experiments. All cell culture
reagents were purchased from GIBCO-BRL (Invitrogen; Carlsbad,
CA), and plates were purchased from Falcon (BD Biosciences, San
Jose, CA), unless indicated otherwise. For photobleaching experi-
ments, cells were grown in chambered cover glasses (Lab-Tek; Ro-
chester, NY) or in glass-bottom culture dishes (MatTek; Ashland, MA).

Plasmids

CMV-H3-YFP and CMV-H3.3-YFP were kindly provided by K. Ahmad
and S. Henikoff (Seattle, WA). CMV-HP14-GFP, H1°-GFP under MT
or CMV promoters, and CMV-H2B-GFP have previously been de-
scribed (Cheutin et al., 2003; Misteli et al., 2000; Phair et al., 2004).
The mutant MT-H1%cc-GFP consists of (from amino to carboxy ter-
mini) the entire coding region of H1° (amino acids 1-193), a single al-
anine residue, amino acids 94-193 of H1°, a single alanine residue,
and the complete coding region of EGFP. The stable R1 clones
were generated by introducing the expression vectors via electropo-
ration, selection for resistance to G418, followed by identification of
expressing clones by direct observation under epifluorescence.

Antibodies and Inmunofluorescence

The following antibodies were used: Oct4 (goat polyclonal, Santa
Cruz Biotechnologies, Santa Cruz, CA); Nestin (rabbit polyclonal),
kindly provided by R. McKay (National Institutes of Health); H1,
H2B, and H3 (rabbit polyclonal), kindly provided by M. Bustin (Na-
tional Institutes of Health); TUJ1 (mouse monoclonal, Chemicon;
Temecula, CA) against B-tubulin Ill; H3-triMeK9 (rabbit polyclonal,
Abcam; Cambridge, MA); and HP1o (mouse monoclonal, Euromedex;
Mundolsheim, France). Detection was with anti-rabbit or anti-mouse
antibodies conjugated to either Texas red or FITC (Jackson Immuno-
Research; West Grove, PA). IF was performed as described (Misteli
et al., 2000). For EB imaging, EBs were paraffin embedded, sec-
tioned to 7 um intervals, and adhered to microscopic slides. Before
IF, slides were treated with xylene (2 x 10 min), decreasing concen-
trations of EtOH (100%, 75%, 50%, and 25%), and PBT (2 x 5 min).

DNA FISH

Cells grown on glass coverslips were fixed (4% paraformaldehyde in
PBS, 15 min), washed three times (PBS, 5 min each), permeabilized
(0.5% Triton X-100 in PBS, 5 min), and washed again (PBS, 5 min,
2x SSC, 5 min). Probe was denatured at 90°C for 8 min and trans-
ferred to ice. Cells were denatured in 70% formamide/2x SSC solu-
tion for 7 min at 85°C. A 5'-biotinylated DNA probe (Invitrogen) rec-
ognizing the mouse major satellite repeat (GenBank accession
number X06899) was applied overnight in a hybridization solution
(50% formamide, 2x SSC, 10% dextran sulfate, 1 mg/ml tRNA) at
37°C. Washes (2x SSC, 5 min) were followed by blocking (3%
BSA, 0.1% Tween-20, 4x SSC, 20 min) and detection with a strepta-
vidin-Cy3 conjugate (Amersham Biosciences; Buckinghamshire,
UK). A scrambled probe was used as a negative control. Probe se-
quences: major satellite: 5'-CTCGCCATATTTCACGTCCTAAAGT
GTGTATTTCTC-3'; scrambled: 5-TCTACGTTACCATCTCAGTGCG
TATCGTTCTATTCA-3'.

Salt Extractions
For H1 and HP1, cells were washed in PBS, harvested, dounced in
buffer A (0.32 M sucrose, 15 mM HEPES [pH 7.9], 60 mM KCl,

2 mM EDTA, 0.5 mM EGTA, 0.5% BSA, 0.5 mM spermidine, 0.15
mM spermine, and 0.5 mM DTT), layered over a cushion of high-su-
crose Buffer A (30% sucrose), and centrifuged (15 min, 3000 x g).
Pelleted nuclei were resuspended in buffer B (15 mM HEPES [pH
7.9], 60 mM KCI, 15 mM NaCl, 0.34 mM sucrose, 10% glycerol)
and incubated with different NaCl or KCI concentrations (250-1000
mM) at 4°C for 30 min. Supernatants were separated on 4%-20%
gradient Tris-HCI SDS gels (BioRad; Hercules, CA), blotted, and in-
cubated with the appropriate antibodies. For core histones, the pel-
let remaining after salt treatment was extracted with 0.2 M H,SO,.
Acid-soluble material was precipitated with 20% TCA and separated
on 18% Tris-HCI SDS gels (BioRad).

Micrococcal Nuclease Digestion

Nuclei from undifferentiated ES cells or NPCs were prepared as de-
scribed above and were digested with 1 U/ml micrococcal nuclease
(MNase) (Worthington; Lakewood, NJ) in 10 mM Tris-HCI buffer sup-
plemented with 5 mM CaCl,. Reactions were then centrifuged at
14,000 x g for 10 min, and supernatants were collected and run
on 4%-20% gradient Tris-HCI SDS gels (BioRad).

Microscopy and Photobleaching

A Zeiss confocal LSM 510 META was used for all photobleaching ex-
periments and fluorescent image acquisitions. The 30 mW Argon/
Neon laser at 75% power was used for bleaching. Photobleaching
and quantitation was performed as described (Cheutin et al., 2003;
Lever et al., 2000; Phair et al., 2004). For core histones, half of the
nucleus, including both euchromatin and heterochromatin, was
bleached, and images were collected every 5 s for 10 min. For H1,
30 images were collected every 1 s. For HP1, the scan time between
images was reduced to zero for maximal image collection speed. A
total of 60 images were collected. Image analysis was performed
with MetaMorph imaging software (Molecular Devices; Downing-
town, PA).

Supplemental Data
Supplemental Data including Figures S1-S5 and Movies S1 and S2
are available at http://www.developmentalcell.com/cgi/content/
full/10/1/105/DC1/.
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