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Chromatin remodeling complexes can translocate nucleosomes
along the DNA in an ATP-dependent manner. Here, we studied
autoﬂuorescent protein constructs of the human ISWI family members Snf2H, Snf2L, the catalytically inactive Snf2L+13 splice variant,
and the accessory Acf1 subunit in living human and mouse cells by
ﬂuorescence microscopy/spectroscopy. Except for Snf2L, which was
not detected in the U2OS cell line, the endogenous ISWI proteins
were abundant at nuclear concentrations between 0.14 and 0.83
μM. A protein interaction analysis showed the association of multimeric Snf2H and Acf1 into a heterotetramer or higher-order ACF
complex. During the G1/2 cell cycle phase, Snf2H and Snf2L displayed average residence times <150 ms in the chromatin-bound
state. The comparison of active and inactive Snf2H/Snf2L indicated
that an immobilized fraction potentially involved in active chromatin remodeling comprised only 1–3%. This fraction was largely increased at replication foci in S phase or at DNA repair sites. To
rationalize these ﬁndings we propose that ISWI remodelers operate
via a “continuous sampling” mechanism: The propensity of nucleosomes to be translocated is continuously tested in transient binding
reactions. Most of these encounters are unproductive and efﬁcient
remodeling requires an increased binding afﬁnity to chromatin.
Due to the relatively high intranuclear remodeler concentrations
cellular response times for repositioning a given nucleosome were
calculated to be in the range of tens of seconds to minutes.
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hromatin structure is a key determinant of gene regulation. The
wrapping of the DNA around the histone octamer protein core
in the nucleosome impedes the access of transcription factors to the
DNA sequence information. Thus, changes of nucleosome positions at promoter and enhancer regions may directly affect gene
expression (1–4). To control nucleosome positions (and with it the
access to the associated DNA), a complex chromatin remodeling
machinery operates in the eukaryotic cell nucleus. It comprises
numerous different types of molecular machines that can translocate nucleosomes in an ATP-dependent manner. Chromatin
remodelers can associate with different subunits to form remodeling complexes with distinct biological functions. Due to the high
combinatorial complexity it is estimated that several hundreds of
different chromatin remodeling complexes exist in humans. These
comprise several groups of ATPases classiﬁed into the Snf2, ISWI,
Mi-2, Chd1, Ino80, ERCC6, ALC1, CHD7, Swr1, RAD54, and Lsh
subfamilies (5–7). The associated subunits are responsible for the
targeting of the remodeling complexes as well as for the regulation
of the remodeling activity (6, 8). One of the best conserved ATPase
families involved in chromatin remodeling is the ISWI family (9). It
consists of two ATPases, Snf2H and Snf2L in humans. All ISWI
proteins contain a conserved ATPase domain that belongs to the
superfamily of DEAD/H-helicases (10, 11), located in the N-terminal half of the proteins. Substrate recognition and catalysis are
coupled via a SANT and a SLIDE domain near the C terminus that
mediate binding to DNA and histone tails (12, 13). ISWI family
complexes have various functions, including chromatin assembly
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and nucleosome spacing (ACF, CHRAC, and RSF), replication
(WICH), transcriptional repression (NoRC), and transcriptional
activation (NURF and CERF) (14–17). Thus, it seems likely that
the accessory proteins present in a given complex regulate its
function and are important for target recognition.
Although the ISWI-type chromatin remodelers have been extensively studied in vitro, an analysis in living cells is currently
missing. Here, we present a study on the mobility and interactions of chromatin remodeling complexes in living cells. Autoﬂuorescent protein constructs of human Snf2H, Snf2L, Snf2L
+13, and Acf1 were investigated in human osteosarcoma and
murine ﬁbroblast cell lines. Their intracellular localization as well
as their dynamic behavior was analyzed using a multiscale ﬂuorescence ﬂuctuation microscopy approach that comprised noninvasive ﬂuorescence recovery after photobleaching (FRAP),
continuous photobleaching (CP), and ﬂuorescence (cross-)correlation spectroscopy (FCS/FCCS)-based experiments (18–21).
The results from our quantitative analysis are rationalized in
terms of a “continuous sampling” mechanism: In G1/2 phase of
the cell cycle, all nucleosomes are probed by a given remodeling
complex within minutes via transient binding reactions but only
a small fraction of these binding events leads to repositioning. In
contrast, extensive repositioning occurs at replication foci in S
phase or at DNA repair sites.
Results
Snf2H-GFP and GFP-Snf2L Are Catalytically Active and Bind to
Chromatin. GFP-tagged Snf2H, Snf2L, and Acf1 proteins were

transfected into human U2OS cells and murine NIH 3T3 cells. As
expected, the proteins were localized to the nucleus in both cell
lines (Fig. 1, Fig. S1). As a cell cycle marker the proliferating cell
nuclear antigen fused to a red ﬂuorescent protein domain
(PCNA-RFP) was cotransfected. PCNA is a central component of
the replication machinery and shows a characteristic punctuate
pattern during S phase (22). In mouse NIH 3T3 cells, which display distinct DNA dense pericentric heterochromatin foci, the
remodeler concentration increased with the DNA density. This
increase visualizes the chromatin binding of the GFP-tagged remodelers, in agreement with previous ﬁndings from Varga-Weisz
and colleagues who characterized the intranuclear localization
of Snf2H and its associated Acf1 subunit by immunostaining in
mouse cells (23). The ratio between the DAPI or histone H2A-RFP
ﬂuorescence signal and GFP-tagged Snf2H/Snf2L/Snf2L+13/
Acf1 was similar throughout the cell nuclei in the NIH 3T3 cell
line (Fig. S1). This observation indicates a rather homogenous
distribution of bound remodeling complexes on the nucleosome
chain at the given resolution during G1/2 phase. The inactive
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Fig. 1. Confocal images of Snf2H-GFP, GFP-Snf2L, and GFP-Snf2L+13 in U2OS
cells. For each protein G1/2 phase (Top), S phase (Middle), and the case of DNA
damage (Bottom) are shown. Immobilization at replication foci in S phase and
at DNA repair sites is evaluated from the decay of the CP curves depicted in
red compared with the black curves measured at regions of low PCNA density.

variant GFP-Snf2L+13, which contains exon 13 disrupting the
enzyme’s ATPase cassette (24), displayed the same localization
as GFP-Snf2L, demonstrating that chromatin binding was independent of ATPase activity. Interestingly, the ratio of remodeler
to chromatin concentration was reduced at some heterochromatin foci in NIH 3T3 cells (arrows in Fig. S1). This ﬁnding points to
the partial exclusion of remodelers from these sites, consistent
with our previous investigations by high-resolution ﬂuorescence
microscopy of ﬁxed U2OS cells (25).
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Stable U2OS lines expressing one GFP-tagged remodeler variant were used to measure the expression level of the endogenous
remodelers. The concentrations of GFP-tagged remodelers were
determined by FCS experiments (Table S1). Subsequently, quantitative Western blotting was used to measure the ratio of endogenous remodelers relative to the GFP-tagged ones (Fig. S2). The
expression levels of Snf2H-GFP and GFP-Snf2L+13 were about
twofold higher than those of the corresponding endogenous proteins, whereas endogenous Snf2L was not detectable in the U2OS
cell line. From the combined FCS/Western blot analysis endogenous protein concentrations of 0.83 ± 0.13 μM (Snf2H), >0.15 ±
0.03 μM (hACF complex formed by Snf2H and Acf1), <0.05 μM
(Snf2L), and 0.14 ± 0.04 μM (Snf2L+13) were determined.
The remodeling activity of the GFP-tagged proteins was evaluated in in vitro experiments (Fig. S3). As expected, both Snf2HGFP and GFP-Snf2L were capable of translocating nucleosomes
whereas Snf2L+13 lacked any activity. In comparison with freely
mobile recombinant His-tagged Snf2H and Snf2L, afﬁnity-puriﬁed
GFP-tagged remodelers tethered to agarose beads showed a
somewhat lower translocation activity (Fig. S3 B and C). Immobilizing His-tagged recombinant proteins reduced their activity to
similar levels, indicating that the GFP tag did not impair the
catalytic function.
Snf2H-GFP and GFP-Snf2L Are Recruited to Replication Foci and DNA
Repair Sites. Because Snf2H and Acf1 have been shown to play

a role in replication (23), we studied the localization of Snf2HGFP, GFP-Snf2L, and inactive GFP-Snf2L+13 in the S phase of
the cell cycle (Fig. 1). Both Snf2H-GFP and GFP-Snf2L were
enriched at replication foci as detected by colocalization with
PCNA-RFP. Moreover, 40–70% fractions of the remodelers were
immobilized at these sites as determined from CP curves acquired
at the replication foci. Notably, no difference between active
Snf2L and inactive Snf2L+13 was apparent. Besides replication,
Snf2H has been shown to be involved in the DNA damage response via the Snf2H-WSTF complex (26). To investigate this
process DNA damage was locally induced by microirradiation
with a UV laser. Subsequent recruitment of PCNA-RFP and
Snf2H-GFP to the damage site was observed. Interestingly, GFPSnf2L and GFP-Snf2L+13 also accumulated at the damage site,
suggesting a potential function of Snf2L in the DNA damage
response. In contrast, no accumulation was found for GFP alone
(Fig. S4). Bleaching experiments demonstrated that Snf2H-GFP
and GFP-Snf2L as well as GFP-Snf2L+13 were immobilized at
the repair sites (Fig. 1). The accumulation of inactive Snf2L+13
at replication foci and repair sites demonstrates that the recruitment occurs independent of ATPase activity. In summary, Snf2HGFP reproduced the localization behavior reported previously for
endogenous Snf2H (23, 26). In addition, Snf2H-GFP with GFP at
the C terminus and N-terminally tagged RFP-Snf2H showed no
differences regarding intracellular localization or mobility (Fig.
S5). Thus, with respect to the experiments conducted here no
inﬂuence of the autoﬂuorescent protein domain on the mobility
and interactions of the remodeler was detected.
Multimeric Snf2H and Acf1 Associate into a Heterotetramer or HigherOrder Complex. Acf1 is one of the noncatalytic subunits that

can associate with the Snf2H/ISWI motor protein in a complex
termed ACF (27, 28). To probe multimerization of Snf2H and
Acf1 in living U2OS cells, their complexes containing proteins
labeled in two different colors were evaluated by ﬂuorescence
cross-correlation spectroscopy (21, 29, 30). The FCCS analysis of
cells transfected with either Snf2H-GFP and RFP-Snf2H or Acf1GFP and Acf1-RFP revealed a high cross-correlation signal,
which was indicative of the formation of Snf2H and Acf1 homodimers or higher-order complexes (Fig. 2, Table 1). From the
amplitudes of the auto- and cross-correlation functions, the
fraction of the total amount of protein incorporated into these
complexes was calculated to be at least 82 ± 8% for Snf2H and
94 ± 6% for Acf1. In addition, the interaction of Acf1-RFP and
Snf2H-GFP was probed by transfecting Acf1-RFP into U2OS
Erdel et al.

Snf2H-GFP, GFP-Snf2L, and Acf1-GFP Are Only Transiently Associated
with Chromatin in G1/2 Phase. The dynamics of Snf2H, Snf2L, and

Snf2L+13 in living U2OS cells during G1/2 and S phase were
characterized by a combination of FRAP and FCS experiments
(Fig. 3, Tables 2 and 3). For all proteins the FRAP recovery curves
could be ﬁtted well with a diffusion model, in which the contribution of transient binding is included into an effective diffusion
coefﬁcient (19). Recovery in the FRAP experiments during G1
phase was almost complete with immobile fractions of only 1–4%
(Table 2). During S phase the immobile fraction increased as observed in FRAP and CP experiments (Table 2, Fig. 1). The FRAP
value of ∼10% was lower than that of 40–70% estimated from the
CP analysis because the bleached area in the FRAP experiments
contained both replication foci and regions of low PCNA density. From an analysis of the FRAP data according to a reaction–
diffusion model the lower limit of the dissociation rate in G1/2
phase was determined to be koff > 14 s−1 (tres = 70 ms) for Snf2HGFP and koff > 8 s−1 (tres = 130 ms) for GFP-Snf2L (SI Materials
and Methods). An upper limit for koff could not be determined
reliably in the FRAP analysis because the average residence time
in the chromatin-bound state was too short. This question was
addressed by FCS experiments that have a much better time resolution and yield the diffusion time τ in the nucleus as a direct
readout from the intensity ﬂuctuations in the focal volume. In
addition, the remodelers’ mobility can be measured also in the
cytosol by FCS where both Snf2H and Snf2L are freely mobile and
present at nanomolar concentration with D = 13 μm2·s−1 or τ =
∼0.6 ms (Table 3). Corresponding values in the nucleus were
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FCCS analysis, see SI Materials and Methods.

2.0 ± 0.3 ms (Snf2H-GFP) and 1.2 ± 0.2 ms (GFP-Snf2L) for 70–
80% of the molecules (Table 3). Furthermore, an additional slow
population with Dslow = 0.03–0.10 μm2·s−1 (τ = 100–600 ms) was
present in the nucleus, which reﬂects chromatin translocations
that manifest themselves as slow intensity ﬂuctuations of bound
ﬂuorescently labeled proteins. This explanation is inferred from
the value of the anomaly parameter α > 1, which is indicative of
a conﬁned diffusion behavior in the FCS analysis, and the observation that this contribution is a general feature of proteins
that interact transiently with chromatin like heterochromatin
protein 1 (19). This interpretation is corroborated by the absence
of a corresponding mobility fraction in the FRAP experiments for
Snf2H/Snf2L, where a <150 ms residence time and D values of 0.9
± 0.1 and 1.0 ± 0.1 μm2·s−1 were measured (Table 2). Taken together, the FCS data clearly point to an average residence time of
a few milliseconds for the vast majority of the remodeler fraction
detectable by FCS (Table 3). Because immobilized molecules are
typically bleached after 1 s, FCS provides no information about
larger residence times. However, no remodelers bound on the
timescale of seconds were found in the FRAP analysis and the
remodeler fraction immobilized on the timescale of ≥1 min
comprised only 1–4%. Thus, the short millisecond residence time
applies for almost the whole remodeler pool during G1/2 phase.
To compare the mobility of the remodeler ATPases to the mobility of a noncatalytic complex subunit, U2OS cells were transiently transfected with Acf1-GFP. The FRAP and FCS analysis
yielded effective diffusion coefﬁcients and immobile fractions that
were very similar to that of Snf2H-GFP (Fig. 3, Tables 2 and 3).
These results indicate that there are no large differences between
the dynamics and the interactions of Snf2H-GFP and Acf1-GFP.
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Fig. 2. Interactions of Snf2H and Acf1 probed by FCCS in the U2OS cell
nucleus. The value of the ratio rx (Table 1) calculated from the amplitudes of
the cross-correlation and autocorrelation functions reveals the presence of
complexes containing Snf2H-GFP and Acf1-RFP (A), Acf1-GFP and Acf1-RFP
(B), and Snf2H-GFP and RFP-Snf2H (C). Auto- (AC) and cross-correlation (XC)
functions of the two color channels are shown. (D) Control measurements in
U2OS cells expressing a GFP–RFP fusion protein (XC positive) or GFP and RFP
alone (XC negative).

Erdel et al.

to the mobility of Snf2H and Snf2L, the naturally occurring inactive splice variant Snf2L+13 was included in the analysis. In
Snf2L+13 the exon 13 is spliced into the ATPase cassette of
Snf2L, resulting in a noncatalytic protein. Because Snf2L+13 has
been found in the same complexes as Snf2L, it could function as
a dominant negative variant (24). Whereas the overall dynamic
behavior of Snf2L+13 was similar to that of Snf2L and Snf2H,
a small but signiﬁcant increase in the mobility was apparent. The
immobile fraction (1 ± 1%) was virtually absent for Snf2L+13
and a larger effective diffusion coefﬁcient of 1.6 ± 0.1 μm2·s−1
was determined as compared with Snf2L with 3 ± 1% immobile
protein and Deff = 1.0 ± 0.1 μm2·s−1 (Fig. 3 B and C, Table 2).
Similar results were obtained with transiently transfected HEK
293T cells (Fig. S6), which, in contrast to U2OS cells, express
active Snf2L endogenously (31). Here, values of 2 ± 1% and
2.0 ± 0.4 μm2·s−1 (Snf2L) in comparison with 1 ± 1% and 2.7 ±
0.4 μm2·s−1 (Snf2L+13) for the effective diffusion coefﬁcient
and the immobile fraction were measured.
To further investigate differences between the active and the
inactive state of Snf2L and Snf2H, U2OS cells were depleted of
ATP by addition of sodium azide (Fig. 3 A–D). Because the
remodeling reaction is ATP dependent, no remodeling is expected to occur under these conditions. The mobility of Snf2HGFP and GFP-Snf2L was measured using FRAP and FCS as
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cells stably expressing Snf2H-GFP. The normalized degree of
cross-correlation was rx = 0.22 ± 0.04 (Fig. 2, Table 1), which
shows that both proteins interact. The simplest model to explain
the FCCS results is the association of Snf2H and Acf1 homodimers into a heterotetrameric ACF complex (larger complexes
would also be compatible with the data). For an ACF heterotetramer the fraction of the total cellular Snf2H pool in this
complex is >18 ± 4%. Considering the contribution of unlabeled
endogenous protein would increase this value.
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Fig. 3. Mobility of Snf2H-GFP, GFP-Snf2L, GFP-Snf2L+13, and Acf1-GFP. All proteins displayed a high mobility and only transient binding to chromatin during
G1/2 phase (Tables 2 and 3) but an increased immobilized fraction was observed for Snf2H and Snf2L during S phase in U2OS cells. A–D show averaged FRAP
curves, and E–H display single FCS experiments for the indicated proteins.

described above. The results were the same as those obtained in
the comparison of Snf2L and Snf2L+13: A small reduction by 1–
3% in the immobile fraction and a slight change of the effective
diffusion coefﬁcient toward a higher mobility in the ATP-depleted
cells (Fig. 3 A–D, Table 2). Thus, the mobility differences between
the active and the inactive (Snf2L+13, ATP-depleted Snf2H and
Snf2L) case were signiﬁcant but small. This result suggests that
only a fraction of a few percent of the remodelers is actively involved in chromatin remodeling during G1/2 phase and displays
an increased residence time in the chromatin-bound state.
Discussion
The translocation of nucleosomes by chromatin remodeling
complexes was investigated previously in numerous in vitro
studies (e.g., refs. 6–8, 13, 16, 17, 27, 28, 32, and references
therein). However, details on their mode of operation in living
cells are missing. Here, we analyzed the dynamics and interaction
behavior of Snf2H, Snf2L, and Snf2L+13 as well as Acf1 in living
cells with a multiscale approach that combined FRAP, CP, and
FC(C)S experiments (18–21). In the case of FRAP, the shape of
Table 2. FRAP measurements in U2OS cells
Deff, μm2·s−1
Protein
Snf2H-GFP
Snf2H-GFP, no ATP
GFP-Snf2L
GFP-Snf2L, no ATP
GFP-Snf2L+13
GFP-Snf2L+13,
no ATP
Acf1-GFP
Acf1-GFP, no ATP

G1/2

S

±
±
±
±
±
±

0.8 ± 0.1
0.8 ± 0.1
0.6 ± 0.1
0.6 ± 0.2
1.5 ± 0.7
n.d.

0.9
1.2
1.0
1.2
1.6
1.4

0.1
0.1
0.1
0.2
0.1
0.2

0.9 ± 0.3
0.7 ± 0.1

n.d.
n.d.

koff, s−1
G1/2
>13.6
>12.3
>8.3
>3.3
>2.0
>7.7

±
±
±
±
±
±

2.3
2.3
1.5
0.4
0.4
1.5

>2.3 ± 0.8
>2.3 ± 0.5

Immobile, %
G1/2

S

±
±
±
±
±
±

9±2
9±2
9±1
12 ± 3
n.d.
n.d.

4
1
3
2
1
1

1
0
1
1
1
0

3±2
0

n.d.
n.d.

Measurements in S phase represent an average over several replication
foci and regions of low PCNA density within the bleached region. n.d., not
determined.
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the recovery curve is used to extract dynamic parameters such
as the diffusion coefﬁcient and the kinetic rate constants. Furthermore, immobilized proteins are identiﬁed reliably from an
incomplete recovery. CP has the advantage that immobilized
protein fractions at loci as small as the optical resolution can
be evaluated. FCS on the other hand yields information on the
mobile protein fraction with high spatial and temporal resolution
that is complementary to FRAP and CP.
The FRAP, CP, and FCS experiments revealed that all proteins
studied here were highly dynamic in the nucleus during G1/2
phase and bound only transiently to chromatin with upper limits
for the residence times of <150 ms for Snf2H/L and <500 ms for
Snf2L+13 and Acf1. These residence times are at the low end of
values reported for other chromatin interacting proteins but
similar to values for some transcription factors (18, 33). From
a comparison of Snf2L and the inactive Snf2L+13 splice variant
in conjunction with ATP depletion experiments we infer that only
a small fraction of a few percent of a given ISWI type ATPase is
involved in actively translocating nucleosomes during G1/2 phase.
However, in replication foci during S phase or at DNA repair sites
the fraction of tightly bound remodelers with residence times of at
least several seconds is dramatically increased up to 40–70%.
Because an increase of immobile Snf2L+13 was observed, too,
binding to these sites occurs also independently of ATPase activity. This observation suggests a mechanism in which increasing
the binding afﬁnity of a given remodeler to its nucleosome substrate promotes nucleosome translocation as proposed previously
on the basis of in vitro studies (6).
In the FCCS experiments the mutual homo- and heteromeric
interactions of Snf2H and Acf1 were evaluated and demonstrated
the simultaneous presence of Snf2H–Snf2H, Acf1–Acf1, and
Snf2H–Acf1 interactions. Previous cryoelectron microscopy and
FCCS in vitro work reported that dACF/hCHRAC is a heterotetramer composed of two Snf2H/ISWI and two Acf1 subunits
(30, 34). Together with our FCCS results it is concluded that in
the human cell nucleus hACF/hCHRAC heterotetramer complexes are formed via the equilibrium association of Snf2H and
Acf1 dimers. The quantitative analysis of the FCCS data in terms
of a homodimer–heterotetramer equilibrium results in a fraction
of >18 ± 4% of the Snf2H pool being associated with Acf1. This
Erdel et al.

Table 3. FCS measurements in U2OS cells
Protein
Snf2H-GFP
GFP-Snf2L
GFP-Snf2L+13
Acf1-GFP

Dcyt , μm2·s−1
13.0
13.3
13.0
10.4

±
±
±
±

1.0
0.8
1.4
0.5

Dnuc , μm2·s−1
3.9
6.6
5.2
3.5

±
±
±
±

0.4
0.4
0.4
0.5

fslow, %
22
29
25
33

±
±
±
±

3
3
4
5

Dslow, μm2·s−1
0.03
0.11
0.10
0.07

±
±
±
±

0.01
0.01
0.01
0.02

αslow
2.1
1.5
1.3
1.4

±
±
±
±

0.2
0.1
0.2
0.3

K*bin
2.3
1.0
1.5
2.0

±
±
±
±

0.7
0.3
0.5
0.6

value is the lower limit that does not consider the presence of
unlabeled endogenous Snf2H and Acf1, which reduce the crosscorrelation signal. Due to the presence of other Snf2H-containing
complexes like NoRC or WSTF not the whole Snf2H pool is
present in Acf1-containing complexes (8, 9, 26). Because the
monomeric Snf2H fraction was determined to equal <18% (Table 1), these Snf2H-containing complexes are likely to comprise
Snf2H multimers as well.
Using a combination of FCS and quantitative Western blots we
were able to measure endogenous remodeler concentrations of
0.83 ± 0.13 μM (Snf2H), >0.15 ± 0.03 μM (hACF complex formed
by Snf2H and Acf1), <0.05 μM (Snf2L), and 0.14 ± 0.04 μM
(Snf2L+13) in the human U2OS cell line. To our knowledge these
quantiﬁcations of remodeler concentrations in vertebrates/higher
eukaryotes have not been described elsewhere. They point to
a distinct pattern of different remodeling activities. Whereas the
cell line-speciﬁc Snf2L protein is not detected in U2OS cells, its
inactive splice variant was found at concentrations of 140 nM in
the nucleus. In comparison, a speciﬁc type of active chromatin
remodeler complex like hACF would be typically present at
a concentration >100 nM. Extrapolating this value to the total
concentration of all remodeling complexes and including complexes of the other ATPase families (Snf2, Mi-2, Chd1, Ino80,
ERCC6, ALC1, CHD7, Swr1, RAD54, and Lsh), the total chromatin remodeler concentration in the human cell nucleus is estimated to be in the 10 μM range with a nucleosome concentration of 140 μM (35). Thus, the resulting remodeler/nucleosome
ratio is similar to that of yeast with one remodeler per ∼10
nucleosomes (36, 37). Because of their presence in high concentrations and the capability of complexes like ACF to bind >1 nucleosome, it has been proposed that ISWI chromatin remodelers
might represent a stable structural component of chromatin (38).
In the light of the high mobility of these complexes and the absence of a signiﬁcant immobile fraction during G1/2 phase, such an
architectural function during the whole cell cycle seems unlikely.
Furthermore, several other conclusions on the mechanism by
which chromatin remodeling complexes operate in living cells can
be made (Fig. 4). The very short residence time in the chromatinbound state during G1/2 phase reveals either that the remodeling
reaction is too fast to be resolved or that only a very small
remodeler fraction (<5%) is active at a given point of time. From
in vitro data obtained with SWI/SNF remodelers, the velocity of
chromatin remodeling can be estimated to equal ∼13 bp·s−1 (39).
Ensemble FRET studies with puriﬁed mononucleosomes and
Snf2H resulted in even slower rates of 17 bp in a few seconds (40).
Thus, the residence times measured here would be compatible
with no or only a very small translocation of a few base pairs for the
vast majority of the remodeling complexes. It is noted that such
a small step size would be in contradiction to the experimentally
observed remodeling behavior of ISWI remodelers, for which
translocation steps of ∼10–50 bp were reported (30). In addition,
the ACF complex has been shown to be committed to its substrate
for several minutes in vitro, further supporting the notion that the
remodeling reaction does not occur within <150 ms (41, 42). Thus,
we conclude that the 96–97% mobile remodeler fraction found
here is not engaged in chromatin remodeling under “housekeepErdel et al.

ing” conditions in G1/2 phase. In contrast, the remodeling activity
is high at replication foci during S phase or at DNA repair sites,
and a large remodeler fraction immobilized for seconds to minutes
was detected. Accordingly, active remodeling is associated with
binding times at least on the second timescale. These binding
times include contributions from the ATPase independent interactions with recruiting protein factors and the nucleosome translocation reaction itself. At these active sites, immobilized ISWI
remodelers could also play a role for chromatin architecture.
In summary we propose a model, in which the chromatin
remodelers continuously sample a large number of nucleosomes by
transiently binding and dissociating without nucleosome translocation in G1/2 phase (Fig. 4A). In the default state the nucleosomes
would be stably bound to their positions, as opposed to a “ﬂuid”
chromatin model, in which constant movements of the majority of
nucleosomes would render most of the DNA accessible to interacting protein factors. Only upon introducing additional signals like, for
example, core histone modiﬁcations at certain nucleosomes, the
phosphorylation of the H2A.X variant as a DNA damage signal, or
decoration with interacting proteins as during S phase or DNA repair
(Fig. 4B), would these nucleosomes be marked “to be translocated”
by making them high-afﬁnity substrates. This view is supported by the

A

Housekeeping: continous sampling

B

Replication/repair: immobilization

Fig. 4. ISWI chromatin remodeler interactions with chromatin. (A) During
G1/2 phase chromatin remodelers bind only transiently to nucleosomes with
residence times in the 10-ms regime and operate via a “continuous sampling
mechanism.” Most encounters are not productive and efﬁcient nucleosome
translocation requires additional signals that increase the binding afﬁnity.
These signals are present at only a small subset of nucleosomes during
housekeeping conditions. (B) In S phase at replication foci or at sites of DNA
repair remodeling “hotspots” exist. These hotspots are formed by increasing
the binding of remodelers to the respective genomic loci to residence times
in the range of seconds to minutes. Identiﬁcation of a remodeling hotspot
could be mediated by histone modiﬁcations, chromatin-associated proteins,
or structural features of the chromatin environment.
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From the comparison of FCS measurements of diffusion coefﬁcients in the cytosol (Dcyt) and in the nucleus
(Dnuc) the pseudoequilibrium binding constant K*bin (Kbin multiplied with the binding site concentration) was
determined. The larger value for Snf2H-GFP compared with GFP-Snf2L reﬂects either a higher binding afﬁnity to
chromatin or the presence of more binding sites than for GFP-Snf2L. The slow mobility fractions fslow displayed
a behavior indicative of a slowly, conﬁnedly moving lattice that is characterized by α > 1 in the FCS analysis.

results of several reports that demonstrate a connection between
remodeling activity and histone modiﬁcations as reviewed in ref. 7.
From the parameters measured here for the isolated Snf2H ATPase
and its complex with Acf1 (endogenous protein concentration 0.15–
0.83 μM, average residence time 75–430 ms) we estimate that
nucleosomes are sampled at a rate of 0.1–3 min−1 by a speciﬁc ISWItype complex. To probe 99% of all genomic nucleosomes, average
sampling times of ∼80 s (all Snf2H containing remodelers) and ∼45
min (ACF) are calculated with the values from the FRAP analysis (SI
Materials and Methods and Table S2). These results have to be
regarded as upper limits because the average residence times in the
order of 10 ms from the FCS analysis would decrease the corresponding sampling times to 11–64 s. Thus, after setting an appropriate signal a nucleosome can be translocated within tens of seconds
or minutes to its new position. For this mechanism a relatively large
concentration of remodelers is required to sample the ensemble of
all nucleosomes in the genome at an acceptable speed. If the cell
contained a 100-fold lower concentration of ISWI-type remodelers,
i.e., a concentration of a few nanomolar, the sampling time would
increase to hours. This would introduce a signiﬁcant lag time for the
readout of external signals on the timescale of cellular transitions.
From this point of view a large pool of remodelers with only a small
fraction of simultaneously active complexes seems mandatory to
respond quickly to changes of the chromatin state. It is noted that
these features of the continuous sampling mechanism are in excellent agreement with ﬁndings on cyclically occurring epigenetic processes that initiate and terminate remodeling of chromatin by SWI/
SNF and NuRD complexes (33, 43, 44). In contrast, a large fraction
of continuously active remodelers would constantly expose all parts
of the DNA sequence to the surrounding nucleoplasm at much
higher energy costs, because the remodelers’ ATPase activity is

stimulated by the bound nucleosome substrate (32). Thus, our
ﬁndings point to a tight regulation of chromatin accessibility, realized
by nucleosomes as switches that are continuously sampled by chromatin remodelers and triggered upon distinct signals.
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Materials and Methods
Experiments were conducted with GFP and RFP constructs of human Snf2H,
Snf2L, Snf2L+13, and Acf1 in human U2OS osteosarcoma, human embryonic
kidney HEK293T, and mouse NIH 3T3 cell lines as described in SI Materials and
Methods. For Snf2H-GFP, GFP-Snf2L, and GFP-Snf2L+13 stably transfected U2OS
clones were derived. Other constructs were introduced via transient transfection. FRAP, CP, and F(C)CS experiments were conducted as described previously (19) and in SI Materials and Methods. At least 20 cells were measured for
a given experimental condition. For FRAP the time evolution of the intensity
integrated over the bleach spot was ﬁtted to a diffusion model, to a binding
model, or to a reaction–diffusion model that incorporates both diffusion and
binding processes. In the CP experiments the decay of the ﬂuorescence signal
due to the dynamic equilibrium of photobleaching, diffusion, and chromatin
dissociation/association of GFP-tagged proteins was used to measure the
immobilized fraction with the resolution given by the confocal excitation volume. The FCS data were ﬁtted to a one- or two-component anomalous diffusion model, which is characterized by a nonlinear time dependency of the mean
squared particle displacement given by the anomaly parameter α.
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SI Materials and Methods
Plasmid Vectors and Cell Lines. The plasmids pEGFP-N3-Snf2H

and pEGFP-N1-Acf1 were kindly provided by Patrick VargaWeisz and contain the full coding sequence of human Snf2H or
Acf1 fused to GFP at the C terminus, referred to as Snf2H-GFP
and Acf1-GFP (1). The coding sequences of human Snf2L and
Snf2L+13 generously provided by David Picketts (2, 3) were
cloned into pEGFP-C1 (Clontech) to construct the GFP-Snf2L
and GFP-Snf2L+13 vectors. The red ﬂuorescent derivatives
RFP-Snf2H and Acf1-RFP were generated by cloning the coding
sequence into pTagRFP-N1 or pTagRFP-C1 (Evrogen). The
mRFP1-labeled histone H2A (H2A-RFP) and proliferating cell
nuclear antigen (PCNA-RFP) have been described previously
(4, 5). For FCCS analyses, an mRFP1-GFP fusion construct was
used for comparison, which was kindly provided by Malte
Wachsmuth (European Molecular Biology Laboratory, Heidelberg, Germany).
Cell Culture, Immunoprecipitation, and Western Blotting. Cells of the
human U2OS osteosarcoma cell line (HTB-96) were cultured
in DMEM/10% FCS, NIH 3T3 cells were cultured in DMEM
High Glucose/10% FCS. For Snf2H-GFP, GFP-Snf2L and GFPSnf2L+13 stably transfected U2OS clones were derived. Other
constructs were introduced via transient transfection. For FRAP
and FCS experiments as well as live imaging cells were grown in
LabTek chambers (Nunc). ATP depletion was done as described
previously by adding sodium azide to a ﬁnal concentration of 10 mM
(6). Measurements were performed after 20–30 min incubation.
For immunostaining, cells were cultured in 12-well plates, and ﬁxation was carried out using 4% paraformaldehyde/PBS for 7 min.
For the production of cell lysates, U2OS cells were grown to conﬂuence, harvested, and incubated on ice for 30 min in lysis buffer
[10 mM Tris/Cl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.1%
Nonidet P-40] supplemented with a “complete” protease inhibitor
mixture (Roche). Subsequently, membrane fragments were removed by centrifugation. For immunoprecipitation of GFP-tagged
proteins, equilibrated Sepharose beads coupled to GFP-binding
protein (GBP) (Chromotek) were added to the cell lysate and incubated for 1–2 h at 4 °C. Captured proteins were eluted by boiling
in SDS-containing elution buffer and loaded onto a polyacrylamide
gel. Proteins were transferred on nitrocellulose membranes
(Whatman), using a wet-blot system (BioRad). Membranes were
incubated with primary antibodies directed against Snf2H (no.
07-624; Upstate), Snf2L (ab37003; Abcam), or Snf2L+13 (Hanswalter Zentgraf, Deutsches Krebsforschungszentrum, Heidelberg,
Germany) and secondary antibodies coupled to horseradish peroxidase. For detection, membranes were incubated with ECL solution and imaged with a CCD system (Intas). Alternatively, secondary antibodies coupled to DyLight 680 or DyLight 800 dyes
were used and the signal was detected with a LI-COR Odyssey system (LI-COR Biosciences). Both methods yielded identical results.
In Vitro Activity Assay of GFP-Tagged ATPases Snf2H and Snf2L. The
activity of the GFP-tagged remodelers was tested in an in vitro
assay. First, Snf2H-GFP, GFP-Snf2L, and the splice variant GFPSnf2L+13 were puriﬁed from transiently transfected HEK293T
cells, using the GFP-Trap system (Chromotek) according to the
manufacturer’s protocol. Second, the matrix-bound proteins were
incubated with nucleosomes reconstituted on a Cy5-labeled DNA
fragment containing the 601 nucleosome positioning sequence
and ATP. Nucleosome remodeling reactions were performed
as described (7). For one reaction, 0.02 pmol nucleosomes and
Erdel et al. www.pnas.org/cgi/content/short/1003438107

0.3 ± 0.1 pmol of the His-tagged remodelers in solution (Fig. S3B
and His-Snf2L in Fig. S3D) or 0.9 ± 0.3 pmol of the remodelers
bound to agarose beads (Fig. S3C and GFP-Snf2L/L+13 in Fig.
S3D) were used. Nucleosome positions were resolved on 6% native polyacrylamide gels containing 0.5× TBE and scanned with
the Fuji FLA-5000 ﬂuorescence system.
Continuous Photobleaching and UV Microirradiation. Continuous
photobleaching experiments were conducted with a Zeiss LSM
710 ConfoCor3. Medium laser intensities (∼10% of the Lasos
Argon laser operated in standby mode) were used for bleaching.
CP data were analyzed as described previously (8, 9). All curves
measured here could be successfully ﬁtted with a model incorporating an immobile fraction and a mobile pool:

− 1

α t α 2 t2
IðtÞ ¼ fimmo 1 þ þ
þ ð1 − fimmo Þexpð −β tÞ:
2
6
α and β denote the bleach rates for the immobile and the mobile
pool, respectively; fimmo is the immobile fraction. This expression
corresponds to the equation derived previously with koff = 0 (8).
For UV microirradiation a region of interest was irradiated with
the 405-nm laser line at maximum power for ∼10 s to introduce
DNA damage.
Fluorescence Recovery After Photobleaching. FRAP experiments
were carried out on a Leica SP5 microscope. Images were acquired
with 128 × 128 pixels in size and a scanning speed of 1,400 Hz.
Typically 30 images were acquired before the bleach, 2 images
were used for bleaching, and up to 500 images were acquired after
the bleach. The shape of the bleached region of interest (ROI) was
chosen to be circular because in this case an analytical solution for
the Laplace transform of the recovery curve can be found. The diameter of the ROI was between 3 and 5 μm. The location of the ROI
was selected in a way that between the cell boundary and the ROI
sufﬁcient space remained: This positioning is important to meet the
assumption that the recovery does not depend on the local geometry
and occurs in an isotropic fashion. Typically, 20–30 cells were analyzed for a given experimental condition. For the average values of
the effective diffusion coefﬁcient, each FRAP curve was ﬁtted, the
normalized diffusion times (i.e., the inverse diffusion coefﬁcients)
from each individual ﬁt were averaged, and the resulting diffusion
coefﬁcient was calculated on the basis of the averaged diffusion time.
FRAP analysis was conducted with the software FREDIS (9).
Recovery curves were ﬁtted to a diffusion model, a reaction
model, and a reaction–diffusion model (10). The diffusion model
is suitable if no binding sites or binding sites with very high dissociation rates are present (effective diffusion). The reaction
model describes the recovery if a binding site with a small dissociation rate is present, and the reaction–diffusion model describes
the recovery in the presence of immobile binding sites with dissociation rate constant koff. The expressions for the different
models are as follows:
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Ceq and Feq denote the bound and the free fraction, k∗on and koff
denote the pseudoassociation rate and the dissociation rate, τD
is the diffusion time, I0 and I1 aremodiﬁed Bessel functions,
w


is the bleach radius, and q2 ¼ p=Df 1 þ k∗on =ðp þ koff Þ . Because

there is no analytical solution in the case of the reaction–diffusion model, the solution for the inverse Laplace transform is
given ( p is the complex Laplace variable).
The different ﬁts were compared with each other on the basis of
the F ratio, which depends on the ﬁt qualities (χ2 values) and the
number of ﬁt parameters in each model. A model with more ﬁt
parameters is expected to ﬁt better than a simpler model. Accordingly, the number of ﬁt parameters has to be accounted for
when comparing different models. All proteins studied in this
work exhibited effective diffusion behavior because their recoveries could be ﬁtted with the diffusion-dominant model, but the
diffusion coefﬁcients obtained in the nucleus were signiﬁcantly
smaller than the (free) diffusion coefﬁcients measured in the cytosol. Because viscosity and crowding effects are similar in the
nucleus and the cytosol (as revealed by the analysis of GFP in the
nucleus and the cytosol) (11), the reduced diffusion coefﬁcient can
be explained by chromatin interaction. Using the expression for
the reaction–diffusion model (which ﬁtted the data equally well
compared with the diffusion-dominant model), the 95% conﬁdence interval for koff was determined. These conﬁdence intervals
became very large in the case of effective diffusion because the
recovery essentially depends on the ratio of the rate constants
k∗on =koff . The conﬁdence intervals ranged from some lower limit
for koff to inﬁnity; i.e., for koff values above this lower limit good ﬁts
were obtained by adjusting the other ﬁt parameters accordingly. In
this manner only a lower limit for the dissociation rate koff could be
determined from the FRAP analysis.
Fluorescence Correlation Spectroscopy. For FCS experiments,
a Leica TCS SP2 AOBS FCS2 system or a Zeiss LSM 710
ConfoCor3 was used. Typical acquisition times were in the range
of 60 s. Before every measurement, a calibration with Alexa 488
C5 maleimide (Invitrogen) was performed. Similar laser intensities were used for the measurement of the samples and the
controls. Data acquisition was with the programs Vista 3.6.22
(ISS) for the Leica SP2 and ZEN (Zeiss) for the Zeiss LSM 710.
FCS data were analyzed as described previously (9). The autocorrelation function was calculated, and in the case of bleaching
a moving average trend correction was applied. The autocorrelation function was ﬁtted with the formula for anomalous diffusion (with one or two components):
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1þ 2
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Here, N denotes the particle number, f1 the size of the ﬁrst
component, τD,1 and τD,2 are the diffusion times for the ﬁrst and
the second component, κ is the structure parameter of the microscope’s focal volume, and α1 and α2 are the anomaly parameters for the ﬁrst and the second component. Typical ﬁts had
R2 values >0.95 and uncorrelated residues. At least 20 measurements were performed for each protein in the nucleus and in
the cytosol.
Erdel et al. www.pnas.org/cgi/content/short/1003438107

For FCCS, the cross-correlation function between the GFP and
the RFP signals was calculated and ﬁtted with the same formula
given above. The degree of cross-correlation ratio G was calculated according to
Gx ð0Þ
ratio G ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ:
GGFP ð0Þ · GRFP ð0Þ
Here, Gx(0) denotes the amplitude of the cross-correlation
function and GGFP(0) and GRFP(0) denote the amplitudes of the
autocorrelation function in the green and the red channel at lag
time τ = 0, respectively. The degree of cross-correlation ratio
Gsample was normalized using the values for the negative (ratio
Gneg) and positive (ratio Gpos) controls as described previously
(12–14):
rx ¼

ratio Gsample − ratio Gneg
:
ratio Gpos − ratio Gneg

TetraSpeck 0.1-μm ﬂuorescent microspheres (Invitrogen) were
used as a positive control, and U2OS cells cotransfected with
GFP and RFP were used as a negative control. It is noted that
the formula given above is applicable only if the concentrations
of the green- and the red-labeled proteins are similar to each
other in the negative control as well as in the sample, which was
ensured in the experiments presented here. From rx the fraction
θ of protein in the complex was calculated, which depends on the
complex composition and the ratios between labeled (GFP- or
RFP-tagged) and unlabeled (endogenous) protein. For heterodimers AB of two proteins A and B labeled with different ﬂuorophores, e.g., A-GFP and B-RFP, the following relation holds:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rx;AB ¼ λA λB θA θB :
Here, λA and λB are the labeling degrees of proteins A and B,
i.e., the amount of labeled protein divided by the total amount of
protein of one type, and θA and θB are the fractions of monomers
A and B in the complex. For the A2B2 heterotetramer, the degree
of protein in the complex is derived from the normalized crosscorrelation signal
rx;A2B2

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4λA λB θA θB
¼
ð1 þ θA λA Þð1 þ θB λB Þ
2
¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ rx;AB :
ð1 þ θA λA Þð1 þ θB λB Þ

The maximum value of rx is higher for the A2B2 than for the AB
complex because in the heterotetramer the probability to have
complexes that carry only red or only green labels is lower.
To study self-association a protein can be labeled with two
different ﬂuorophores, e.g., A-GFP and A-RFP. For a homodimer A2 (or a heterotetramer A2B2, which is equivalent if B is
not labeled), the degree of cross-correlation is given by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
λA λB θA θB
:
rx;A2 ¼
ð1 þ θA λA Þð1 þ θB λB Þ
Here, the labeling degrees λA and λB equal the amount of protein
A labeled with one ﬂuorophore divided by the total amount of A.
Thus, in contrast to the case of heteromultimerization, the sum
of the two labeling degrees λA + λB cannot be >1. In the absence
of unlabeled protein and a 1:1 ratio of both ﬂuorophores, λA =
λB = 0.5.
Calculation of Remodeler–Nucleosome Sampling Rates. On the basis
of the parameters measured, the sampling rate for remodeler–
2 of 7

nucleosome contacts was determined. The time that a remodeler
spends in the chromatin-bound state is τbound = 1/koff, and the
time in the freely diffusible state is τfree = 1/(koncN), with koff
and kon being the dissociation/association rates and cN the
nucleosome concentration. Because the concentration of nucleosomes as potential binding sites is much larger than the remodeler concentration, the binding process can be described
by a pseudo-ﬁrst-order reaction. To probe one nucleosome, the
remodeler requires τsearch = τbound + τfree. For cR being the remodeler concentration, cR nucleosomes are probed within τsearch.
Thus, the minimum sampling time is τsample, min = (cN/cR)τsearch =
(cN/cR)·(τbound + τfree) if every nucleosome is probed exactly once.
This expression can be reformulated in terms of the pseudoafﬁnity
K*bin = (kon cN)/koff:


cN
1
τsample; min ¼
1þ ∗ :
Kbin
cR koff
Because the concentration of nucleosomes in the cell nucleus has
been measured to be cN = 140 μM (15), the sampling time can be
calculated using the values for the dissociation rate (estimated
from the FRAP analyses, Table 2), the pseudoafﬁnity (determined by FCS measurement, Table 3), and the endogenous
remodeler concentration (determined by FCS and Western
blotting, Table S1). Considering that not every nucleosome is
probed exactly once, the actual sampling time turns out to be
larger than the minimum sampling time τsample,min. The remodelers’ mode of action can be regarded as sequential cycles of
1. Collins N, et al. (2002) An ACF1-ISWI chromatin-remodeling complex is required for
DNA replication through heterochromatin. Nat Genet 32:627–632.
2. Barak O, Lazzaro MA, Cooch NS, Picketts DJ, Shiekhattar R (2004) A tissue-speciﬁc,
naturally occurring human SNF2L variant inactivates chromatin remodeling. J Biol
Chem 279:45130–45138.
3. Barak O, et al. (2003) Isolation of human NURF: A regulator of Engrailed gene
expression. EMBO J 22:6089–6100.
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5. Gunkel M, et al. (2009) Dual color localization microscopy of cellular nanostructures.
Biotechnol J 4:927–938.
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searching and binding, each cycle requiring the time τsearch. The
fraction of probed remodelers in each cycle is cR/cN. After the
ﬁrst cycle, p1 = cR/cN nucleosomes are probed, and after n cycles, the number of probed nucleosomes can be expressed according to the binomial distribution:



 k 
n!
cR
cR n − k
cR n
pn ¼ ∑
1
¼ 1− 1−
:
cN
cN
k¼1 k!ðn − kÞ! cN
n

By inverting this relation, the number of cycles n required for
a given coverage pn equals
n¼

lnð1 − pn Þ

:
ln 1− ccRN

The corresponding sampling time τsample, coverage is the product of
the required cycles n and the search time τsearch calculated
above:




n
1
lnð1 − pn Þ
1

1þ 
¼ 
1þ  :
τsample; coverage ¼
koff
Kbin
Kbin
ln 1 − ccRN koff
The resulting sampling times for 99% nucleosome coverage are
summarized in Table S2. The minimum sampling time τsample, min
corresponds to 63% nucleosome coverage.
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Fig. S1. Snf2H, Snf2L, Snf2L+13, and Acf1 bind chromatin in 3T3 cells. (A–D) Snf2H-GFP, GFP-Snf2L, GFP-Snf2L+13, and Acf1-GFP were transiently transfected
into NIH 3T3 cells stably expressing H2A-RFP. In all cases, colocalization of the GFP-tagged proteins with H2A-RFP was observed, reﬂecting their ability to bind
chromatin. To determine if the proteins were enriched in the dense heterochromatin foci of 3T3 cells, the ratio between the GFP and the RFP signal was
calculated for each pixel and plotted into a histogram. Because the ratio was similar throughout the cell, there was no speciﬁc enrichment in heterochromatin.
However, loci with decreased remodeler density were present (white arrows).
Antibody:
GFP protein
transfected:

Snf2H
Snf2H

Snf2L+13
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Snf2L+13

—

Snf2L
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MW (kDa)

Fig. S2. Expression level of endogenous remodelers. Quantitative Western blotting was used to determine the relative expression levels of the GFP-tagged
remodelers in the stable U2OS cell lines. (Lanes 1 and 2) U2OS/Snf2H-GFP and U2OS-WT incubated with anti-Snf2H; (lanes 3 and 4) U2OS/GFP-Snf2L+13 and
U2OS-WT incubated with anti-Snf2L+13; (lanes 5 and 6) U2OS/GFP-Snf2L and U2OS-WT incubated with anti-Snf2L; (lane 7) U2OS/GFP-Snf2L+13 incubated with
anti-Snf2L. Ratios between GFP-tagged and endogenous proteins of 2.4 ± 0.3 (lane 1), 1.8 ± 0.1 (lane 3), 0.8 ± 0.1 (lane 5), and 1.8 ± 0.1 (lane 7) were determined. The predicted molecular weight for Snf2H and Snf2L is 125 kDa, and the predicted molecular weight for GFP-tagged Snf2H/Snf2L is 152 kDa.
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Fig. S3. Snf2H-GFP and GFP-Snf2L are catalytically active chromatin remodelers. (A) Remodeling ATPases were puriﬁed from baculovirus-infected Sf9 cells
(His-Snf2H and His-Snf2L) or puriﬁed from transiently transfected HEK293T cells (Snf2H-GFP, GFP-Snf2L, and GFP-Snf2L+13). Puriﬁed proteins were analyzed by
6% SDS/PAGE and Coomassie blue staining. (B) Snf2H and Snf2L efﬁciently move nucleosomes from the center to more lateral positions of the nucleosomal 601
DNA containing 40 bp of DNA linkers on each side of the 601 sequence. Nucleosomes were incubated with increasing concentrations of Snf2H and Snf2L, in the
presence (lanes 3–8) or in the absence of ATP (lanes 2 and 9). Nucleosome positions are indicated. (C) Bead-bound Snf2H and Snf2L exhibit reduced remodeling
activity. His-tagged Snf2H and Snf2L coupled to beads were used in remodeling reactions as described in B. Nucleosome remodeling activities of the recombinant ATPases were signiﬁcantly reduced (lanes 1–6) and comparable to the activity of the puriﬁed GFP-tagged, bead-bound Snf2H and Snf2L proteins
(lanes 7–14). Similar protein levels were used and nucleosome remodeling was analyzed on 6% polyacrylamide gels. (D) The activities of the three Snf2L
ATPases (His-Snf2L, GFP-Snf2L, and GFP-Snf2L+13) were compared on the nucleosomal 601 DNA, placing the nucleosome at the border of a 208-bp-long DNA
fragment (lanes 1, 5, and 9). The 601 nucleosome was incubated with the indicated remodelers in the absence or the presence of ATP and the remodeling
reaction was analyzed as in C.
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Fig. S4. GFP control for microirradiation experiments. Confocal images of the distribution of the isolated GFP protein are shown for the case of DNA damage.
No GFP enrichment was observed at the DNA repair site where PCNA accumulated.
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Fig. S5. RFP-Snf2H and Snf2H-GFP were indistinguishable. To verify that the GFP tag did not have a strong impact on Snf2H localization or dynamics, RFP-Snf2H
was compared with Snf2H-GFP. (A) RFP-Snf2H and Snf2H-GFP colocalized in murine 3T3 cells. (B) RFP-Snf2H displayed an effective diffusion behavior in FRAP
experiments, and virtually no immobile fraction was detected. (C) RFP-Snf2H behaved similarly to Snf2H-GFP in FCS experiments; for small lag times subtle differences between the autocorrelation functions of GFP- or RFP-tagged Snf2H were present, which arise from different photophysics (dark states in TagRFP).
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Fig. S6. Snf2H-GFP and GFP-Snf2L behave in HEK293T cells as in U2OS cells. The dynamics of GFP-Snf2L and GFP-Snf2L+13 were analyzed in HEK293T cells
using FRAP (A) and FCS (B). In contrast to U2OS cells, HEK293T cells express active Snf2L. The two proteins displayed the same mobility in the two cell lines.
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Table S1. Nuclear concentrations of GFP-tagged and endogenous proteins in U2OS cells
Protein
Snf2H-GFP
GFP-Snf2L
GFP-Snf2L+13

GFP-tagged protein, μM

Ratio GFP-tagged/ endogenous protein

Endogenous protein, μM

2.0 ± 0.1
0.5 ± 0.1
0.25 ± 0.05

2.4 ± 0.3
>10
1.8 ± 0.1

0.83 ± 0.13
<0.05
0.14 ± 0.04

Concentrations of GFP-tagged remodelers in the nucleus of stably transfected U2OS lines were measured by FCS. The ratios between
the amount of endogenous and GFP-tagged proteins were determined by Western blotting and used to calculate the endogenous
protein concentration in the nucleus. The value for Snf2L is the ratio between GFP-Snf2L and all endogenous Snf2L variants. The latter
one was determined in the Snf2L+13-expressing U2OS cell line according to the following approach: The ratio of GFP-Snf2L+13 to
endogenous Snf2L+13 (using an antibody against Snf2L+13) as well as the ratio between GFP-Snf2L+13 and all endogenous Snf2L
variants was determined. Both ratios amounted to 1.8 ± 0.1, demonstrating that concentrations of endogenous Snf2L are negligible in
the U2OS cell line. Thus, for the cell line stably expressing GFP-Snf2L the measured ratio reﬂects the concentration of GFP-Snf2L in
relation to endogenous Snf2L+13.

Table S2. Dynamic parameters and sampling times for different
ISWI-type remodelers
Snf2H
C, μM
koff, s−1
tres, ms
K*bin
τsample,min, min:s
τsample,99%, min:s

0.83
13.6
74
2.3
0:18
1:22

±
±
±
±
±
±

0.13
2.3
12
0.7
0:04
0.18

Acf1/ACF
>0.15
2.3
430
2.0
<10:11
<46:42

±
±
±
±
±
±

0.03
0.8
151
0.6
4:12
19:16

Snf2L
<0.05
8.3 ± 1.5
120 ± 22
1.0 ± 0.3
>11:15 ± 2:39
>51:47 ± 12:12

Measured concentrations, dissociation rates, residence times, and pseudoafﬁnities were used to calculate the sampling times τsample, min and
τsample, 99% for the different ISWI complex compounds as described in SI
Materials and Methods. The parameter τsample, 99% is the average time it
takes for a given protein to sample 99% of all genomic nucleosomes. For
τsample, min the calculated coverage would correspond to 63%. tres values
determined from FRAP represent upper limits with the lower limit inferred
from the FCS analysis being ∼10 ms.
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