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A ‘loop recapture’ mechanism for ACF-dependent

nucleosome remodeling

Ralf Strohner!, Malte Wachsmuth?, Karoline Dachauer!,

Karsten Rippe? & Gernot Lingst!

Jacek Mazurkiewicz2, Julia Hochstatter?,

The ATPase ISWI is the molecular motor of several nucleosome remodeling complexes including ACF. We analyzed the ACF-
nucleosome interactions and determined the characteristics of ACF-dependent nucleosome remodeling. In contrast to ISWI,

ACEF interacts symmetrically with DNA entry sites of the nucleosome. Two-color fluorescence cross-correlation spectroscopy
measurements show that ACF can bind four DNA duplexes simultaneously in a complex that contains two Acf1 and ISWI
molecules. Using bead-bound nucleosomal substrates, nucleosome movement by mechanisms involving DNA twisting was
excluded. Furthermore, an ACF-dependent local detachment of DNA from the nucleosome was demonstrated in a novel assay
based on the preferred intercalation of ethidium bromide to free DNA. The findings suggest a loop recapture mechanism in which
ACF introduces a DNA loop at the nucleosomal entry site that propagates over the histone octamer surface and leads to

nucleosome repositioning.

Changes in chromatin structure induced by chromatin remodeling
complexes modulate the access of regulatory proteins to DNA.
Therefore, chromatin remodelers are involved in the regulation of
all DNA-dependent processes, like transcription, replication and
recombination"?. In the current models for nucleosome mobility
not all histone-DNA interactions are broken simultaneously. Nucleo-
some movements were first explained by the ‘twist diffusion model,
which suggests that thermal energy fluctuations would be sufficient to
twist the DNA helix at the edge of the nucleosomes, replacing histone-
DNA interactions by neighboring DNA base pairs. The additional base
pairs within the nucleosome would be propagated over the histone-
octamer surface, changing the translational position of the nucleo-
some>4, According to this model, the DNA is rotated around its axis
as it ‘screws’ over the surface of the nucleosome. Alternatively, it was
proposed that nucleosomes are repositioned according to the ‘loop
recapture’ model>~. Thermal energy would lead to the detachment of
a segment of DNA at the entry site of the nucleosome®. Dissociation
of a DNA segment and interaction of the freed protein surfaces with
neighboring DNA segments would lead to the formation of a DNA
loop on the histone octamer®!?. The propagation of the DNA loop
over the histone octamer would change the translational position of
the nucleosome, corresponding to the size of the DNA loop>.
Chromatin remodeling refers to numerous ATP-dependent changes
within a chromatin substrate. The different classes of chromatin
remodeling complexes exhibit distinct activities in in vitro remodeling
assays, which all involve the relocation of nucleosomes on DNAZ
However, the remodeling mechanism itself is still not understood.
Our studies focus on Drosophila melanogaster ISWI, the molecular

motor of NURF!!, ACF!2 and CHRAC!3. Here we examined the
remodeling mechanism of ACE which contains ISWI and the
Acfl subunit!4,

Remodeling complexes have been shown to introduce superhelical
torsion into nucleosomal DNA, suggesting a twisting mechanism®®.
However, the activity of the complexes tested so far is not affected by
nicked DNA or DNA extrusions, which should inhibit nucleosome
mobility according to the DNA twisting mechanism!~!8, This obser-
vation suggests remodeling occurs via propagation of a segment of
detached DNA, independent from the integrity of the phosphodiester
backbone. In addition, ISWI-dependent nucleosome mobility has
been facilitated by the introduction of specific DNA nicks located at
the site of ISWI-nucleosome interaction'®. This finding may result
from the increased DNA flexibility, which reduces the energy require-
ment for DNA bending during loop formation.

In this study, we addressed the ACF-nucleosome topology and
investigated the basis of the nucleosome remodeling mechanism. In
contrast to ISWI alone, ACF binds symmetrically to the DNA entry
site, interacting with the nucleosome and adjacent linker DNA. We
showed by fluorescence correlation (FCS) and fluorescence cross-
correlation spectroscopy (FCCS) that ACF consists of two Acfl and
two ISWI molecules, capable of binding four DNA molecules simul-
taneously. DNA twisting is not involved in the nucleosome remodeling
process, as nucleosomes reconstituted on biotinylated DNA and fixed
to magnetic beads were efficiently remodeled by ACE We detected
increased DNA accessibility in the nucleosome upon ACF binding and
propose the loop recapture model as the basic mechanism for ACF-
dependent nucleosome remodeling.
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RESULTS

Symmetric ACF-nucleosome interactions

We recently established an assay to monitor mononucleosome move-
ment catalyzed by ATP-dependent nucleosome remodeling factors'®.
The wrapping of short DNA fragments around histone octamers
frequently leads to multiple translational positions that can be
separated and stably isolated after native gel electrophoresis. As
shown previously, recombinant ISWI moves centrally located nucleo-
somes toward fragment ends!? (Fig. 1a, lanes 8-14). In contrast, ACF
moves the nucleosomes from the end of the DNA fragment to more
central positions'®?° (Fig. 1a, lanes 1-7).

To understand the nature of the different remodeling modes, we
compared the nucleosome-binding characteristics of ISWI and ACF in
electromobility shift assays (EMSA). Incubation of the centrally
positioned nucleosome with ACF and ISWT resulted in the formation
of specific nucleosome-remodeler complexes (Fig. 1b). As expected
for its higher molecular mass, the ACF-nucleosome complex migrated
slower than the ISWI-nucleosome complex. To compare the topology
of ISWI-nucleosome and ACF-nucleosome interactions, we carried
out footprinting experiments. Positioned nucleosomes were incubated
with ISWT or ACF to allow formation of complex. These were treated
mildly with DNase I and separated by gel electrophoresis. DNA
fragments corresponding to free DNA, nucleosomal DNA and to the
ISWI-nucleosome or ACF-nucleosome complex were purified from
the gel and analyzed on denaturing polyacrylamide gels.

Partial DNase I digestion of the nucleosomal DNA resulted in a
characteristic cleavage pattern that differed from free DNA (Fig. 1c,
compare lanes 1 and 3; 5 and 6). ACF protected nucleosomal and
linker DNA at the DNA entry site of the nucleosome without altering
the histone-DNA interactions in the central part of the nucleosome

Figure 1 ACF interacts with the DNA entry site of the nucleosome.

(@) Nucleosomes positioned at the border or the center of the 248-bp
rDNA fragment (60 fmol) were incubated with ACF (+, 2 fmol; ++, 6 fmol)
or ISWI (+, 2 fmol; ++, 6 fmol), in the presence or absence of ATP, as
indicated. Changes in nucleosome positioning were analyzed by native
PAGE. The nucleosomal substrates for the remodeling reactions are

at the top of the panels. Nucleosomes positioned at the center or

border of the DNA fragment are ellipses with protruding DNA. (b) ISWI and
ACF form distinct nucleosome-remodeler complexes. Increasing amounts
of ISWI and ACF (10 and 20 fmol) were incubated with nucleosomes

(60 fmol) positioned at the center of the 248-bp DNA fragment.
Nucleosome-remodeler complexes are marked with arrowheads.

(c) ACF interacts symmetrically with the entry site of the nucleosome.
Purified nucleosomes (N) or DNA (D) radioactively labeled at position +16
(panels 1-4) or labeled at position —232 (panels 5-8) were incubated with
ACF (N/A) or ISWI (N/I) as indicated. DNase |-treated free DNA (D),
nucleosomes (N) and nucleosome-remodeler complexes were resolved by
native PAGE. The nucleosomes and the nucleosome-remodeler complexes
were excised, and the DNA was isolated and analyzed on sequencing gels.
Lanes corresponding to DNA (panels 1 and 5), nucleosomes (panels 3 and
6), nucleosome—ACF complexes (panels 4 and 7), nucleosome—ISWI
complexes (panel 8) and the 10-bp DNA ladder (M; lanes 2 and 9) are
indicated. The localization of the nucleosome (gray ellipse) and ACF-
dependent protections (boxes) are indicated. (d) Phosphoimager scan of
the nucleosome and nucleosome—ACF complex footprinting pattern

(low DNase | concentrations of ¢, panels 6 and 7). The nucleosomal pattern
is black and the nucleosome-ACF pattern is gray. Gray boxes indicate ACF-
dependent protections.

(Fig. 1c, compare panels 3 and 4; 6 and 7). A quantitative analysis of
the DNase I footprinting pattern revealed that ACF protected the DNA
at entry site up to ten-fold (Fig 1d). This protection pattern argues for
simultaneous binding of ACF to the entry site of the nucleosome and
is not compatible with a mixture of species in which ACF is bound
only to either the incoming or outgoing DNA. Thus, ACF interacted
symmetrically with ~ 40 base pairs (bp) of the nucleosomal DNA at
the DNA entry site and the adjacent linker DNA. In contrast, ISWI
interacted only on one side of the nucleosome (Fig. 1c, panel 8),
leaving the other side unprotected'®.

ACF has four DNA-binding sites

The DNA binding of ACF and of the isolated ISWI subunit was
studied with a 59-bp DNA (ES-2 duplex) by FCS and FCCS. With this
method the composition and mobility of individual protein-DNA
complexes can be evaluated?'~2%, Duplexes labeled at the 5 end
with 6-carboxyfluorescein (ES-2¢ carrying FAM) or 6-carboxy-
X-rhodamine (ES-2, carrying ROX) or as a reference with both dyes
(ES-2¢) were used. The amount of particles carrying both dyes
simultaneously is derived from the ratio of cross-correlation and
autocorrelation amplitudes (see Supplementary Methods online).
The instrumental setup was calibrated with reference samples that
contained increasing amounts of double-labeled ES-2¢ mixed with the
single-labeled ES-2¢ and ES-2,. The results demonstrate that the FCCS
signal accurately reflects the amount of particles carrying both
fluorophores (Fig. 2a,b)?>?%, To examine whether the ACF complex
can bind multiple DNA duplexes simultaneously, a sample containing
an equimolar mixture of ES-2¢ and ES-2, was titrated with ACF (Fig.
2¢,d). The concentration of ACF is given in terms of an ACF
monomer complex consisting of one ISWI and Acfl subunit. The
1:1 stochiometry of the two subunits is based on quantification of
Coomassie-stained SDS gels, in which a ratio of 1.4 £ 0.2 for both
proteins was determined, which agrees with the expected ratio of 1.43
based on the molecular masses of 170 kDa (Acfl) and 119 kDa
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the Supplementary Methods. (b) FCCS signals

for different ratios of the double-labeled ES-2; duplex to single-labeled DNAs. The measured ratioG versus the fraction of double-labeled duplex ES-2, as

given by [ES-2¢] / ([ES-2¢] + [ES-25]) or [ES-2¢] / ([ES-2,] +

[ES-2¢]) is plotted. (c) FCCS measurements of ACF and ISWI binding to the ES-2 DNA duplex.

Samples containing a mixture of 20 nM ES-2; and 20 nM ES-2, were titrated with ACF protein. Cross-correlation curves of ACF-DNA at 7 and 16 nM ACF
monomer and ISWI-DNA complexes at 16 nM ISWI are shown. The dashed lines show one component fit curves to Eq. 4 (Supplementary Methods). (d) The
corrected ratioG., is plotted versus the concentration of ISWI or Acfl subunits in ACF according to the analysis described in the Supplementary Methods.
The corrected ratioG.,, is plotted versus the concentration of ISWI or Acfl subunits in ACF according to the analysis described in the Supplementary
Methods. The solid line represents the least squares fit curve to Egs. S9 and S11 (Supplementary Methods) yielding kK = 2.3 + 0.8 ISWI and Acf1 subunits,
n= 4.3 + 0.4 DNA binding sites per ACF complex and a Ky of 10 + 8 nM per isolated binding site. (e) Normalized autocorrelation curves of the ROX
channel are shown for a sample of 20 nM ES-2; and 20 nM ES-2, duplex in the absence of ACF and after addition of ACF to an ISWI-Acfl subunit
concentration of 16 nM or ISWI to a concentration of 16 nM are shown. The FAM channel showed equivalent results.

(ISWI). The FCCS data of ACF-DNA complexes revealed a cross-
correlation signal with a value of 0.45 £ 0.02 at the highest ACF con-
centrations studied (Fig. 2d), where according to the autocorrelation
function some free DNA (~30%) was present. The theoretical max-
imum value for a complex that has n = 2 binding sites is 0.33 (Supple-
mentary Methods). Thus, the cross-correlation signal clearly demon-
strates that the ACF complex can bind more than two ES-2 duplexes.

A detailed analysis of the results presented in Figure 2d including
the autocorrelation functions (Fig. 2e) is described in Supplementary
Methods. The least-squares fit to a theoretical description yielded 2.3
+ 0.8 ISWT and Acfl subunits and 4.3 + 0.4 DNA-binding sites per
ACF complex and microscopic dissociation constant Ky = 10 + 8 nM
for an isolated binding site (Fig. 2d, solid line).

At a concentration of 16 nM ISWI, the FCCS signal was only
slightly higher than the DNA background signal of the singly labeled
DNA strands in the absence of protein (Fig. 2¢). Thus, ISWI alone
could not bind two or more DNA strands simultaneously under the
experimental conditions studied. The FCS-FCCS analysis of ISWI-
DNA complexes was hindered by a nonspecific aggregation of ISWI
with DNA, which was observed with increasing protein concentra-
tions. This effect was not present with ACF and could not be
eliminated by varying buffer conditions or DNA length. Thus, for
the FCS-FCCS experiments, only fluorescence signals from single
protein-DNA complexes were used for the evaluation. The large
nonspecific ISWI-DNA aggregates typically contained more than ten
fluorophores and could be clearly distinguished from specific ISWI-
DNA complexes.

The diffusion time of the ES-2;; DNA determined from a one
component fit of the cross-correlation curves was 0.24 + 0.02 ms,

which corresponds to a diffusion coefficient of Dy, = 5.3 x 10~ 7cm?

1 (ref. 25). For the ACF complex with bound ES-2¢ and ES-2, a
diffusion time of 0.97 + 0.05 ms was obtained from which D,g,, =
(1.4 + 0.1) 1077 cm? s~! is computed with the DNA reference
value. The corresponding diffusion time for the ISWI-DNA complex
was estimated to be around 0.30-0.40 ms from the autocorrelation
curves under conditions in which a substantial amount of free DNA
was still present (Fig 2e) It would correspond to diffusion coefficient
values of 3 x 1077 cm? s™! to 4 x 1077 cm? s™! but the presence of
a substantial fraction of free DNA prevented an accurate deter-
mination of this parameter. The diffusion coefficient measured here
for the ACF complex was considerably lower than the value of
Dy = 2.5 x 1077 cm? s~! determined previously for a protein
complex of 433 kDa with two bound ES-2 duplexes?®. Thus, it is
indicative for the formation of a larger size ACF complex and
would be consistent with an ACF heterotetramer in an extended
conformation with four DNA duplexes bound. In agreement with
the FCS-FCCS data analysis an apparent molecular mass of 600—
700 kDa for ACF in the absence of DNA was derived from
size-exclusion chromatography and glycerol gradients (see Supple-
mentary Fig. 1 online).

Nucleosomes apparently move in large steps

The models for nucleosome remodeling predict nucleosome
movement either by single base pairs or in larger steps according
to the DNA loop size. If nucleosomes occupy multiple inter-
mediate positions during their remodeling reaction, it should
be possible to predict the remodeling mechanism from their move-
ment behavior.
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Figure 3 High-resolution analysis of the nucleosome remodeling reaction.
(@) Nucleosomes positioned at the end of the DNA fragment (lane 1) were
incubated with ACF and ATP. The remodeling reactions were stopped after 5,
10, 20 and 40 min (lanes 2-5) by the addition of competitor DNA.
Nucleosome positions were analyzed by native gel electrophoresis. (b) Exolll
mapping of nucleosome positions. Aliquots of the remodeling reaction in a,
with nucleosomes radioactively labeled at position —232 of the DNA (panel
1-3) and of a remodeling reaction labeled at position +16 of the DNA
(panel 5-7), were analyzed by Exolll footprinting. Nucleosomes were
digested with 400 U mlI~! of Exolll for 2 min at 30 °C and the purified DNA
was analyzed on sequencing gels. Panels 3 and 5 show the Exolll digestion
kinetics of free DNA. DNA was digested for 10 and 20 s (panel 3) and

10 to 40 s (panel 5) with 400 U mI~! of Exolll. Free DNA was fully
digested after 2 min (data not shown). The DNA marker (M; 10-bp ladder)
is shown in panel 4. Open circles indicate the start positions of the
nucleosomes at the borders of the DNA fragment and closed circles indicate
the final nucleosome positions.

We mapped the ACF-dependent nucleosome remodeling inter-
mediates in nucleotide resolution by exonuclease III (Exolll) diges-
tion. Purified nucleosomes positioned at the border of the 248-bp
rDNA fragment were incubated with ACF and ATP. After 5, 10, 20
and 40 min the reactions were stopped and subsequently analyzed
by electromobility shift assay and ExolIll digestion (Fig. 3). With
increasing time, nucleosomes were quantitatively moved from the end
position to a central position on the rDNA fragment as visualized by
the nucleosome sliding assay (Fig. 3a). Accordingly, we observed
nucleosome movement by Exolll footprinting, in which Exolll
pause sites define nucleosome boundaries (Fig. 3b). Nucleosomes
located at the end of the DNA fragment disappeared with increasing
time and were replaced by nucleosomes positioned at the center of the
rDNA fragment. In this reaction nucleosomes moved ~ 50 bp without
visible intermediates. Such behavior would suggest a looping mechan-
ism. However, it is also possible that a twisting mechanism faster than
the experiment’s time resolution would lead to similar results.

ACF moves nucleosomes coupled to beads

To exclude a twisting mechanism, we generated modified nucleosomes
with a large obstacle in the path of the nucleosome remodeling
reaction. In case of a DNA-twisting mechanism, an obstacle (a
magnetic bead) within the nucleosome is expected to destroy the
nucleosome, as DNA rotation requires the obstacle to pass the freed
space between the DNA and the histone octamer surface.

Using PCR we generated DNA fragments harboring one or two
biotin molecules close to the center of the DNA fragments (Fig. 4a,b).
The biotin molecules are positioned such that any nucleosome on the
DNA fragments of 236 or 248 bp would carry a biotin on its surface.
Nucleosomes assembled on the DNA fragment carrying two biotin
molecules did not hinder ACF-dependent nucleosome remodeling
(Fig. 4c). Biotin and its linker present a flexible moiety that may
not hamper a DNA rotation-based remodeling reaction. To exclude
any DNA rotation we assembled nucleosomes on a DNA fragment
carrying one biotin close to its center. The end-positioned nucleo-
somes were purified and coupled to magnetic beads. Nucleosome
remodeling was carried out on free nucleosomes and nucleosomes
coupled to beads. The nucleosome positions were determined by
Exolll digestion, revealing the nucleosome boundaries (Fig. 4d).
Nucleosome remodeling was not affected by the free biotin moiety,
and ACF moved nucleosomes from the DNA ends to central positions
(lanes 1-3). Coupling of the positioned nucleosomes to magnetic
beads did not affect nucleosome positioning and notably, nucleosome
remodeling was not impaired (lanes 4-6). In the presence of ATP, ACF
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relocated bead-bearing nucleosomes to central positions (lane 6).
Similar nucleosome positions were occupied in the free and bead-
bound nucleosomes. Nucleosomes were not disrupted, because pro-
tein-free DNA would have been completely digested in the time frame
of the experiment (lanes 8 and 9). In addition, ACF dependent
nucleosome remodeling did not involve transient uncoupling of the
nucleosomes from the streptavidin beads (Supplementary Fig. 2
online). These results suggest that ACF-dependent nucleosome remo-
deling does not involve DNA rotation as a driving force.

ACF generates accessible nucleosomal DNA

The experiments above suggest a looping mechanism for ACF-
dependent nucleosome remodeling. The loop recapture model pre-
dicts the generation of accessible DNA in the realm of the nucleosome.
To test this hypothesis we exploited the preferential intercalation of
ethidium bromide (EB) into free DNA as compared with nucleosomal
DNA2?%%7, The site-specific intercalation of EB can be analyzed by
laser-induced crosslinking, which creates single-strand breaks at the
intercalation site?®?°. Analyzing nucleosome remodeling in the pre-
sence of EB should therefore allow detection of accessible DNA regions
in the nucleosome.

Irradiation of DNA-EB complexes with a 488-nm laser resulted in
decreased EB absorption at 510 nm and corresponding increase in
absorption at 420 nm (Fig. 5a). Dye bleaching in this reaction
is directly coupled to DNA cleavage®. Irradiation of nucleosomes
for up to 80 min did not affect the structure or stability of the nucleo-
protein particles, as judged by native gel electrophoresis (Fig. 5b). EB
did not interfere with the nucleosome stability or the ACF-dependent
nucleosome remodeling reaction when applied in concentrations
<107 M (Fig. 5¢). Nucleosomes were efficiently remodeled until
the EB concentration was increased above 107> M, leading to disrup-
tion of the nucleosome (lanes 2—6). Disruption was not dependent on
active remodeling, as EB had the same effect in absence of ACF and
ATP (lanes 7-11). All subsequent nucleosome remodeling reactions
were done at an EB concentration of 5 x 1077 M, which did not affect
nucleosome remodeling and nucleosome integrity.

To detect site-specific DNA loop formation rather than a general
increase of DNA accessibility we used nucleosomes assembled on
146 bp of DNA and purified nucleosomes positioned at the center of
the 248-bp rDNA fragment. These nucleosomes were not moved by
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Figure 4 Large obstacles do not inhibit nucleosome remodeling. (a) Scheme
showing the preparation of nucleosomes, harboring two biotin moieties at
the center of the DNA fragment. DNA containing one biotin moiety close

to the end was generated by PCR. The DNA was cleaved with BamHI and
ligation resulted in @ DNA fragment containing two biotin moieties close

to the center, spaced by 44 bp (i). The radioactively labeled DNA was gel-
purified and assembled into nucleosomes (ii). (b) Scheme showing the
preparation of the biotinylated DNA and positioned nucleosomes coupled
to magnetic beads. Two DNA fragments, of which one was carrying a biotin
moiety close to one end and the radioactive label at the other end, were
generated by PCR. DNAs were cleaved with BamHI, mixed and ligated. The
DNA fragment harboring only one biotin moiety in the center of the DNA
fragment was gel-purified (i). Nucleosomes were reconstituted (ii), and
laterally positioned nucleosomes were isolated (iii) and coupled to magnetic
beads (iv). (c) Nucleosomes assembled on the DNA fragment carrying two
biotin moieties were incubated with ACF (5-45 fmol) in the presence and
absence of ATP, as indicated. Nucleosome positions were resolved on native
polyacrylamide gels. DNA and nucleosome positions are indicated at left.
(d) Exolll analysis of nucleosome positions. Nucleosomes positioned at the
border of the DNA fragment carrying one biotin moiety were analyzed in
solution (lanes 1-3) or when coupled to magnetic beads (lanes 4-6).
Nucleosomes (lanes 1-6) and free DNA coupled to beads (lanes 8

and 9) were incubated with ATP and ACF as indicated and digested with
400 U ml~! of Exolll for 3 min at 26 °C. Protein-free DNA was digested
for 1 min (lane 8) or 3 min (lane 9) with Exolll. Purified DNA was analyzed
on a sequencing gel. Nucleosome positions are indicated at left. The DNA
marker (M; 10-bp ladder) is in lane 7.

the addition of ACF and ATP, as they did not have space (146 bp) or
had reached their ACF-dependent position already (central 248-bp
nucleosome). Still, these nucleosomes stimulate the ATPase activity of
ISWI and ACF (data not shown). This experimental setup was
designed to minimize the background signal of EB cleavage, which
would be increased if multiple nucleosome positions and different
movement paths would be present.
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Nucleosomes were incubated with EB and a combination of ACF
and ATP and irradiated for 10 min with the laser. Nucleosomes and
free DNA were separated by native gel electrophoresis, isolated from
the gel and the distribution of EB-induced DNA nicks was analyzed on
sequencing gels. Comparing free DNA and nucleosomes revealed that
nucleosomes did not incorporate the intercalating agent, whereas a
distribution of single-strand cuts was observed in free DNA (Fig. 5d,

Figure 5 ACF-dependent nucleosome remodeling a b ATP _NliC|'+ _D'_\IA+ e _NU_C|'+
generates accessible DNA. (a) Kinetics of 15 LASER ACF — + + — + +
ethidium bromide-dependent DNA cleavage. ATP - - - &
DNA (1 pg) was incubated with ethidium bromide ACF - — + 4 130

_ . . . i< 120
(EB; 10~ M) and irradiated with the laser for S 121
the indicated time. The ratio of As1g to Agpg was o L] 1107
p!otted over time. (b) Laser irradiation ldoes not & I ="l b bd 100+
disrupt the nucleosome. Nucleosomes in the o 09 ]
presence of ACF and ATP were irradiated with . 907
the laser (80 min). Competitor DNA was added 06 *  DNA ww 804
and the nucleosomes were analyzed on native 1020 40 80
polyacrylamide gels. DNA and nucleosome Time (min) 1.2 3 4 704
positions are indicated at left. (c) Low
concentrations of EB do not affect nucleosome c +ACF 604
remodeling. Purified nucleosomes positioned at EB EB
the border of the DNA fragment (lane 1) were — ] - ] 504
incubated with ATP, in the absence or presence H
of ACF (15 fmol) and increasing amounts of EB = ava 404
(10-7, 1078, 10-5 and 10~* M EB; lanes 3-6, =W “H“ . .
8-11). Reactions were stopped by the addition
of competitor DNA and analyzed on native 30+
polyacrylamide gels. (d) Free DNA and DNA uu u u
nucleosomes assembled on a 146-bp DNA
fragment were incubated with ACF, ATP and EB Tt 234567 89 10M 20 D = = -
as indicated. The reaction was irradiated with

12 3 45 6 123 4

the laser (10 min), supplemented with

competitor DNA and separated on a native gel. DNA and nucleosomes were excised and the purified DNA was analyzed on sequencing gels. The sizes of the
10-bp ladder are indicated at left; the nucleosome (gray oval) and the EB-sensitive sites (triangles) are indicated at right. (e) Experiment similar to that
described in d. Purified nucleosomes positioned at the center of the 248-bp rDNA fragment were incubated with ATP, ACF and EB as indicated and
irradiated with the laser. The nucleosome was isolated and the purified DNA was analyzed on sequencing gels. Lane 4 shows the 10-bp DNA ladder (M).
The position of the nucleosome (gray oval) and the EB-sensitive sites (triangles) are indicated.
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Loop-recapture model

Nucleosome

Figure 6 Scheme of the local recapture model. (a) Scheme showing
the DNA loop formation on the histone octamer surface. (b) Model for
ACF-dependent nucleosome sliding.

1 and 4). However, when ACF was added to the reaction, increased
EB-dependent cleavage was observed ~20 and ~40 bp from the
nucleosomal border (lanes 2 and 3). This increased EB sensitivity was
ATP-independent and suggests that binding of ACF generated
accessible DNA at the nucleosomal extremes. We obtained similar
results with the purified 248-bp nucleosomes positioned at the
center of the DNA fragment (Fig. 5e). In contrast to the experiments
done with the 146-bp nucleosome, the increased DNA accessibility
seemed to be weaker, presumably from microheterogeneity of
nucleosome positions and the increased degree of possible nucleo-
some movements on this DNA fragment. We observed an ACF-
dependent increase of nucleosome accessibility at the borders of the
nucleosome, extending ~40 bp into the nucleosome (lanes 2 and 3).
Increased EB accessibility in the nucleosome suggests that ACF
generates accessible DNA, which is an essential feature of the loop
recapture model.

DISCUSSION

In this study we examined the molecular mechanism of nucleosome
remodeling by the ISWI-containing ACF chromatin remodeling
complexes. In previous experiments we observed that ISWI binds
asymmetrically to the nucleosome, thereby moving nucleosomes to
the extremes of a linear DNA fragment. In contrast, ACF moved
nucleosomes to central positions of the same DNA fragment. Accord-
ingly, we observed symmetrical contact sites of ACF on the nucleo-
some, in contrast to the single-sided ISWI-nucleosome interaction'8,
Contacts of ACF with the nucleosome resemble the interactions of
ISWI, yISW2 and dNURF with the nucleosome, in that these com-
plexes bind to the DNA linker and the DNA entry-exit sites of the
nucleosome!”1831, ACF-nucleosome interactions extend ~ 40 bp into
the nucleosome up to superhelix location 2 (SHL2) and the EB-

binding assay detects ACF-dependent DNA accessibility close to
SHL2 (refs. 10,32). The histone H4 tail is required for the ATPase
activity of ISWI and the nucleosome crystal structure and cross-
linking data suggest that the histone H4 tail interacts with DNA
around the SHL2 site3?3°, Hence, the proximity of the histone H4
tail with this region is consistent with its critical function in the
remodeling process.

The FCCS analysis indicates that ACF consists of a heterotetramer
of two ISWI (119 kDa) and two Acfl (170 kDa) subunits with an
apparent molecular mass of 690-730 kDa, similar to CHRAC®. In
addition, size-exclusion chromatography and glycerol gradients of
ACF revealed an apparent complex size of ~600-700 kDa in the
absence of DNA. Previously, the molecular mass of ACF was estimated
to be between ~220 and 400 kDa in glycerol gradients; this would
correspond to a heterodimer of one molecule of Acfl and ISWI!>1436,
However, recent data’” and biochemical experiments (P. Becker,
Adolf-Butenandt-Institut, Molekularbiologie, Munich, personal com-
munication) support our findings as they show the presence of more
than one ISWI and Acfl molecules in ACE. The ACF complex harbors
four independent DNA-binding sites, whereas only one DNA duplex is
bound to ISWI. The FCCS and footprinting data suggest that ACF
places two ISWI molecules symmetrically at the DNA entry site of the
nucleosome. This remodeler-nucleosome topology would not favor
nucleosome repositioning to the borders of the DNA fragment
because ISWI could introduce DNA into the nucleosome from either
side, eliminating the directionality of nucleosome repositioning.
Symmetrical binding of the motor molecules to the DNA entry site
would probably position nucleosomes at thermodynamically favored
sites. Such a site seems to be the center of the rDNA fragment that
contains highly structured DNA,

The mechanism by which nucleosomes are moved over DNA is still
under discussion and the different families of remodeling ATPases may
use the same mechanism, irrespective of the different outcomes in
various remodeling assays>*. On one hand, data show the acquire-
ment of DNA twist with all remodeling complexes tested!®. On the
other hand, remodeling has been shown not to be affected by DNA
nicks and DNA flaps in the path of the moving nucleosome!¢8,
Although these nucleosome modifications did not have substantial
effects, interpretation of the experiments is complicated and a
possible role for twist defect diffusion in nucleosome remodeling
could not be excluded. However, recent data shows Rsc-dependent
nucleosome remodeling on DNA molecules exhibiting gaps in one
DNA strand, suggesting a looping mechanism for SWI/SNF-like
remodeling complexes?®, Other studies mapping the increments of
nucleosome movements indicate that different classes of ATPases move
nucleosomes in steps that are multiples of ~ 10 bp (refs. 17,41,42). In
these experiments nucleosome movements in single base pair steps
were not observed, which would be expected for a mechanism that
involves DNA twisting. However, the fast remodeling kinetics and the
asynchronous remodeling reaction pose a challenge for the detection of
remodeling intermediates. Therefore we generated modified nucleo-
somes that allow us to elucidate the remodeling mechanism. Our data
exclude a mechanism that involves DNA rotation, because this process
would disrupt nucleosomes coupled to magnetic beads.

SWI/SNF-type remodeling complexes have been shown to generate
accessible DNA during nucleosome remodeling, whereas DNA acces-
sibility was not obvious for ISWI-containing remodeling complexes®.
Here, we applied a novel assay, in which ethidium bromide binding
and crosslinking is used to detect a transient site-specific detachment
of the nucleosomal DNA. As predicted by the loop recapture model,
we observed ACF-dependent incorporation of EB at the borders of the
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nucleosome at two regions, overlapping with the ACF-nucleosome
interactions. At these sites binding of ACF increased the accessibility of
DNA. Thus, for the first time direct evidence is presented that
remodelers of the ISWT class remove DNA locally from the nucleo-
some, indicative of DNA loop formation. Nucleosome remodeling
ATPases belong to the helicase superfamily 2 (SF2) suggesting that
Snf2p-related ATPases would be ATP-dependent DNA translocases®>.
Like these, ISWI may bind or hydrolyze ATP at steps subsequent to
substrate binding**. In agreement with our data, a recent report
analyzing the yeast Isw2 complex suggests that ATP is hydrolyzed
subsequent to the nucleosome relocation step. The authors conclude
that ATP hydrolysis would lead to DNA release from the DNA-binding
site of the remodeler and change its conformation to an extended
form*. This is in agreement with our finding that for ACF both the
substrate-binding step and the introduction of the DNA loop do not
require ATP.

In summary, the data presented here strongly suggest that nucleo-
some repositioning by ISWI-containing remodelers follows the loop
recapture model (Fig. 6a) Based on the symmetric footprinting
pattern, subunit composition of ACF and the FCCS data, we favor a
model in which the multiple DNA-binding sites per ACF complex
allow the formation of a topological domain. Changing their spatial
arrangement upon substrate binding induces the formation of a DNA
loop (Fig. 6b). A subsequent coordinated release of the DNA-binding
sites would then lead to migration of the DNA loop over the histone
octamer surface and result in nucleosome movement.

METHODS
Nucleic acids. Nucleosomes were reconstituted on 146-bp and 248-bp rDNA
promoter fragments as described!®. The DNA templates harboring one or two
biotins were generated by PCR using biotinylated oligonucleotides. PCR
fragments were digested with BamHI and ligated in order to place the biotin
at the center of the DNA fragment. The 236-bp DNA fragment containing two
central biotins was generated by amplification of an rDNA promoter fragment
spanning the sequences from —201 to —78, radioactively labeled at position
—201. The oligonucleotide spanning the sequence from —78 to —105 contained a
3’ biotin and a BamHI site at position —83. The rDNA fragment was digested
with BamHI, purified and the DNA fragments were ligated. The symmetric
236-bp DNA fragment contained two biotin moieties spaced by 44 bp. The
DNA fragment containing one biotin moiety was generated with a similar
strategy. Two DNA fragments (—232 to —83, one biotin at position —105; —83 to
+16) were cleaved with BamHI, purified and ligated. The 248-bp DNA
fragment was gel-purified and used for nucleosome assembly.

The 59-bp ES-2 duplexes, covalently labeled via a hexyl linker at the 5 end
with 6-carboxyfluorescein (FAM) and/or 6-carboxy-X-rhodamine (ROX), were
prepared as described??.

Proteins. Histones, ACF and ISWI were prepared as described?’. ACF concen-
tration was determined by measuring the integrated band intensity after
Coomassie blue staining on an 8% (w/v) SDS-polyacrylamide gel. The resulting
intensity was converted into a protein concentration from a BSA standard curve.

Nucleosome assembly and footprinting analysis. Nucleosome assembly was
carried out as described!®. Biotinylated nucleosomes were coupled to magnetic
beads (Dynal, Dynabeads M-280 streptavidin) that were equilibrated with EX50
buffer (50 mM KCl, 10 mM Tris-Cl, pH 7.6, 1 mM EDTA, 1.5 mM MgCl,, 10%
(v/v) glycerol, 200 ng pl™' BSA). Nucleosomes and magnetic beads were
incubated on a rotating wheel (10 min, 4 °C), washed with EX70 buffer and
directly used for nucleosome remodeling assays. Nucleosome-remodeler inter-
action assays and DNase I footprinting experiments were done as described!'®.

Nucleosome mobility assay and ExoIIl mapping. Nucleosome mobility assays
were done as described!®. Remodeling reactions containing bead-bound
nucleosomes were stopped by the addition of 500 ng circular competitor
DNA. The reaction was incubated with 400 U ml~! ExollI for 2 min at 30 °C.

ARTICLES

The reactions were stopped by the addition of 0.25 volume stop buffer (4%
(w/v) SDS, 40 mM EDTA), incubated with 20 pg proteinase K for 1 h at 37 °C,
and DNA was extracted with phenol according to standard procedures and
analyzed on sequencing gels.

Ethidium bromide intercalation assay. About 1 pmol of the purified nucleo-
somes was incubated with EB at a final concentration of 5 x 1077 M. The ACF
concentration was adjusted according to electromobility shift assays with the
248-bp nucleosome, yielding ~50% ACF-nucleosome complexes. A 100-pl
reaction mixture was placed in siliconized, transparent Eppendorf vials and
irradiated for 10 min with an Argon ion laser (Model 177; 100 mW;
Spectra Physics) tuned to 488 nm. Reactions were stopped by the addition
of competitor DNA, loaded on preparative polyacrylamide gels and free
DNA and nucleosomes were isolated. DNA was extracted and analyzed on
sequencing gels.

Fluorescence correlation spectroscopy. FCS and FCCS measurements were
carried out at room temperature with a FCS2 extension attached to a Leica TCS
SP2 AOBS confocal laser scanning microscope (Leica Microsystems). We used
the 488-nm line of the Ar laser for FAM and the 594-nm line of a HeNe or the
561-nm line of a diode laser for ROX excitation. Incident laser power was set to
a few kilowatts per square centimeter in the sample. Fluorescence was separated
from the laser light with the AOBS beam splitter and distributed spectrally with
band pass filters into two channels (500-550 nm for FAM and 608—672 nm for
ROX) equipped with avalanche photodiodes for photon counting. The focus of
an HCXPIApo CS 63 x 1.2 WCorr water immersion objective lens was placed
into the solution to be analyzed 20-30 um above the upper coverslide surface.

Titrations and control experiments were conducted in 4 mM Tris-HCl, pH
7.6, 0.2 mM MgCly, 50 mM KCl, 2% (v/v) glycerol, 0.2 mM DTT and 0.05%
(v/v) Igepal C-620 (Sigma-Aldrich, Taufkirchen) in a 40 pl reaction volume.
ACF was added to an equimolar solution of ES-2¢ and ES-2, (20 nM each). The
salt concentration was increased to 0.3 mM MgCl, and 70 mM KCl at the
titration end point as the protein stock solution contained 250 mM NaCl and 1
mM MgCl,, in which ACF was found to be more stable. For each sample, three
to five measurements of 60 s were taken. The experiments with ISWI
were conducted under the same conditions as described above for ACE. Auto-
and cross-correlations were acquired, processed and evaluated using the
Leica/ISS FCS software. Global fitting of analytical correlation functions
using the Marquardt-Levenberg algorithm was conducted as described in
Supplementary Methods.

Accession codes. Bind identifiers (http://bind.ca): 300963, 300964 and 300965.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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Supplementary Figure 1 ACF has an apparent molecular mass above 600 kDa
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Supplementary Figure 1 Estimation of the molecular mass of ACF using gel
filtration and glycerol gradient. (a), Recombinant ACF (lane 1, Load) was sub-
jected to a Superose 6 gel filtration column, fractions were collected, loaded on a
6% SDS-PAGE as indicated and stained with coomassie blue. The positions of
the Thyroglobulin (670 kDa) and Apoferritin (440 kDa) are indicated. (b), Mouse
nuclear extract was fractionated on a glycerol gradient (5-45%) and individual
fractions were separated on a 6% SDS-PAGE. RPA116, a subunit of RNA Poly-
merase | (the core polymerase is migrating at 660 kDa) and Snf2h were detected
by western blot. No smaller Snf2h complexes were detected in the glycerol gradi-
ent. The position of the Thyroglobulin marker is indicated.



Supplementary Figure 2 Nucleosome remodeling does not release biotinylated nucleo-
somes from Streptavidin beads.

It could be envisioned that the ATPase activity of ACF or the nucleosome remodeling
mechanism would lead to a transient displacement of the nucleosome from the Streptavi-
din beads followed by immediate rebinding of the nucleosome. In order to exclude this pos-
sibility, we performed the nucleosome remodeling reactions in the presence of free biotin
that would compete with the potentially released nucleosomes for the Streptavidin binding
sites. Streptavidin beads were incubated with Biotin prior to the addition of nucleosomes,
ACF and ATP to test the efficiency of ACF dependent nucleosome remodeling. At these
conditions, nucleosomes were quantitatively moved to the central DNA position by ACF
(Fig. S2, lanes 1 to 4). Preincubation of the nucleosomes with the Streptavidin beads
resulted in quantitative binding without nucleosome release in the presence of ATP and
ACF (lanes 5 and 6). The addition of free Biotin as a competitor did not promote an
ACF/ATP dependent release of the bead bound nucleosomes (lanes 7 to 9). This experi-
ment indicates that during the ACF dependent remodeling reaction nucleosomes were not
detached from the beads.

0
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Supplementary Figure 2 Nucleosome remodeling does not preferentially release bead
bound nucleosomes. Nucleosomes (100 fmol) assembled on internally biotinylated DNA
were used for nucleosome remodeling reactions in the presence of free Biotin (20 pmol).
Streptavidin magnetic beads were incubated with Biotin before (lanes 1 to 4) or after (lanes
7 to 9) the addition of the radioactively labeled, biotinylated nucleosomes. Nucleosomes
were incubated with ACF (20 fmol) for 20 min in the presence or absence of ATP and then
loaded on native polyacrylamide gels. Free DNA, nucleosomes and the bead bound
nucleosomes are indicated.



Supplementary Methods

Fluorescence correlation spectroscopy (FCS) is a method that analyses the fluorescence fluctuations from
sparse molecules diffusing into and out of a spatially fixed microscopic volume (for review see ref. ).
This observation volume is defined by a confocal fluorescence excitation and detection setup like that of a
confocal laser scanning microscope. In a solution of fluorescently labeled molecules, the signal arises
from fluctuations in the number of particles in the observation volume due to their 3D Brownian motion.
An autocorrelation analysis of the signal F(t) in the detection channel i = 1 or 2 yields the mean dwell
time or diffusion correlation time 7, «1/D of the molecules in the focus, which is the decay time of the
correlation function and which is inversely proportional to the diffusion coefficient D, and gives their

number N represented by the inverse of the amplitude of the correlation function:

(o) (F@F@+a) %(l + i)_l(l r—r )_1/2 (eq. 1)

Here, x characterizes the elongation of the focus along the optical axis. For studies on binding or complex
formation, it must be possible to distinguish free and bound species in terms of their diffusion properties

by fitting a sum of analytical correlation functions to the data:

-1 -2
, 1
Gauto,i(r) = N E pv(l + i) (1 + 21: ) (eq 2)

species s K 1:D,s

where p, stands for the molar fraction of species s. In most cases, additional fluctuations like triplet state

kinetics with a characteristic lifetime 7, of the fluorophores occur that must be accounted for by an

additional time-dependent factor:

Gauto,i(r) = |:1 + ﬁexp(_L)]G;uto,i(r)’ (eq 3)

trip

ie., G! (0) is the correlation amplitude after triplet correction.

auto,i

A more sensitive approach is based on a two-color setup where different species and ligand binding be

analyzed on the basis of spectrally different labels by splitting their signals into two different detection
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channels with signals Fl(t) and F, (t) ", A temporal cross correlation analysis of the signals allows to

collect information exclusively about complexes carrying both types of dyes:

Grross(T) = Glroil(T) = ({0 -1= %(1 + i)_l(l +— )_1/2 (eq. 4)

This method can be used to study complex formation or multimerization as described recently >*. When a
macromolecule M is expected to bind an unknown number n of ligands L, it is a suitable approach to label
equimolar fractions of L with two different dyes of type i =1and2 each of which is assigned to one

detection channel:

M+#sL="ML, = M=+ gL(” + gL@ZML(” L2 (eq. 5)

n/2  nf2

The occupation probability of each binding site on M for L or L, respectively, determines whether the
equlibrium is biased more to the right-hand or to the left-hand side and is quantified using p with

0= p=<0.5. Statistical considerations and the definitions of the correlation functions lead to expressions

for the correlation amplitudes after triplet correction in the absence of free ligands *:

| | (eq. 6)
(,IVUSS(O) = _(1 - _)
Ny n
The autocorrelation function yields an apparent number of bound ligands N\ = N, /(1-1/n +1/np).
In the additional presence of free ligand molecules N(L’;)free = N(L’;)m] - Nynp, one can observe an apparent
fraction of bound molecules
‘ app (i) 11\ N B
app (i) _ Lbod ]| — g || Dol | (eq. 7)
ot N+ N ( o) Ny T !

and the correlation amplitudes are extended to
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Cross (l)
n E, bound + E, free> <F2, bound + F2, free n NL, total

where F.

i, bound

=F, o €N (L’;)ml are the signal contributions in channel i for only

i, total

& Nan and E, bound + E, free
the bound and for all ligand molecules, respectively. Computing the ratioG, which is the amplitude of the
cross-correlation function G’,(0) divided by the geometric mean of both autocorrelation function

amplitudes cancels out dilution-related changes and yields an appropriate observable for FCCS studies:

(i) _
(1_1) NL,total -np|+ n-1
n)\ Ny n-1+1/p

It is important to note that all particle numbers N can be transformed directly into concentrations ¢ by

Cross

ratioG = ; - =
\/Gauto,l (O)Gauto,2 (0)

Glruss(0)

2
Nynp )

p (eq.9)
(N£,)total

dividing all numbers by the observation volume, ¢ = N/V, . The value of ratioG increases with the
fraction of molecules that carry both fluorescent dyes simultaneously and its maximum value depends on
the number n of binding sites. For an equimolar mixture of two ligands labeled in different colors the
maximum is given by (n - 1)/(n + 1). Thus, for a complex that has n = 2 binding sites is would be 0.33 in
the absence of free ligand, since complexes are formed that have either two red or two green labels. Any
free DNA ligand would further reduce the value of ratioG according to eq. 9. The corresponding values
for n =3 and n = 4 would be 0.5 and 0.6, respectively, and the maximum of ratioG approaches 1 for large
n. For physical reasons, the theoretical minimum and maximum values of 0 and 1 for ratioG cannot be
obtained experimentally. Therefore, the instrumental setup was calibrated with reference samples that
contain increasing amounts of double-labeled ES-2, mixed with the single-labeled ES-2,; and ES-2, to

determine the corrected value ratioG,,, *. The linear regression of the data presented in Fig. 2b yielded

cor

values of ratioG,,, = 0.040 £ 0.001 and of ratioG,,, = 0.548 + 0.008 corresponding to the normalized

min max

values of 0 and 1 for ratioG,,, according to eq. 10.

ratioGey, —ratioG ;,

(eq. 10)

ratioG,, = .
tioG_... —ratioG_..
ra max min



From the law of mass action and the definition of the microscopic dissociation constant K for the binding
of ligand L to an isolated binding site on complex M, the probability p that this site is occupied by a

ligand with label i, L, can be calculated as a function of the complex concentration c,;:

. . 2 .
con+ Il v K —llcon+IV) +K.) —4c,nIl)
M t d M t d M

otal otal total
p=

eq. 11
4eyn (eq- 11)

For an unknown composition of the basic complex M, its concentration can be expressed in the titration
experiments in terms of j subunits at a concentration ¢;; which then bind » ligand molecules L in total. The

complex concentration is given as:

S (eq. 12)
j

In the titration experiments, the protein complex M expressed in terms of the concentration of subunits ¢y
is added gradually to a given equimolar mixture of ligand L with two different labels. Thus, one obtains
two auto- and one cross correlation curve for every concentration step. A fit of the data to eqgs. 3 and 4
yields the amplitudes and thus ratioG as a function of the complex subunit concentration cy. After
introducing eq. 11 and eq. 12 into eq. 9, the resulting expression can be fit to the experimental ratioG
values and allows it to derive the number j of subunits per complex M, the number of binding sites n on
the complex, and the microscopic dissociation constant K.

During the titrations the ionic strength / was increased from 0.2 mM MgCl, and 50 mM KCI (I = 0.065
M) at the beginning to 0.3 mM MgCl, and 70 mM KCI (/ = 0.085 M) at the titration end point as ACF
was added from a protein stock solution containing 250 mM NaCl and 1 mM MgCl,, in which it was
found to be more stable. This led to a slight reduction of the binding affinity, since the dissociation
constant for ACF-DNA binding was found to be dependent on the ionic strength. From FCCS
measurements at 60, 85, 110 and 135 mM KCI concentrations a plot of log(K,) versus the log of the ionic
strength [ was derived. It displayed an apparent linear relation with a slope Alog(Kp)/Alog(I) ~10 as
reported previously for the unspecific DNA binding of other proteins °. Including the salt dependence into

the fit function also yielded values of j = 2 and n = 4 and did not improve the fit.
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