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Arrays of regularly spaced nucleosomes are a hallmark of chromatin, but it remains unclear how they are generated. Recent ge-
nome-wide studies, in vitro and in vivo, showed constant nucleosome spacing even if the histone concentration was experimen-
tally reduced. This counters the long-held assumption that nucleosome density determines spacing and calls for factors keeping
spacing constant regardless of nucleosome density. We call this a clamping activity. Here, we show in a purified system that
ISWI- and CHD1-type nucleosome remodelers have a clamping activity such that they not only generate regularly spaced
nucleosome arrays but also generate constant spacing regardless of nucleosome density. This points to a functionally attractive
nucleosome interaction that could be mediated either directly by nucleosome-nucleosome contacts or indirectly through the
remodelers. Mutant Drosophila melanogaster ISWI without the HAND-SANT-SLIDE (HSS) domain had no detectable spacing
activity even though it is known to remodel and slide nucleosomes. This suggests that the role of ISWI remodelers in generating
constant spacing is not just to mediate nucleosome sliding; they actively contribute to the attractive interaction. Additional fac-
tors are necessary to set physiological spacing in absolute terms.

It is one of the earliest observations in molecular chromatin re-
search that limited endonuclease digests of chromatin, for ex-

ample, by micrococcal nuclease (MNase), generate quantized
DNA fragment lengths. These are visualized as “MNase ladders”
in agarose gel electrophoresis. The interpretation that such lad-
ders originate from a regular array of repeating chromatin units,
which restrict nuclease accessibility along DNA, together with
electron microscopy evidence, led to the discovery that the
nucleosome is the repeating unit of chromatin (1). A nucleosome
consists of a core particle, where 147 bp are wrapped in �1.7 turns
around an octamer of basic histone proteins, and a stretch of
linker DNA that connects core particles. Whereas the core parti-
cles are highly conserved between species, the linker DNA length
varies considerably among species and even among cell types of
the same species. The linker length typically ranges from 7 to �50
bp but can exceed 100 bp (2). Recent genome-wide nucleosome
mapping highlighted again pervasive regular nucleosomal arrays
with species-specific nucleosome repeat lengths (3–8) and re-
vealed further that such arrays are often aligned at biological fea-
tures like transcription start sites (TSSs) (3) or replication origins
(9, 10).

Array regularity may be important for higher-order packing of
chromatin fibers (11–14), especially in heterochromatin (15). Re-
cently, impaired genic arrays were correlated with increased cryp-
tic transcription (16–19), arguing for their importance in sup-
pressing the activity of cryptic promoter-like elements.

Even though regular nucleosomal arrays are pervasive, con-
served, and functionally important, our understanding of how
they are generated is rather limited. Nucleosome remodeling en-
zymes of the ISWI and CHD1 types (20) were implicated in this
process (16–19, 21–25). These enzymes use ATP hydrolysis to
mobilize nucleosomes along DNA (“nucleosome sliding”) (26,
27). In some cases, so-called in vitro “spacing assays” guided their
initial isolation from cell extracts (23–25). Such assays monitor
the conversion of polynucleosomes with rather irregular linker

lengths into evenly spaced regular arrays, especially with near-
physiological repeat lengths. Accordingly, such “spacing activity”
is considered a hallmark of the ISWI- and CHD1-type remodeling
enzymes.

Nonetheless, the mechanism by which ISWI and CHD1 en-
zymes generate nucleosomal arrays and which determines nucleo-
some repeat length is unknown. The ISWI spacing activity is cur-
rently best explained by a “linker length sensor mechanism” (28),
whereby the remodeling activity is increasingly stimulated by in-
creasing linker lengths. The remodeler samples both sides of the
nucleosome and is more active on the nucleosome side with the
longer linker DNA such that it slides the nucleosome preferen-
tially toward the longer linker. This will iteratively shorten the
longer linker and lengthen the shorter linker and thereby equalize
linker lengths at steady state. The human remodeling complex
ACF, consisting of the Drosophila melanogaster ISWI homolog
SNF2h and a noncatalytic subunit, Acf1, distinguishes linker
lengths up to 60 bp (28). Beyond this limit, remodeler-mediated
sliding is expected to result in a one-dimensional random walk.

In this linker length sensor mechanism, the repeat length does
not result primarily from the remodeler but from the nucleosome
density, becoming shorter with increasing density. This concept is
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akin to the classical model of statistical nucleosome positioning
(29, 30). In this model, nucleosomes are modeled as hard nonin-
teracting spheres that move freely along DNA, like particles of a
one-dimensional gas. If nucleosome movement is restricted at an
insurmountable barrier, they will form regular and barrier-
aligned arrays merely due to their statistical movement, resulting
in linker lengths that are reciprocally related to nucleosome den-
sity.

However, statistical positioning and the concept of nucleo-
some density-dependent spacing were recently challenged by sev-
eral independent genome-wide nucleosome mapping studies
both in vitro (31) and in vivo (16, 32–35). In all cases, reduced
nucleosome density did not lead to substantially wider spacing. As
in vitro array formation in the context of a whole-cell extract was
ATP dependent, it was proposed that remodelers actively pack
nucleosomes together (31). These data were more consistent with
a “protein ruler mechanism” derived from structural data for
the Saccharomyces cerevisiae ISW1a remodeler in complex with
nucleosomes (36), where linker length is suggested to result from
simultaneous interactions of the remodeling complex with two
neighboring nucleosomes. In particular, the HAND-SANT-
SLIDE (HSS) domain of ISWI-type remodelers was suggested to
be important for nucleosome spacing, e.g., as a “protein ruler”
(36).

In the context of this recent controversy, we provide now in
vitro evidence that ISWI- and CHD1-type remodelers generate
constant nucleosome spacing despite variations in nucleosome
density. Our results disfavor models in which linker length simply
results from nucleosome density. Instead, we propose that such
remodelers are actively involved in nucleosomes staying together
and that this clamping activity may depend on the HSS domain for
the Drosophila ISWI remodeler. Additional factors are required to
set the physiological repeat length in absolute terms.

MATERIALS AND METHODS
DNA templates and SGD chromatin assembly. Plasmids were isolated
from Escherichia coli using the PureYield Maxiprep system (Promega).
pUC19-PHO8 contains �3.5 kb of the Saccharomyces cerevisiae PHO8
locus cloned into pUC19 via BamHI and PstI, is 6,168 bp long, and is
described as “pUC19-PHO8-long” in reference 37. pUC19-GCY1 con-
tains �3.5 kb of the S. cerevisiae GCY1 locus (PCR product using prim-
ers 5=-CAGTCGGATGGAGCTCACTTCTATTGGCTTAGGAGC-3= and
5=-CACTGTGCATTTCTAGAACGACGAAGACGAGGATTAG-3= and
genomic DNA of strain BY4741 [EUROSCARF] as the template) cloned
into pUC19 via SacI and XbaI. pUC19-PHO8 and pUC19-GCY1 were
linearized with BamHI (NEB), which cleaves right at or 400 bp down-
stream of, respectively, the upstream border between prokaryotic and
eukaryotic DNA. The complete plasmids were used as the template for salt
gradient dialysis (SGD) reconstitution, and complete linearization was
confirmed by agarose gel electrophoresis prior to chromatin assembly.
Linearized pUC19-PHO8 and pUC19-GCY1 plasmids were assembled
into chromatin with purified D. melanogaster embryo histone octamers
(38) by SGD as previously described (39). The pUC19-601-25-mer plas-
mid (pFMP233) carrying a 25-mer of 197-bp repeats of Widom601 se-
quence (40) derivatives with a unique KpnI site within the 19th position-
ing sequence is a derivative of the gene-synthesized 13-mer nucleosomal
array plasmid described in reference 41. The 25-mer was created by sub-
cloning the 13-mer into pUC19 and extension at a unique AvaI site by a
Widom601 12-mer isolated from a partial AvaI digest of repetitive Wi-
dom601 sequences of the same repeat length. DNA used for 25-mer
nucleosomal array assembly was excised from this plasmid by digestion
with EcoRI and XbaI, gel purified, and end labeled with a Li-Cor compat-

ible dye via a Klenow fill-in reaction (0.2 g DNA/liter, 33 �M dUTP-
DY776 [Dyomics catalog no. 776-34], 33 �M dATP [NEB] in NEB buffer
2, 0.5 U Klenow exo-/�g DNA [NEB] for 30 min at 26°C). After stopping
the labeling reaction with a 25 mM final concentration of EDTA and
purification (Wizard SV gel and PCR cleanup system; Promega), the fluo-
rescently labeled 25-mer template was assembled into chromatin by SGD
(39) with light protection to avoid dye bleaching.

Remodeling reactions. All remodeling reactions were performed at
26°C in 100 �l in 20 mM HEPES-KOH, pH 7.5, 80 mM KCl, 4 mM MgCl2,
0.5 mM EGTA, 12% glycerol, 2.5 mM dithiothreitol (DTT), and 10 mM
(NH4)2SO4, and reaction mixtures contained 3 mM ATP or adenylyl-
methylenediphosphonate (AMP-PCP) (Sigma-Aldrich) and an ATP-re-
generating system (10 mM creatine phosphate [Sigma], 20 ng/�l creatine
kinase [Roche Applied Science]). Remodeling was started by adding ISWI
or ACF (both 30 nM if not indicated otherwise), ISWI864::13aa and
ISWI871::13aa (both 60 nM), or Chd1 (150 nM if not indicated otherwise)
to SGD chromatin (1 �g DNA assembled into chromatin). This corre-
sponds to roughly stoichiometric amounts (within a factor of two to five
depending on the assembly degree and remodeler) of remodelers to
nucleosomes (about 80 and 40 nM nucleosomes for high and low assem-
bly degree, respectively). For ISWI26 – 648, higher concentrations (1 to 10
�M) were used to compensate for decreased binding affinity (41). ISWIFL

E257Q was used at 1 �M. Unless stated otherwise, remodeling proceeded
for 2 h and was terminated by treatment with 200 mU apyrase (NEB) for
30 min at 30°C. ATP concentration after apyrase depletion was confirmed
by ATP assay to be less than 13 �M.

MNase ladder assay. A terminated remodeling reaction mixture sam-
ple was supplemented with 1.5 mM CaCl2 (final concentration) and split
into aliquots each containing 200 ng DNA. Aliquots were digested with
the indicated concentration of MNase (Sigma N5386; diluted in 10 mM
Tris [pH 7.4], 0.1 mg/ml bovine serum albumin [BSA] such that 1 to 3 �l
of MNase solution was added) for 5 min at 30°C. MNase digests were
terminated with EDTA (10 mM final concentration) and treated over-
night at 55°C with proteinase K in the presence of 0.5% SDS. After addi-
tion of 5 �g E. coli tRNA (Sigma) and 10 �g glycogen (Fluka) as carriers,
samples were phenol-chloroform extracted and ethanol precipitated. Half
of each MNase digest sample was electrophoresed in a 1.5% agarose gel in
1� Tris-acetate-EDTA (TAE) at 100 V for �2 to 3 h and transferred onto
a nylon membrane (Biodyne B; 0.45 �m; Pall Corporation) by capillary
blotting, and the membrane was hybridized with radioactively labeled
probes directed against the yeast insert (PCR primers for PHO8 probe,
primers 5=-GACGGATCTCGAAGAGATCA-3= and 5=-CCTGCCATCT
GTAATCAACA-3=; for GCY1 probe, 5=-CAGTCGGATGGAGCTCACT
TCTATTGGCTTAGGAGC-3= and 5=-CACTGTGCATTTCTAGAACGA
CGAAGACGAGGATTAG-3=), against the pUC19 backbone (primers 5=-
TTGCAAGCAGCAGATTACGC-3= and 5=-TACTTACTCTAGCTTCCC
GG-3=), or against the size marker (2-log ladder; NEB). Probes were
labeled with [�-32P]dCTP (Hartmann Analytik) using the kit PrimeIt II
(Stratagene). Hybridized membranes were exposed to X-ray films (Fuji
Super RX). Scanned film images (Epson Perfection V700 scanner) were
imported into Adobe Photoshop CS6 and processed by conversion into
grayscale format, and linear level adjustment was applied to the entire
image. Figure layout was done with Adobe Illustrator CS6.

For samples containing large amounts of ISWI26 – 648, competitor
chromatin was added before MNase digestion to avoid interference of
bound remodeler with MNase digestion. Here, an aliquot of a terminated
remodeling reaction mixture corresponding to 20 ng of pUC19-PHO8
DNA was spiked into a terminated mock (no remodelers) remodeling
reaction mixture containing 1 �g SGD chromatin (pUC19-GCY1) fol-
lowed by MNase digestion and further processing as described above.

For all MNase ladder blots, one representative example of two repli-
cates with independent SDG chromatin is shown, except for Fig. 6 and 7,
which were done as one replicate. Nonetheless, both control for the steady
state in two different ways and thus reproduce each other.
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Purification of remodelers. The pPROEX-HTa-based expression
plasmid with the gene encoding S. cerevisiae �NC-Chd1 (42) was cloned
by inserting the �NC-Chd1 PCR product (PCR product using primers
5=-GAGCCATGGAAAAGCAATCTACAGTG-3= and 5=TCCCAAGCTT
TCAACTGGGACTCTTTGTATTTAG-3=) via NcoI and HindIII. This
adds a His6-tobacco etch virus (TEV) tag to the N terminus. �NC-Chd1
was expressed in E. coli Rosetta cells (Novagen). Two liters of induction
medium (LB medium containing 0.2 mM isopropyl-�-D-thiogalactopy-
ranoside [IPTG]) was inoculated with cells grown at 37°C and then fur-
ther cultured overnight at 18°C. Cells were harvested by centrifugation
and resuspended in buffer A (50 mM Tris-HCl, pH 7.5, 10% glycerol, 500
mM NaCl, 10 mM imidazole) containing 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1� Complete protease inhibitor (Roche), 1� aprotinin,
1� leupeptin, 1� pepstatin, and 1 mM DTT. Cells were lysed using a
French press and further disrupted by sonication (Branson digital soni-
fier; 6 cycles of 10 s on and 10 s off; amplitude, 25%) on ice. After addition
of 2 U/ml Benzonase, the lysate was cleared by centrifugation (SS34;
19,000 rpm, 30 min, 4°C) and applied to a HisTrap HP column (GE
Healthcare) preequilibrated with 4% buffer B (50 mM Tris, pH 7.5, 10%
glycerol, 500 mM NaCl, 400 mM imidazole, 1 mM DTT). After washing
with 5 column volumes of 10% buffer B and 1 column volume of 15%
buffer B, �NC-Chd1 was eluted with a gradient ranging from 15 to 100%
buffer B. Fractions containing �NC-Chd1 were pooled; dialyzed against
250 mM NaCl, 50 mM Tris-HCl, pH 7.6, 1 mM DTT, and 10% glycerol;
and applied to a MonoQ column (GL Amersham) preequilibrated with
buffer C (50 mM Tris-HCl, pH 7.6, 10 mM NaCl, 10% glycerol, and 1 mM
DTT). After washing with buffer C and elution using a gradient between
10 mM and 1 M NaCl containing buffer C, fractions containing �NC-
Chd1 were pooled and concentrated (Centricon; Amicon; molecular
weight cutoff [MWCO] of 30,000). The final step was size exclusion chro-
matography on a Superdex200 column (GE Healthcare) (in 50 mM Tris-
HCl, pH 7.6, 300 mM NaCl, 10% glycerol, and 1 mM DTT) in order to
remove aggregates and contaminating proteins. Peak fractions containing
�NC-Chd1 were pooled.

pPROEX-HTb-based expression plasmids with genes encoding Dro-
sophila melanogaster ISWIFL, ISWIFL E257Q, and ISWI26 – 648 were kindly
provided by C. Müller (EMBL, Heidelberg, Germany). ISWI derivatives
ISWI864::13aa and ISWI871::13aa containing flexible linkers are described in
reference 43. All genes were fused N terminally to His6-TEV tag. Expres-
sion and purification were performed as described in reference 44. The
His6-TEV tag was cleaved off by recombinant TEV protease (our own
purification) for all ISWI constructs except ISWI26 – 648. Catalytic param-
eters of ISWI26 – 648 are unaffected by the presence of the tag (41).

D. melanogaster ACF was purified from insect cells by the baculovirus
expression system as described previously (45). The integrity of the puri-
fied proteins was checked by SDS-PAGE electrophoresis (data not
shown).

TEM. Chromatin for transmission electron microscopy (TEM) imag-
ing was prepared by SGD as described above, but BSA and IGEPAL were
omitted from the assembly buffer. Chromatin was appropriately diluted
in 50 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 1 mM EDTA; adsorbed on
glow-discharged Formvar-supported carbon-coated Cu400 TEM grids
(Science Services, Munich, Germany); and stained using a 2% aqueous
uranyl formate solution containing 25 mM NaOH. Imaging was per-
formed using a Philips CM100 electron microscope operated at 100 kV.
Images were acquired using an AMT 4-megapixel charge-coupled device
(CCD) camera. Micrograph scale bars were calibrated by imaging two-
dimensional (2D) catalase crystals and using the lattice constants as length
reference. Imaging was performed at �28,500 magnification.

Nucleosomes were counted per DNA template in 25 and 19 electron
micrographs of high- and low-assembly-degree templates, respectively.
Three different persons (C. Lieleg, F. Mueller-Planitz, and P. Korber)
counted independently 25 � 3, 25 � 3, and 25 � 4 nucleosomes per 25
high-assembly-degree templates and 11 � 3, 11 � 3, and 10 � 3 nucleo-
somes per 19 low-assembly-degree templates, respectively (see Fig. 2C).

The absolute number of nucleosomes per linear template for the high
assembly degree was somewhat lower, although almost within statistical
error, than expected from the topological analysis of the circular templates
(25 � 3 for linear [see Fig. 2C] compared to 31 � 2 for circular [39]
templates). This modest discrepancy was probably due to two reasons.
First, circular supercoiled plasmids become reconstituted in SGD with
higher efficiency than linear plasmids (46). Second, we omitted BSA from
SGD used for electron microscopy as it would clutter the grid and interfere
with nucleosome counting. BSA in standard SGD ameliorates the notori-
ous stickiness of histones. So, SGD without BSA may lose histones and
produce lower assembly degrees. Nonetheless, results for ISWI-depen-
dent remodeling of BSA-free prepared SGD chromatin with different as-
sembly degrees were equivalent to results with BSA-containing SGD chro-
matin (data not shown).

Native gel electrophoresis. SGD chromatin corresponding to 100 ng
of DNA was mixed with 15 �l low-salt buffer (10 mM Tris-HCl, pH 7.6, 75
mM NaCl, 1 mM EDTA, 1 mM �-mercaptoethanol, and 0.05% IGEPAL-
CA630), brought to 1� DNA loading buffer (40% [wt/vol] sucrose, 10
mM Tris-HCl, pH 8.0, 0.25% bromophenol blue), and electrophoresed in
an ethidium bromide-free 0.35� Tris-borate-EDTA (TBE), 0.6% agarose
gel at 60 V for �15 h. Southern blot transfer and probe hybridization were
done as for the MNase ladder assay.

KpnI accessibility assay. A remodeling reaction mixture sample with
pUC19-PHO8 chromatin was incubated for 0 or 4 h (see Fig. 8) and split
into aliquots corresponding to 100 ng DNA, and fluorescently labeled
25-mer nucleosomal arrays corresponding to 500 ng DNA were added.
After addition of 60 or 150 U KpnI (NEB), remodeling was allowed to
proceed at 26°C in the dark until termination with EDTA (25 mM final
concentration). DNA was deproteinized by proteinase K, phenol-chloro-
form extracted, ethanol precipitated, and electrophoresed in an ethidium
bromide-free, 1� TAE, 0.9% agarose gel. The fluorescently labeled 25-
mer nucleosomal array cleavage products were visualized by Li-Cor Od-
yssey scanning (green channel, offset 	 2). KpnI accessibility was calcu-
lated after quantifying the Li-Cor scan using Aida software (Raytest,
version 4.27) as intensity of the fragment band after KpnI cleavage/(in-
tensity of the fragment band after KpnI cleavage 
 intensity of the un-
cleaved fragment band). Background KpnI accessibility of the SGD-as-
sembled 25-mer nucleosomal arrays was determined in reactions without
remodeling enzymes but treated otherwise the same way and subtracted
from the KpnI accessibility of remodeler-containing samples. The data
were fitted to a single exponential function in Kaleidagraph 4.0. The fit for
ACF-generated KpnI accessibility with high KpnI concentration gave un-
reasonable values for the asymptotic final value such that we used the low
KpnI concentration data fit for estimation of the initial slope instead. The
fit for Chd1-generated KpnI accessibility after 4 h of incubation gave 36%
and 51% of the activity at the 0-h time point for the low and high KpnI
concentration, respectively. The KpnI accessibility values shown in Fig. 11
result from a modified assay. Unlabeled, chromatinized pUC19-25-mer
corresponding to 200 ng DNA was added to a remodeling reaction mix-
ture sample, after 2 h of remodeling incubation, corresponding to 100 ng
DNA pUC19-PHO8. After addition of 150 U KpnI (NEB), remodeling
was allowed to proceed at 26°C for 4 h and terminated with EDTA (25 mM
final concentration). DNA was purified as described above, and the 25-
mer was cut out with XbaI and EcoRI and electrophoresed in an ethidium
bromide-containing, 1� TAE, 0.9% agarose gel. The pUC19 backbone
fragment was taken as an indicator of total DNA amount, and the KpnI-
XbaI fragment was taken as an indicator of fragments generated due to the
accessible KpnI site. Band intensities were quantified using Aida software
(Raytest, version 4.27) and normalized to fragment size to correct for
length-dependent body labeling via ethidium bromide. KpnI accessibility
was calculated as intensity of the KpnI-XbaI fragment band/length of
KpnI-XbaI fragment/intensity of pUC19 backbone band/length of
pUC19 backbone.

Relative quantification of the assembly degree. Unincorporated his-
tones were removed from SGD chromatin via a customized quick spin gel
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filtration column using Sephacryl 300 (Amersham Pharmacia Biotech).
The column matrix was equilibrated and blocked with 20 mM HEPES, pH
7.5, 80 mM NaCl, 1.5 mM MgCl2, 0.5 mM EGTA, 2.5 mM DTT, 25 mM
(NH4)2SO4, and 0.2 mg/ml BSA. Low- and high-assembly-degree chro-
matin templates, each containing the same amount of DNA, were spun
through such columns, the flowthrough was collected, and aliquots were
electrophoresed both on a 17.5% SDS-PAGE gel next to the PeqGold
protein marker IV (Peqlab) and on a native 0.35� TBE, 0.6% agarose gel
for each chromatin type. It was confirmed by treating histones the same
way that free histones did not appear in the flowthrough under these
conditions. The native gel was blotted and hybridized as described above,
and the blots were analyzed by PhosphorImager (Fuji FLA 3000; Fujifilm
imaging plate; BAS-MP) using Aida software 4.27 (Raytest). The histone
amounts incorporated into the low- and high-assembly-degree chroma-
tin were quantified via the colloidal brilliant blue (Invitrogen)-stained
histone bands in the SDS-PAGE gel by determination of area under the
curve in line scans over the four histone bands (Aida 4.27). Subsequent
normalization of histone amounts as determined via the SDS-PAGE gel to
DNA amount determined via the native agarose gel blot assay allowed the
comparison of the histone amounts per DNA for both chromatin assem-
bly degrees.

ATP concentration determination. ATP measurements were done
using the Enliten ATP assay system bioluminescence detection kit (Pro-
mega) according to the manufacturer’s protocol and using the Lumat
LB9501 luminometer (Berthold). Aliquots from spacing assay reaction
mixtures were removed before and after incubation with the remodeling
enzyme as well as after apyrase treatment.

Modeling. For our computational simulations, we represent linear
6-kb DNA as a linear lattice with 6,000 sites. Each simulation run consists
of two stages: nucleosomes are first placed on the DNA and then itera-
tively remodeled up to a time tmax. To reduce noise, such runs are repeated
a large number of times (e.g., 100 times). Time tmax is chosen such that the
average of the nucleosome distributions at tmax of all runs represents the
steady state.

For the nucleosome assembly during SGD, we use a coarse-grained
approach as our focus is on the remodeling reactions. For the high assem-
bly degree, we place 30 � 2 nucleosomes on the DNA lattice. This number
and the standard deviation are taken from counting nucleosomes by to-
pology (39). For the low assembly degree, we model about half the num-
ber of nucleosomes, i.e., place a number of nucleosomes that is drawn
from a Poisson distribution with mean 15, which is again compatible with
our experimentally determined low assembly degree. To simulate in a
coarse-grained way the experimentally observed occurrence of some tight
clusters with hardly any linker DNA in SGD chromatin even at low assem-
bly degree, the model deposits nucleosomes as follows. For each nucleo-
some, a position is first chosen at random respecting steric exclusion of
previous ones. If it has a nearest-neighbor nucleosome within a certain

range, then it is moved such that the dyad-dyad distance to this neighbor
is 150 bp (	tight spacing). The assembly range parameter was chosen to
be 500 bp in order to obtain a similar amount of clusters at low assembly
degree (gray traces in Fig. 10A) as experimentally observed in MNase
ladders. After the initial deposition, nucleosomes are immobile unless
they are bound by a remodeler.

The remodeling phase was simulated with an exact event-based Monte
Carlo algorithm. In lack of detailed mechanistic knowledge of remodeling
reactions, we use a minimal model that can serve as proof-of-principle to
show how remodelers could actively generate arrays with constant spacing
despite changes in nucleosome density and how this activity could be
independent of remodeler concentration. First, remodelers reversibly and
iteratively bind to nucleosomes with a certain dissociation constant KD.
Remodeler concentration c is modeled as the ratio of the rates of remod-
eler binding and unbinding (r
 and r�, respectively), such that KD 	 c ·
r�/r
. Then, bound remodelers can perform sliding reactions which we
assume for simplicity to be a random walk with the same sliding rate
(rslide) in both directions (rslide 	 rslide

left 	 rslide
right [see Fig. 10B]) with

equal probability unless nucleosomes come close together (see below).
Each sliding reaction has a step size of 10 bp. Variation of step size had no
effect on steady-state nucleosome distributions. Nucleosomes that have a
set spacing are attracted to each other, i.e., at these positions the remod-
eling rate is reduced by the attraction factor A (rslide

breakup 	 rslide/A). The
reduced rate rslide

breakup refers only to terminal nucleosomes that have a
neighbor at the set spacing on one side and a long linker on the other side.
For the set spacing, we assume a window of 10 bp centered around the
experimentally observed spacing of 165 bp. Remodelers cannot slide
nucleosomes together more closely than the set spacing.

RESULTS
Experimental strategy. Salt gradient dialysis (SGD) reconstitu-
tion generates canonical nucleosomes (47–49). These are distrib-
uted over the DNA templates according to DNA sequence intrin-
sic preferences and maybe nucleosome-nucleosome interactions
(31, 50–52). If arrays are formed as detected by MNase ladder
analysis, they typically consist of closely packed core particles with
hardly any linker DNA (48, 49, 53–56). Incubation with an ISWI-
or CHD1-type remodeler increases linker length and extent of
array regularity in an ATP-dependent way, which is visualized as
more widely spaced and more extensive MNase ladders in agarose
gels (“spacing assay”). So far, all published spacing assays involved
more or less fully assembled chromatin templates (for examples,
see references 23 to 25 and 57). The crucial point of our spacing
assays is that we deliberately varied the histone/DNA ratio during
SGD to generate chromatin of various assembly degrees (Fig. 1). If
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FIG 1 Experimental concept. In classical spacing assays, ISWI- and CHD1-type remodeling enzymes turn irregular and/or tightly spaced nucleosome organi-
zations into regular arrays with wider spacing. In our study, the nucleosome density is varied in order to distinguish if the nucleosomal repeat length scales
reciprocally with nucleosome density (double arrows) or is kept rather constant (square brackets). The latter scenario may be the case either because the
remodelers actively clamp nucleosomes against each other or because there are attractive direct nucleosome-nucleosome interactions.
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the remodelers simply equalized linker lengths, nucleosome spac-
ing would strongly depend on nucleosome density, i.e., linker
lengths should gradually increase with decreasing nucleosome
density. Conversely, spacing should not depend on nucleosome
density if nucleosomes were clamped together, by either an active
packing (31) or a protein ruler (36) mechanism of the remodelers
or through attractive nucleosome-nucleosome interactions.

We used three remodelers from two remodeler families and
two far-diverged species. From Drosophila, we used the recombi-
nant stand-alone ISWI remodeler ATPase, a bona fide remodeling
enzyme (22, 41, 58, 59), and the physiological ACF complex con-
sisting of ISWI and the Acf1 subunit (23). As a remodeler from a
far-diverged species and different type, we used recombinant mo-
nomeric Chd1 from S. cerevisiae. Spacing activity for yeast Chd1
was recently demonstrated (57).

Characterization of SGD chromatin templates with high and
low assembly degree. Chromatin with various number of nucleo-
somes per DNA template was prepared by SGD (39). Initially, we
used circular plasmids that allowed the determination of the num-
ber of nucleosomes per DNA template (	 assembly degree) via
topological analysis. The assembly degree first increases with in-
creasing histone/DNA ratio but then plateaus before excess his-
tones lead to template aggregation and loss during SGD. The his-
tone/DNA ratio at the onset of the histone titration plateau, as
determined for circular templates (39), was used to generate the
“high assembly degree.” However, in order to avoid different sub-
populations due to supercoiled, nicked, and linear forms, we used
mainly linear templates. The “low-assembly-degree chromatin”
was prepared by using half the amount of histones under other-
wise identical conditions.

The difference between the high and low assembly degrees of
our chromatin preparations was validated in three ways. First,
chromatin of low assembly degree required less MNase to generate
comparable digestion degrees and produced less extensive ladders
and smears in the lanes than high-assembly-degree templates (see
Fig. 3A, lanes 2 to 4 versus 9 to 11; Fig. 3B, lanes 1 to 4 versus 10 to
13; Fig. 3C, lanes 2 to 5 versus 11 to 14; Fig. 4A, lanes 2 to 4 versus
9 to 11; Fig. 4B, lanes 2 to 4 versus 10 to 13 versus 20 to 23; Fig. 5A,
lanes 2 to 4 versus 9 to 11; and Fig. 9A, lanes 2 to 4, versus B, lanes
2 to 4). Second, we removed unincorporated histones after SGD
by gel filtration and analyzed chromatin aliquots side by side for
incorporated histone amounts via SDS-PAGE and Coomassie
blue staining and for DNA content by Southern blotting (data not
shown). The low-assembly-degree chromatin contained 47% �
1% of histones per DNA compared to templates of high assembly
degree. Third, counting nucleosomes per DNA template in elec-
tron micrographs showed that the low assembly degree corre-
sponded to 43% � 8% of nucleosomes per DNA compared to the
high assembly degree (Fig. 2A to C).

The electron micrographs also excluded the possibility that low
histone/DNA ratios led to mixed populations of highly and poor-
ly/not assembled templates. This was further confirmed by native
gel electrophoresis, which separated all tested assembly degrees
and showed only a single band in each case (Fig. 2D and E), argu-
ing for uniform populations. In addition to an uneven intertem-
plate nucleosome distribution, we also excluded an uneven intra-
template distribution, e.g., between eukaryotic and prokaryotic
DNA sequences. Probing the same Southern blots both for the
eukaryotic insert (Fig. 3) and for the prokaryotic backbone (data
not shown) gave very similar results. Collectively, we confirmed

the generation of chromatin templates with substantially different
assembly degrees between, but uniform assembly degree within,
sample preparations.

Both high- and low-assembly-degree chromatin shows clus-
ters of tightly packed nucleosome core particles. Limited MNase
digests of both the low- and high-assembly-degree chromatin
showed ladders with very similar repeat lengths of �150 bp (Fig.
3A, lanes 2 to 4 versus 9 to 11; Fig. 3B, lanes 1 to 4 versus 10 to 13;
Fig. 3C, lanes 2 to 5 versus 11 to 14; Fig. 4A, lanes 2 to 4 versus 9 to
11; Fig. 4B, lanes 2 to 4 versus 10 to 13 versus 20 to 23; Fig. 5A,
lanes 2 to 4 versus 9 to 11; see Fig. 9A, lanes 2 to 4, versus B, lanes
2 to 4). This corresponds to tightly packed nucleosome core par-
ticles with hardly any linker DNA and reproduces much earlier
observations that SGD does not generate nucleosome arrays with
physiological spacing but rather with very tight spacing, even at
lower assembly degrees (48, 49, 53–56). As expected, the ladder
extent was much less for the low-assembly-degree templates. In-
deed, our and previous electron micrographs show that clusters of
tightly packed core particles are rather the exception than the rule
for low assembly degrees (Fig. 2) (48, 49, 53, 55). Nonetheless, as
suggested by Noll et al. (48), only such tight clusters are abundant
enough to consistently yield quantized DNA fragment sizes after
MNase digestion that can be seen as distinct ladder bands in elec-
trophoresis. All other nucleosome distributions generate a contin-
uum of DNA fragment sizes, resulting in a smear in the lane back-
ground.

We conclude that the more or less extensive MNase ladders
generated from SGD chromatin correspond to more or less exten-
sive patches of closely packed core particles, which are well trace-
able even for our low-assembly-degree chromatin. Such patches
are ideal substrates to test if the spacing activity of ISWI- or
CHD1-type remodelers will generate spacing that scales recipro-
cally with nucleosome density. If the latter were true, then the
remodelers would generate a substantially larger spacing between
nucleosomes in the patches of chromatin with low assembly de-
gree than of chromatin with high assembly degree.

Drosophila ISWI and ACF as well as yeast Chd1 remodelers
generate similar and constant spacing at low and high assembly
degrees. Incubation of SGD chromatin with the Drosophila ISWI
remodeler led to more extensive MNase ladders and a noticeably
increased spacing of �160 to 165 bp consistent with previous
results (Fig. 3A, lanes 2 to 4 versus 5 to 7 and lanes 9 to 11 versus 12
to 14) (22, 58). This was true for both assembly degrees but more
appreciable at higher nucleosome density. Importantly, the repeat
length that ISWI established did not increase for the low-assem-
bly-degree chromatin (Fig. 3A, lanes 5 to 7 versus 12 to 14). The
same was true for different DNA sequences (Fig. 4A), for circular
templates (Fig. 4B), and for the Drosophila ACF complex (Fig. 3B)
as well as for the yeast Chd1 remodeler (Fig. 3C). The repeat length
increase due to ACF and Chd1 was more pronounced than that
caused by ISWI and again as previously reported (23, 24, 57). It is
notoriously difficult to determine exact DNA fragment sizes from
MNase ladders due to band fuzziness, difficult-to-normalize di-
gestion degrees, and electrophoresis variations. Nonetheless, nei-
ther ISWI, ACF, nor Chd1 generated substantially wider nucleo-
some spacing at the low than at the high assembly degree.
Moreover, the obtained repeat lengths for the low or high assem-
bly degree remained far away from what the kinetic models would
predict (about 400 or 200 bp for complete linker length equaliza-
tion of the low- or high-assembly-degree templates, respectively)
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FIG 2 Transmission electron microscopy of SGD chromatin (pUC19-PHO8) and native agarose gel electrophoresis confirmed difference between and unifor-
mity within assembly degrees. (A) Representative TEM images of SGD chromatin with the indicated assembly degree. (B) Interpretive trace of nucleosomes
(circles) and DNA (dashed line) in the leftmost TEM images of high- and low-assembly-degree chromatin, respectively, in panel A. Number of counted
nucleosomes in lower right corner. (C) Average numbers and standard deviations of nucleosomes for the low- and high-assembly-degree chromatin indepen-
dently counted by three persons for 25 and 19 micrographs of high and low assembly degree, respectively. (D) Native agarose gel electrophoresis of plasmid
pUC19-PHO8 either supercoiled or after linearization with BamHI and SGD reconstitution at the indicated assembly degrees. Numbers 1.0, 0.5, and 0
correspond to high and low assembly degree and no assembly, respectively. The plasmid was detected by Southern blotting and hybridization with a probe
directed against the mid-coding region of the yeast PHO8 gene. Ten different batches of SGD chromatin are shown. Batch 1 was used in Fig. 6A; batch 2 was used
in Fig. 5B and 6B; batch 3 was used in Fig. 6C; batch 4 was used in Fig. 3A and B and 7B; batch 5 was used in Fig. 3C, 5A, and 7A; batch 6 was used in panel A; batch
7 was used in Fig. 5C and 7C; batch 8 was used in Fig. 9A and B and 11A; batch 9 was used in Fig. 9B and 11B; batch 10 was used in Fig. 11C. (E) As for panel D
but for plasmid pUC19-GCY1 used in Fig. 4A.
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even though they are within the linker length range that ACF can
distinguish (�60 bp [28]). Thus, the lack of substantial increase in
spacing at the low relative to that at the high assembly degree is in
direct conflict with models in which remodelers simply equalize
linker DNA lengths.

Remodeler effects were ATP dependent and not due to re-
modeler footprints. We ruled out alternative interpretations of
our data. First, we excluded the possibility that MNase footprint

changes upon remodeler addition were merely due to remodeler
binding but not remodeling, as there was no change in nucleo-
somal repeat length if ATP (Fig. 3) was replaced by the nonhydro-
lyzable ATP analog AMP-PCP (Fig. 5 and data not shown for a
replicate experiment with ISWI and circular templates). In some
cases, the nucleosomal fragment bands became somewhat sharper
in the presence of remodeler and AMP-PCP, which may stem
from remodeler binding to nucleosomes. Importantly, this ATP

FIG 3 ISWI, ACF, and Chd1 have clamping activity, i.e., they generate very similar and constant nucleosomal repeat lengths regardless of nucleosome density.
(A) Limited digests with the indicated MNase concentrations of SGD chromatin (plasmid pUC19-PHO8) at the indicated assembly degrees after incubation with
(
ISWI) or without (�ISWI) ISWI remodeler. Asterisks denote the trinucleosomal fragment band. MNase digestion fragments were visualized by Southern
blotting and probing against the yeast PHO8 gene. M, DNA marker (2-log; NEB). (B and C) As for panel A but for the ACF or Chd1 remodeler, respectively.
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dependency also confirmed that all three remodelers were able to
remodel these chromatin templates.

The remodeling reactions reached steady state at sufficient
remodeler activity and ATP concentrations. Second, we ad-
dressed the caveat that nucleosomes were not increasingly spread
out at decreasing assembly degrees because we had not reached the
steady state of the remodeling reaction. For example, we might
have stopped the remodeling reaction too early, the remodelers
may have lost all their activity during the assay, or ATP could have
been limiting. We ruled out these possibilities. Nucleosome spac-
ing was not substantially changed if the remodeling reaction du-
ration was varied between 2 and 4 h for ISWI (Fig. 6A) and be-
tween 0.5 and 4 h for ACF and Chd1 (Fig. 6B and C) or if the
remodeler concentration was increased 2- or 3-fold (Fig. 7). ISWI
remained fully active and ACF retained 18% and Chd1 retained
44% (Fig. 8C to E) of their activities after 4 h of incubation as
measured by restriction enzyme accessibility assay (Fig. 8B). All
these activities should have been sufficient to change MNase lad-
der patterns between the 2- and 4-h time points and even more so
between the 0.5- and 2-h time points (Fig. 6) if the reaction had
not reached steady state yet. For all three remodelers, ATP con-
centrations were not substantially depleted during the 4-h time
course (at least 60% remaining [data not shown]). Collectively,

our results reflect the steady state of remodeling by ISWI, ACF,
and Chd1.

Clamping, a novel remodeling activity. Our spacing assays at
different nucleosome densities establish that nucleosome spacing
is kept constant despite lower nucleosome density. This amounts
to a new kind of remodeling activity, the clamping activity.
Clamping generates arrays of a constant nucleosome repeat
length. If nucleosomes are limiting, these arrays would be inter-
spersed with nucleosome-free regions. Spacing, in the classical
sense, would simply equalize linker lengths such that the nucleo-
some repeat length would vary depending on the nucleosome
density (Fig. 1). A comparison of spacings generated at different
nucleosome densities amounts to a clamping assay, which is pos-
itive if spacing remains constant.

There are at least two different mechanisms that could explain
clamping. For the first mechanism, the remodelers would just
provide nucleosome dynamics, i.e., “lubricate” nucleosome slid-
ing along DNA, and clamping would be a result of attractive direct
nucleosome-nucleosome interactions. We call this the “nucleo-
some-clamp” mechanism. According to a second mechanism,
which we refer to as the “remodeler-clamp” mechanism, the re-
modeler would interact with and thereby “clamp” two nucleo-
somes.
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We sought to distinguish between these two different clamping
mechanisms. If the remodeler needed to remain physically bound
to the nucleosomes to clamp them together, one might expect that
substoichiometric, catalytic amounts of remodeler should not be

able to clamp nucleosomes. We therefore repeated the clamping
assay, i.e., a spacing assay at low and high assembly degrees, with
substoichiometric amounts of ACF. So far, our remodeling reac-
tion mixtures contained remodelers at roughly stoichiometric
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amounts relative to nucleosomes (30 nM ISWI or ACF versus ca.
40/80 nM nucleosomes for low/high assembly degrees, respec-
tively). Now, we used 6 nM ACF versus 40/80 nM nucleosomes,
respectively (Fig. 9). At both assembly degrees, we obtained the
same spacing of MNase ladders as with the higher, roughly stoi-
chiometric ACF concentrations (30 or 60 nM [Fig. 7B and 9]).
Also, the MNase ladder extents were similar. The lower remodeler
concentration led to higher digestion degrees at the same MNase
concentrations (Fig. 9A, lanes 5 to 7 versus 9 to 17, and B, lanes 5
to 7 versus 10 to 18), but lower MNase concentrations showed
again the full MNase ladder extent (Fig. 9B, lanes 25 to 27). The
remodeling reaction again reached steady state as there was no
further pattern change over time. We conclude that catalytic
amounts of ACF can clamp nucleosomes. Note that this result is

still consistent with the “clamp” metaphor as it relates only to the
final outcome, i.e., constant spacing despite decreased nucleo-
some density, but need not imply a stoichiometric interaction of
the remodeler with the nucleosomes.

Both the nucleosome- and the remodeler-clamp mecha-
nisms can be independent of the remodeler concentration. In-
deed, both the remodeler-clamp and the nucleosome-clamp
mechanisms are consistent with the observation that catalytic
amounts of ACF suffice to clamp nucleosomes, as we show next by
a computational approach. We built a minimal model that exhib-
its clamping activity independent of remodeler concentration (see
Materials and Methods) and show that one and the same model
can represent both mechanisms.

The model is called “sliding plus attraction” model and posits
that remodelers slide nucleosomes along DNA with equal rates in
one or the other direction (sliding rate [rslide]) resulting in a one-
dimensional random walk. If two nucleosomes come close to each

FIG 6 Remodeling reactions by ISWI, ACF, and Chd1 reached steady state.
Panels A to C are as for Fig. 3A to C, respectively, but for the indicated time
points after addition of remodeler.

FIG 7 The remodeling outcome remained unaffected when the remodeler
concentrations were varied. Panels A to C are as for Fig. 6A to C, respectively,
but with two different remodeler concentrations as indicated.
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other, a functionally attractive nucleosome-nucleosome interac-
tion will generate a set spacing (165 bp) and the interaction energy
will lower the chance of the dinucleosome breaking apart in sub-
sequent remodeling cycles. Therefore, arrays are formed because

the rate for breaking up arrays (rslide
breakup) is lower than the rate

for bringing nucleosomes together (rslide) by the attraction factor
A (rslide

breakup 	 rslide/A). Note that all sliding rates are always
mediated by the remodeler, which reflects the fact that nucleo-
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somes are immobile on their own in the absence of remodelers
under our rather physiological salt and temperature conditions
(60).

Simulations are run until the average distribution of nucleo-
somes sampled over many templates does not change anymore,
i.e., until steady state is reached. To visualize nucleosome distri-
butions, the dyad-to dyad distance distribution is plotted as a
histogram (Fig. 10A). Such histograms are related to MNase lad-
der assays as they plot the occurrence (analogous to band inten-
sity) of distances between nucleosomes (analogous to band posi-
tion, i.e., fragment length).

The model recapitulates the clamping activity as it transforms
tight spacing of the initial conditions into the wider set spacing
(shift of peaks in gray versus black traces in Fig. 10A) and keeps
this set spacing constant as variation of nucleosome density affects
the average array length but not the spacing (Fig. 10A). Array
extent is also affected by the attraction factor A: the higher that A
is, the longer the arrays. The only exception is infinite A, which
leads to kinetic trapping of nucleosomes and prevents long arrays.
In the examples shown, array extent is increased only at A 	 100
for the high assembly degree, but at even higher values for A, array
extent will increase in all cases (data not shown). Finally and most
important for our argument, the model also recapitulates the re-
sults shown in Fig. 9, as nucleosome distributions in steady state
do not depend on the remodeler concentration. Only the time
until steady state is reached increases with lower remodeler con-
centrations.

We now show that the attraction factor A may be interpreted in
two ways such that this same model can represent either the
nucleosome- or the remodeler-clamp mechanism (Fig. 10B). Re-
modelers can bind to lone nucleosomes in two orientations with
equal probability, i.e., equal affinities (KD

left 	 KD
right), and the

orientation determines the sliding direction. The assumption that
the direction of remodeling is linked to the remodeler binding
orientation relates well to experimental evidence (36, 61–64).
Sliding will bring nucleosomes closely together, and the two
mechanisms differ now in the way that the functional nucleo-
some-nucleosome interaction, represented in the model as the
attraction factor A, is generated such that rslide

breakup becomes
lower than rslide. For the nucleosome-clamp mechanism, there is a
direct attractive nucleosome-nucleosome interaction that gener-
ates the set spacing. This directly counteracts and therefore re-
duces the rate of sliding nucleosomes apart. For the remodeler-
clamp, a remodeler interacts not only with its sliding substrate but
also with the neighboring nucleosome if close enough. This addi-
tional interaction (IA) generates the set spacing and biases the
remodeler in its binding orientation due to the additional inter-
action energy (KD

left IA 
 KD
right). The binding orientation bias

directly gives the attraction factor A (A 	 KD
left IA/KD

right) and
again reduces the rate of sliding nucleosomes apart.

Note that these different interpretations need not be modeled
explicitly as they all amount to the same effect, i.e., rslide

breakup 	
rslide/A. In molecular terms, both models amount to a functionally
attractive interaction between nucleosomes, either directly medi-

FIG 9 ACF at substoichiometric concentration relative to nucleosomes still generated very similar nucleosomal repeat lengths between neighboring nucleo-
somes regardless of nucleosome density. Panels are as for Fig. 3B, 6B, and 7B but for the indicated time points and ACF concentrations. The dashed line in panel
B separates two independent experiments. Asterisks denote the trinucleosomal fragment band. M, DNA marker (2-log; NEB).
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ated by nucleosome-nucleosome or indirectly mediated by
nucleosome-remodeler-nucleosome contacts. We explicitly cau-
tion that our model serves only as proof-of-principle that both a
nucleosome- and a remodeler-clamp mechanism can be indepen-
dent of remodeler concentration but need not support any claims
about the actual molecular mechanism of the clamping activity.

Spacing by ISWI depends on the HSS domain in cis. As the
remodeler dilution experiment was not conclusive, we sought to
uncouple the mere nucleosome sliding activity, which is sufficient
for the nucleosome-clamp mechanism, from a putative remod-
eler-clamp activity. The HAND-SAND-SLIDE (HSS) domain of
ISWI-type remodelers was suggested to be important for nucleo-

some spacing as it can bind and “measure” the length of linker
DNA, thereby centering mononucleosomes (28, 61, 65). The HSS
domain of S. cerevisiae Isw1 was also suggested by mainly struc-
tural evidence to be part of a “protein ruler” that sets internucleo-
somal distances (36). Regarding the mere sliding activity, we pre-
viously established that just the ISWI ATPase domain, i.e., the
ISWI26 – 648 construct without the HSS and bridge domains, has
substantial remodeling activity both in terms of generating acces-
sibility to intranucleosomal restriction sites and in terms of oc-
cluding restriction sites in linker regions, i.e., sliding nucleosomes
there (41). So, this ISWI26 – 648 construct was a good candidate for
a sliding and remodeling activity without spacing activity. Indeed,
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nucleosomes (analogous to band position, i.e., fragment length). The histogram peaks are analogous to MNase ladder bands as pointed out by arrows. The
attraction factor A and the assembly degree were varied as indicated. (B) Schematics illustrating the interpretation of the “sliding plus attraction” model as either
a nucleosome-clamp or a remodeler-clamp mechanism. For details, see the text. The attractive interaction between nucleosomes or between nucleosome and
remodeler is symbolized by a stack of dashed lines. For simplicity, the attractive nucleosome-nucleosome interaction is shown only for the newly added
dinucleosome. The butt-ended dashed line labeled “165 bp” merely symbolizes the length of the set spacing but not any other molecular feature. The labeling in
the schematics refers to the case that a nucleosome is moved from the right toward another nucleosome or array. Movement from the left is equally possible and
would entail converse labeling regarding the superscripts “left” and “right” (e.g., KD

right IA instead of KD
left IA; IA stands for interaction).

Lieleg et al.

1600 mcb.asm.org May 2015 Volume 35 Number 9Molecular and Cellular Biology

http://mcb.asm.org


FIG 11 The spacing activity of ISWI remodeler depends on the HAND-SANT-SLIDE domain in cis. Panels are as for Fig. 5A and 7A but with the indicated
concentrations of the indicated ISWI or ISWI mutant remodelers. Asterisks denote the trinucleosomal fragment band. MNase digestion fragments were
visualized by Southern blotting and probing against the yeast PHO8 gene. M, DNA marker (2-log; NEB). All samples were electrophoresed in the same gel, but
images of different exposures for lanes 1 to 7 versus 8 to 15 were combined in panel A and those for lanes 1 and 13 versus 2 to 17 were combined in panel B using
Adobe Illustrator CS6. Numbers below the Southern blots reflect remodeling activity after 2 h as determined in the KpnI accessibility assay.
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it was negative in our spacing assays (Fig. 11A and B). As positive
controls, full-length ISWI increased spacing on the same SGD
chromatin templates, and ISWI26 – 648 had remodeling activity un-
der our conditions as judged by spiking in the 25-mer-601-array
template and measuring increased KpnI accessibility. The specific
activity in the latter assay was lower than that for full-length ISWI
as described before (41) and explained by ISWI26 – 648 having lower
affinity than full-length ISWI for nucleosomes. But, even at an
�300-fold-higher concentration (up to 10 �M ISWI26 – 648) where
ISWI26 – 648 had 63% of ISWI’s KpnI accessibility assay activity,
there was no spacing activity (Fig. 11A). This argued for a direct
contribution of the full-length ISWI remodeler in nucleosome
spacing, especially for the HSS domain, and made the nucleo-
some-clamp model less likely (see Discussion).

If the HSS domain bridged two nucleosomes akin to the pro-
tein ruler mechanism (36), we wondered if it could do so in trans.
However, the combination of ISWI26 – 648 with the ATPase-dead
ISWI E257Q mutant did not rescue spacing activity (Fig. 11B),
presumably because a linkage in cis was necessary.

We showed recently that a rigid connection between HSS and
ATPase domains was not necessary for remodeling as would be
expected for a power stroke-like energy coupling (43). Nonethe-
less, it was possible that the connecting length influenced the re-
sulting spacing. So, we tested two different examples of our previ-
ously characterized ISWI constructs with 13 amino acids inserted
either after position 864 or after position 871 (Fig. 11C). These
mutant ISWI remodelers clearly did not generate wider spacing
than full-length ISWI. If anything, their spacing activity was a bit
less pronounced. The remodeling activity of these ISWI mutants
as measured by KpnI accessibility assay after 2 h of incubation was
lower than that for full-length ISWI, maybe because the mutant
proteins were less stable over time. This residual activity should
have been sufficient to allow remodeling, and we confirmed
reaching of steady state again by using a higher concentration of
the ISWI mutants without change in the resulting patterns.

DISCUSSION

The original length sensor mechanism as proposed for ISWI-type
remodelers (28) elegantly explained how ISWI-type remodelers
equalize linker lengths on mononucleosomes and how this might
be the basis for promoting spacing of nucleosomes in nucleosomal
arrays. Here, we tested this mechanism using defined nucleosomal
arrays. Surprisingly, our results imply that ISWI and CHD1 re-
modelers do not equalize linker lengths but rather clamp nucleo-
somes. We use the term clamping in the sense that two or more
nucleosomes are positioned by the remodeler with a fixed spacing
regardless of the nucleosome density.

How is clamping achieved mechanistically? Clamping can in
principle be accomplished if the nucleosomes that come into con-
tact with each other form direct attractive nucleosome-nucleo-
some interactions (nucleosome-clamp) or if the remodeler tran-
siently bridges two nucleosomes before it dissociates again
(remodeler-clamp). The latter is akin to the protein ruler mecha-
nism proposed for the budding yeast ISW1a complex (36), where
structural evidence supports the idea that a remodeler contacts
two nucleosomes at the same time and thereby determines spac-
ing. As the protein ruler mechanism was proposed for a specific
case, we chose another term to indicate the general mechanism of
setting a constant spacing regardless of nucleosome density.

Nonetheless, the spacing generated in our assays was in a similar
range as the spacing generated by ISW1a in that study.

The strongest argument for our preference for the remodeler-
clamp versus the nucleosome-clamp mechanism is that the
ISWI26 – 648 remodeler lacking the HSS and bridge domains was
negative in our assays even though it has documented sliding ac-
tivity (41), which should be sufficient for the nucleosome-clamp
but not for the remodeler-clamp mechanism.

Surprisingly, ISWI26 – 648 did not generate random nucleosome
positions as might be expected and as modeled by us (data not
shown) for a mere sliding activity. Perhaps, the thermodynami-
cally preferred nucleosome positions on our arrays are the same as
those generated during SGD such that ISWI26 – 648 did not pro-
mote net movement of nucleosomes. There is the formal possibil-
ity that the ISWI26 – 648 remodeler still had spacing activity but
generated such a tight spacing that it could not be distinguished
from the tight spacing generated by SGD. Another formal possi-
bility is that ISWI26 – 648 was inactive on the tightly spaced SGD
nucleosome arrays but still active on the more widely spaced ar-
rays (repeat length, 197 bp) used for the KpnI accessibility assay.

The nucleosome-clamp mechanism has the advantage of ex-
plaining why three different remodelers tested here generate ap-
proximately the same spacing. However, the molecular nature of
such putative attractive nucleosome-nucleosome interactions re-
mains unclear. It may involve the interaction between the so-
called “acidic patch” on histone H2A/H2B and the “basic patch”
of the histone H4 tail (66, 67). The nucleosome-clamp mechanism
would also entail that the nucleosome-nucleosome interactions
leading to array formation were different under our assay condi-
tions from those generated by SGD. This is formally possible as
SGD mainly reflects the deposition of the histone H3-histone H4
tetramer at 0.7 to 1 M salt (50).

There is also the formal possibility of a “DNA-clamp” mecha-
nism, i.e., that the nucleosome positions in the arrays are intrin-
sically encoded by the DNA sequence and will therefore always be
occupied as long as a sliding activity is present. However, this
mechanism is extremely unlikely as intrinsically DNA-encoded
nucleosome positioning preferences have never been found to be
strong enough to generate nucleosome arrays in vitro with the
repeat length reported here (165 bp) but rather always generate
tightly packed core particles with hardly any linker (31, 48, 49,
51–53, 55, 56). Also, the DNA intrinsic positioning would have to
be strong enough to generate the same nucleosome organization,
observed as constant spacing in our case, independent of nucleosome
concentration. Finally, our own rehybridization experiments showed
generation of the same arrays by the here-tested remodelers also in
the prokaryotic vector backbone regions (data not shown). It seems
highly unlikely that the same arrays should be intrinsically encoded in
prokaryotic as well as eukaryotic sequences.

Collectively, we favor the remodeler-clamp but cannot strictly
rule out the nucleosome-clamp mechanism. Clarification of this
issue will require further studies.

We note that in our assays the Drosophila remodelers did not
generate the linker length observed in vivo for Drosophila (197 bp
[68]). Spacing generated in a Drosophila embryo extract chroma-
tin assembly system, which is rich in ACF activity (69), depended
on ionic strength (70). However, at the ionic strength used by us
(
100 mM monovalent cations), the repeat length should be well
above 170 bp (70). Apparently, the here-tested remodelers are not
sufficient to set the linker length observed in vivo or in the context
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of Drosophila embryo extracts in vitro, suggesting that additional
factors are needed. Recently, a new embryonic linker histone H1
variant, dBigH1, was discovered in Drosophila embryos (71). Lack
of dBigH1 decreased the nucleosomal repeat length, making
dBigH1 a candidate for setting the physiological spacing in con-
cert with remodelers. The process of transcription was also sug-
gested to influence spacing, both in S. cerevisiae (72, 73) and in
human cells (8). Further, if large genomic regions are transferred
between species, nucleosome spacing along the heterologous
DNA was always determined by host cell factors (74, 75), arguing
for a strong role of factors beyond histones and DNA in setting
nucleosome spacing.

Using a computational approach, Mobius et al. (76) recently
modeled that mere inclusion of a dinucleosome clamp in the clas-
sical statistical positioning mechanism (29, 30) can account for
regular and constant spacing at barriers with fixed 
1 nucleosome
even at low nucleosome density. This demonstrates that there is
no need for a packing mechanism providing directionality against
the barrier to explain how arrays with constant spacing are main-
tained at barriers despite lowered nucleosome density, which was
observed in vitro and in vivo (16, 31–35). Here, we extended these
studies and show how a clamping activity maintains arrays with
constant spacing also without a barrier.

As proposed before (31), we note that nucleosome density may
fluctuate in vivo during S phase due to a lag between replication of
DNA and reassembly of both DNA copies into nucleosomes. It
may be vital that nucleosomes are kept together, especially at im-
portant regulatory regions like promoters, even at times of low
nucleosome density due to incompletely assembled chromatin.
This nucleosome-clamp activity may now be explained through
ISWI- and CHD1-type remodeling enzymes.
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