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a b s t r a c t

Satellite DNA, a major component of eukaryotic centromeric heterochromatin, is potentially associated
with the processes ensuring the faithful segregation of the genetic material during cell division. Struc-
tural properties of alpha-satellite DNA (AS) from African green monkey (AGM) were studied. Atomic force
microscopy imaging showed smaller end-to-end distances of AS fragments than would be expected for
the persistence length of random sequence DNA. The apparent persistence length of the AS was deter-
mined as 35 nm. Gel-electrophoresis indicated only a weak contribution of intrinsic curvature to the
DNA conformations suggesting an additional contribution of an elevated bending flexibility to the
reduced end-to-end distances. Next, the force-extension behavior of the naked AS and in complex with
nucleosomes was studied using optical tweezers. The naked AS showed a reduced overstretching transi-
tion force (�18% the value determined for random DNA) and higher forces required to straighten the
DNA. Finally, reconstituted AS nucleosomes disrupted at significantly higher forces as compared with
random DNA nucleosomes which is probably due to structural properties of the AS which stabilize the
nucleosomes. The data support that the AS plays a role in the formation of centromeric heterochromatin
due to specific structural properties and suggest that a relatively higher mechanical stability of nucleo-
somes is important in AGM–AS chromatin.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The faithful segregation of the genetic material into daughter
cells during mitosis and meiosis is ensured by the centromeres.
These are the chromosomal loci where the kinetochores – multipro-
tein complexes serving as attachment sites for the spindle appara-
tus – are organized. It is not clear which factors determine the
centromeric locus in the chromosomes of higher eukaryotes. The
centromere position is not strictly dependent on a primary DNA se-
quence (Amor and Choo, 2002). It is probably determined by the
centromeric chromatin structure which is characterized by distinct
features with respect to the chromatin in chromosome arms
(Canapa et al., 2002; Henikoff and Dalal, 2005; Dalal et al., 2007;
Conde e Silva et al., 2007; Folco et al., 2008). Centromeres are typ-
ically embedded in the highly condensed heterochromatin which
mainly forms on large arrays of tandemly repeated DNA sequences,
referred to as satellite DNA. The hypothesis is that satellite DNA
facilitates heterochromatin formation by sequence-dependent
physical properties. A-tract induced permanent curvature is a prop-
erty of satellites in numerous species (Martinez-Balbas et al., 1990;
ll rights reserved.
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Fitzgerald et al., 1994). A specific pattern of intrinsic bends in
satellites may be implicated in the positioning of nucleosomes
(Fitzgerald et al., 1994). Nucleosomal phasing along satellite re-
peats is expected to promote the condensation of chromatin fibers
(Gilbert and Allan, 2001). In addition to the positioning of nucleo-
somes, their structural stability may be important. This is indicated
by the observation that sequences with the highest affinities for
nucleosome formation localize to centromeres in yeast and mouse
(Widlund et al., 1997; Segal et al., 2006).

Alpha-satellite DNA (AS)1 is the primate specific type of centro-
meric repetitive DNA with a monomer length of �171 bp. AS can be
grouped into an old and a new sequence type. The new type is found
only in higher primates. Centromeric AS-arrays in higher primates
are composed of divergent AS monomers organized into complex
higher order repeat structures (Alexandrov et al., 2001). A subset
of the new type AS monomers contains the CENP-B box, the binding
sites for the kinetochore protein CENP-B. Satellite arrays with CENP-
B boxes, but not without, are capable of de novo centromere forma-
tion (Harrington et al., 1997; Okada et al., 2007). CENP-B may have a
structural function relating to the organization of chromatin, e.g. it
may set nucleosomal positions within the satellite repeats (Tanaka
et al., 2005). The African green monkey (AGM) (Cercopithecus
1 Abbreviations used: AGM, African green monkey; AS, alpha-satellite DNA.
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aethiops) harbors the old type which is characterized by a homoge-
neous monomeric organization and by the absence of the Cenp-B
box (Goldberg et al., 1996; Alexandrov et al., 2001). Especially
because of the homogeneity of the AS-arrays in AGM, it is very
important to find out if here the AS could be involved in the hetero-
chromatin formation. It is known that nucleosomes are positioned
along AGM–AS arrays sequence-dependently (Neubauer et al.,
1986; Bussiek et al., 2007). Slightly reduced electrophoretic mobility
in polyacryl amide gels indicated weak intrinsic curvature
(Martinez-Balbas et al., 1990). An A/T rich region in the AGM–AS
monomer likely to induce a noticeable bend is located at an end of
the major nucleosomal binding site and therefore this region is prob-
ably not important for the formation of the majority of the AS nucle-
osomes (Neubauer et al., 1986; Martinez-Balbas et al., 1990).

The formation of the nucleosome involves substantial deforma-
tions of the DNA as it wraps around the histone core (Luger et al.,
1997). Therefore, the deformability of DNA and especially the spe-
cific pattern of deformable base steps are important for the affinity
of certain sequences for the histone proteins (Trifonov and
Sussman, 1980; Shrader and Crothers, 1990; Widlund et al.,
1999; Widom, 2001; Travers, 2004; Tolstorukov et al., 2007). Many
high affinity sequences demonstrate a high bending flexibility as a
macroscopic property (Widlund et al., 1999; Cloutier and Widom,
2004; Virstedt et al., 2004). The bending behavior of random se-
quence DNA is usually described by worm-like-chain (WLC) the-
ory. In this, the persistence length P specifies the length below
which the orientation in direction of the DNA persists under ther-
mal fluctuations. Different methods, e.g. cyclization kinetics (Du
et al., 2005), high resolution microscopy (Rivetti et al., 1996) or
force-extension measurements (Baumann et al., 1997; Wang
et al., 1997) yielded apparent persistence lengths Pa of �50 nm
for random DNA in physiological ionic strength. The term ‘apparent
persistence length’ is used since DNA is not a homogenously bend-
ing polymer and sequence-induced directional deflections contrib-
ute to DNA bending (Bednar et al., 1995; Rivetti et al., 1998;
Vologodskaia and Vologodskii, 2002). Increased cyclization rates
or decreased end-to-end distances of DNA fragments as compared
with the expected values for random DNA would indicate an in-
creased extent of bending. Here, ‘the extent of bending’ detected
by comparing different sequences can be due to the contribution
of a different bending flexibility and/or static bending propensity.
Atomic force microscopy (AFM) is useful to detect particular bend-
ing properties of DNA fragments (Rivetti et al., 1998; Scipioni et al.,
2002; Virstedt et al., 2004; Moreno-Herrero et al., 2006). In addi-
tion, force-extension measurements using magnetic or optical
tweezers reveal different stages of induced deformations in DNA
(Cluzel et al., 1996; Smith et al., 1996; Strick et al., 1996; Wang
et al., 1997; Cui and Bustamante, 2000; Bennink et al., 2001; 6
Brower-Toland et al., 2002). For random DNA, it has been shown
that the persistence length determines the force-extension behav-
ior in the low force regime where the DNA is straightened towards
its B-form contour length (Marko and Siggia, 1995; Odijk, 1995;
Cluzel et al., 1996; Smith et al., 1996; Strick et al., 1996; Wang
et al., 1997). Following straightening, DNA is enthalpically extensi-
ble beyond its B-form length at stretching forces between about 10
and 60 pN. This is quantified by the stretch modulus S and included
in the extensible WLC (Marko and Siggia, 1995). In a third phase,
DNA experiences a highly cooperative disruption of the B-form
structure. This is observed as an overstretching by up to �1.7 times
the B-form length without substantially increasing the force
further (Smith et al., 1996).

Force-extension measurements were also used to study chro-
matin: extending chromatin revealed a discontinuous force-exten-
sion behavior at forces larger than �15 pN, indicating the
successive disruption of the nucleosomes (Bennink et al., 2001;
Brower-Toland et al., 2002; Claudet et al., 2005; Gemmen et al.,
2005). The unfolding mechanism of nucleosomes is well character-
ized (Brower-Toland et al., 2002; Mihardja et al., 2006). Reduced
disruption forces due to histone acetylation and histone tail re-
moval were measured using optical tweezers (Brower-Toland
et al., 2005).

In this work, conformational properties of naked AGM–AS were
studied by gel-electrophoresis and AFM. The question if this DNA
forms nucleosomes which are mechanically more stable than
nucleosomes formed on random DNA was addressed by force-
extension measurements using optical tweezers after reconstitu-
tions of nucleosomal arrays. The optical tweezers were additionally
used to extend the naked AS. AFM showed reduced end-to-end dis-
tances compared with random DNA. The end-to-end distances
translate to Pa = 35 nm. Gel-electrophoresis showed an only weak
contribution of intrinsic curvature to the AS conformations sug-
gesting an additional influence by an increased flexibility. The
force-extension data qualitatively reproduce a higher extent of
bending by higher forces required to straighten the AS, however,
analysis with WLC yielded a much lower Pa (18 nm), clearly reveal-
ing a deviation from the WLC behavior. The overstretching force
was significantly reduced showing a higher susceptibility towards
a disruption of the B-form conformation. Forces required to disrupt
nucleosomes reconstituted with the AS were higher as compared
with nucleosomes reconstituted with plasmid DNA, suggesting
that an increased nucleosomal stability is a property of AGM–AS
chromatin.

2. Materials and methods

2.1. DNA

Vectors containing a 2-mer and a 13-mer of the 172 bp AGM–AS
repeat were prepared previously (Bussiek et al., 2007): an AS 2-mer
has been isolated from CV-1 cells after cleavage of the genomic
DNA with EcoRI. The 2-mer was cloned in the EcoRI-site of vector
pBluescript-II-KS(+) yielding the plasmid pBSa-2. Another fraction
of the 2-mer was polymerized to higher repeats. Cloning the liga-
tion product yielded the plasmid pBSa-13 incorporating the AS
13-mer.

pBSa-2 was used for gel-electrophoretic curvature analyses.
�10 lg of the vector was digested with different restriction endo-
nucleases to produce different monomers and fragments incorpo-
rating the EcoRI-dimer (Table 1). DNA was purified from
enzymes and resuspended in 5 mM Tris, pH 8.5.

For AFM imaging, the AS 6-mer (a-6, 1032 bp) and the 2-mer
(a-2, 344 bp) were isolated after a partial digestion of pBSa-13
with EcoRI yielding a distribution of repeat numbers. The frag-
ments were purified from an agarose gel using the Gel Extraction
Kit (Qiagen, Hilden, Germany) followed by ethanol precipitation
and resuspension in 10 mM Tris, pH 7.5. A control DNA fragment
with similar length as the satellite 6-mer was prepared by diges-
tion of pBSa-13 with PvuI and EcoRI. The 1045 bp long PvuI/PvuI
DNA fragment, termed rand-1, was isolated from an agarose gel
(see Fig. S1 in the Supplementary material).

The complete 13-mer was used for the optical tweezers mea-
surements and chromatin reconstitutions. pBSa-13 was cleaved
with XhoI, PstI and BsaI. The 2271 bp XhoI/PstI fragment contain-
ing the 13-mer was isolated from an agarose gel. A control DNA
was obtained by cleavage of the same plasmid with PstI, PciI and
EcoRI and isolation of the 2531 bp PstI/PciI fragment from a gel.
Labeling was done by first filling the 30-recessive XhoI-end of the
satellite containing fragment and the PciI-end of the control DNA
fragment with dCTP, dGTP, dTTP and dATP-biotin using Kle-
now(exo-) (New England Biolabs). Excess nucleotides were re-
moved by extensive filtration using Centricon 100 devices. The
biotinylated DNA was then ligated with digoxigenin-modified oli-



Table 1
Restriction sites of different enzymes used to produce AGM–AS fragments for the gel-electrophoresis and the determined k-factors.

BanII
XhoI

HindIII
EcoRV
EcoRI

HindIII

XmnI
EcoRI

HindIII

XmnI

EcoRI
PstI
SmaI
BamHI

BanII

Restriction sites in the AGM-AS and flanking vector 
DNA (the red line shows the EcoRI dimer) 

.

8% PAGE 8% PAGE 8% PAGE 100 mM NaCl 11% PAGE 8% PAGE 2% Agarose
4 (�C) 23 (�C) 23 (�C) 23 (�C) 50 (�C) 23 (�C)

EcoRI 1.07 1.00 1.03 1.04 0.98 0.99
HindIII 1.09 1.04 1.06 1.06 0.99 0.99
XmnI 1.06 1.00 1.00 1.04 0.98 0.97
BanII 1.11 1.08 1.05 1.10 1.02 1.01
EcoRV/PstI 1.12 1.09 1.09 1.14 1.02 0.98
BamHI/XhoI 1.10 1.10 1.06 1.13 1.02 0.99

The error in k-factor is ±0.03, as determined from the length standards. EcoRI, HindIII and XmnI produce monomers; BanII, EcoRV/PstI, BamHI/XhoI produce fragments
incorporating the EcoRI dimer.
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gonucleotides (hybridized from the single stranded oligonucleo-
tides 50-GCGATCCTGAATGCAGTCTGCA-30, 50-GACTGCATTCAGGAT
CGCdig-30, Eurogentec) to the PstI-end of the fragments. A 100-fold
molar excess of oligonucleotides completely suppressed self-liga-
tion of the target DNA as verified by gel-electrophoresis. The
DNA was again purified by extensive centrifugation in Centricon
100. The resulting fragments with ligated oligonucleotides were
termed a-13 (2289 bp) and rand-2 (2531 bp, see Fig. S1 in the Sup-
plementary material).

2.2. Curvature analysis

The DNA fragments prepared from pBSa-2 were mixed with
loading dye, and analyzed on equilibrated native polyacrylamide
gels as outlined previously (Hoischen et al., 2004). Gels were pre-
run for about 3 h until current and temperature remained constant.
Electrophoresis was carried out in 1 � TBE (90 mM Tris–borate,
2 mM Na–EDTA, pH 8.0) at 150 V (8 mA) for approximately 4 h.
The temperature was 23 �C (room temperature), or alternatively
4 �C (cold room) or 50 �C (warm oven). After the runs, the gels were
stained with ethidium bromide (1 mg/l), followed by rinsing in
water prior to documentation. The 1 kb Plus DNA ladder (Invitro-
gen, Carlsbad, CA, USA) and the 1 kb DNA ladder (New England Bio-
labs, Ipswich, MA, USA) served as marker fragments together with
the intrinsic pBSa-2 fragments resulting from the restriction diges-
tions. Migration of all fragments was determined for each gel and
calibration curves were plotted using marker fragments (logarithm
of number of base pairs against distance migrated). Apparent size
in acryl amide relative to the calibration curve was determined
for every anomalously migrating fragment.

2.3. AFM imaging

The DNA prepared for AFM was diluted to concentrations of
�2 nM in 10 mM Tris–Cl, pH 7.5. Mica pre-treated with poly-L-ly-
sine (PL; MW 500–2000, Sigma, Deisenhofen, Germany) was used
for DNA immobilization of a-6 and rand-1. The mica was incubated
with 20 mg/l PL for 30 s, rinsed with Millipore water and dried un-
der a nitrogen stream. DNA was deposited onto the dried PL-mica
for 1 min in buffer supplemented with 100 mM NaCl. a-2 was
deposited onto bare mica in buffer supplemented with 10 mM
NaCl, 2 mM MgCl2. Mica discs with the bound DNA were washed
carefully with 3 ml of Millipore water and dried under a gentle
nitrogen stream. Samples were scanned using FESP tips (Veeco)
with an AFM setup as described (Van der Werf et al., 1993). Images
were acquired at a resolution of 512 � 512 pixels, pixel rate of
3000 Hz at a scan size of 2000 nm.

The recorded AFM images were flattened using SPIP software
(version 4.5.1., ImageMetrology, Horsholm, Denmark) and scaled
to 1.024 nm per pixel using bilinear interpolation in ImageJ soft-
ware (version 1.36B, National Institutes of Health, USA). DNA con-
tours were traced using the freehand line tool available in ImageJ.
The digitized contours were smoothed by calculating for each coor-
dinate the average of five contiguous points. The contour lengths Lc

and end-to-end distances R of the smoothed contours were deter-
mined. Only contours with a length within the range defined by
the mean plus and minus two times the standard deviation were
included. For analysis of the adsorption process of DNA on the
PL-mica, the contours of a-6 and rand-1 were divided into seg-
ments of varying length Lseg. The starting and end positions of
the segments were defined using software written in Labview (ver-
sion 8.2). The starting positions were shifted in 10 nm steps along
the entire smoothed contours and corresponded to the xy-coordi-
nate where the distance along the contour is closest to 10 nm with
respect to the previous point (with a resulting step length variation
<0.5 nm). The end-point of each segment with the specified length
Lseg was defined accordingly relative to each starting point. R was
measured for every segment and averaged over all segments gen-
erated in the sample.

2.4. Reconstitution of nucleosomal arrays

Histone proteins were isolated from chicken erythrocytes
(Simon and Felsenfeld, 1979). SDS–PAGE (15%) verified the equal
stoichiometry and purity of the four histones. Recombinant yeast
nucleosome assembly protein with a his-tag (yNAP) was prepared
after expression from a pET vector made available by F. Clapier and
purification using Ni–NTA medium (Qiagen, Hilden, Germany)
(Wagner et al., 2005). DNA (linear fragments a-13 and rand-2 or
the native supercoiled plasmid pBSa-13) at a final concentration
of 17 ng/ll were used for nucleosomal array reconstitutions. First,
8.5–14 ng/ll histone octamers (present in 10 mM Tris–Cl, pH 7.7,
2 M NaCl) were mixed with 67 ng/ll of yNAP-1 (final concentra-
tions) in 100 mM NaCl. After incubation for 20 min at 37 �C, DNA
was added and the mixture was kept at 37 �C for another 20 min.
Then, reactions were stored at 0 �C and used for measurements
within two days. Nucleosome formation was controlled by topo-
isomer counting. The supercoiled plasmid pBSa-13 reconstituted
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with histones was relaxed with topoisomerase I (Promega, Madi-
son, WI, USA) at 37 �C for 2 h, then isolated from all proteins with
phenol/chloroform/isoamylalcohol and precipitated with ethanol.
The DNA was analyzed on 1.2% agarose gels run in 1 � TBE fol-
lowed by staining with ethidium bromide. The topoisomer bands
were quantified using the gel analysis option in ImageJ.

2.5. Optical tweezers measurements

Stretching experiments were performed using a setup described
earlier (Bennink et al., 2001). The DNA tether is built between an
optically trapped bead and a bead attached to a micropipette.
The micropipette which is fixed in the observation chamber is
moved relative to the optical trap using a linearized stage
(P-561.3CD, Physik Instrumente, Karlsruhe, Germany) to extend
the DNA.

Streptavidin (SA) coated beads with a nominal diameter of
2.67 lm (Bangs Laboratories, Inc., Fishers, USA) at a final concen-
tration of 0.001% (w/v) were mixed with labeled DNA, either naked
or reconstituted with histones, at a final concentration of �0.005
OD260 under rotation for several hours in phosphate buffered sal-
ine, 0.05% BSA at 4 �C. The SA-beads were diluted 50-fold in
10 mM Tris–Cl, pH 7.5, 0.05% BSA, 100 mM NaCl before introducing
them into the observation chamber filled with the same buffer.
Protein G coated beads with nominal diameter of 2.1 lm (Bangs
Laboratories) were modified with anti-digoxigenin and also diluted
to the appropriate concentration. An anti-digoxigenin modified
bead was first trapped in the laser focus and attached to the micro-
pipette. Then, a SA-bead with bound DNA was trapped in the laser
focus. The bead at the micropipette was approached to the bead in
the optical trap to bind the digoxigenin modified end of the DNA. In
the measurements of naked DNA, binding was tested before
recording a force-extension curve by carefully moving the stage.
Measurements of chromatin were ‘blindly’ started immediately
after a short approach of the beads to prevent damage of the chro-
matin complexes.

Force-extension curves were recorded at stage velocities be-
tween 50 and 500 nm/s. The trap stiffness was �400 pN/lm and
was determined using the power spectrum method (Gittes and
Schmidt, 1998). Multiple power spectra were recorded for every
bead and corrected for the limited band-width of the photo detec-
tor (Huisstede et al., 2006). Both, the displacement of the optically
trapped bead from the trap center due to stretching forces and the
distance between beads were evaluated by analyzing microscopic
images acquired at a rate of 25 Hz during a measurement. Since
the microscopic images of the two beads interfere when they are
Fig. 1. DNA sequence of the isolated AGM–AS (Bussiek et al., 2007). Shown is the EcoRI-
sequence portions (blue, A/T tracts with P3 successive A/T; red, CA/TG steps and u
nucleosomal binding site ranges from sequence positions 142 to 114 (Neubauer et al., 1
in a close proximity, bead positions were determined from sections
of the bead’s circumferences that face away from each other. Soft-
ware written in Labview (version 8.2) was used to detect the x-po-
sition of the outer sections by adding the gray values from multiple
(�20) line scans. A Gaussian function was fitted to the detected
‘outer’ peaks from the summed line scans to determine the posi-
tions at sub-pixel resolution (pixel size was 60 nm). This measure-
ment yielded the relative change in bead positions and distance
between them. The starting extension was determined by measur-
ing distances along one-pixel lines passing through the bead cen-
ters at distances large enough that the images showed two beads
that were clearly separated. The zero-force position of the optically
trapped bead corresponded to its mean position during the stage
movement back to the starting position after the disruption of
the DNA tether.

3. Results

3.1. Gel-electrophoresis shows a weak gel retardation of AGM–AS
fragments

Intrinsic curvature of DNA can be identified by a retarded
migration in polyacrylamide gels. The k-factor is the observed
apparent fragment length divided by the known length (in bp).
Curvature variation in normal DNA sequences is between k-factors
of 0.98 and 1.05. Strong curvature induced by An-tracts (with
n P 4) arranged in phase with the helical turns can result in k-fac-
tors P2.0 (Diekmann, 1986; Koo and Crothers, 1988).

The studied AGM–AS sequence is shown in Fig. 1. Like satellite
DNA of many other species, the AGM–AS is A/T rich (57%) and con-
tains tracts of homopolymeric A/T nucleotides. These are predom-
inantly not arranged in phase with the helical turns and mostly
contain only three consecutive A/T. Two tracts with four or five
consecutive A/T are separated by two helical turns and have nearly
the same helical position (between sequence positions 138 and
164). A k-factor of 1.08 for the HindIII-monomer (positions
1–172 in Fig. 1) has been measured at 4 �C in 7% acryl amide
(Martinez-Balbas et al., 1990). We were interested in an extended
analysis using varying electrophoresis conditions as well as differ-
ent monomers and the EcoRI-dimer which incorporates the known
major nucleosomal binding site uninterrupted (Neubauer et al.,
1986) (see Table 1). As can be seen in Table 1, all monomer length
fragments, including the HindIII-monomer, did not show any
appreciable gel-retardation under standard conditions (23 �C, TBE
buffer). A weak retardation of the fragments containing the dimer
was noticed. At more stringent conditions, i.e. at a reduced temper-
2-mer with sequence numbering according to Rosenberg et al. (1978). Highlighted
nderlined, TA steps) are addressed in the main text. The known most preferred
986).
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ature or increased acryl amide concentration, k-factors for all frag-
ments increased slightly. This increase is expected for intrinsic cur-
vature, although here the differences were small (Diekmann, 1987;
Hoischen et al., 2004). As well expected is the absence of retarda-
tion at increased temperature or in the agarose gel. The published
k-factor for the HindIII-monomer (Martinez-Balbas et al., 1990)
agrees well with our measurement at 4 �C in 8% acryl amide
(k = 1.09). However, considering all fragments, the retardation
was essentially absent in the presence of 100 mM NaCl suggesting
that the effect of intrinsic bends is overruled by thermal fluctua-
tions under these conditions. Although this analysis shows some
secondary structure, it confirms that AGM–AS is not substantially
curved.

3.2. AFM-imaging of naked AGM–AS conformations

AFM was used to characterize conformational properties of
AGM–AS based on measurements of the end-to-end distance R of
the imaged DNA fragments. The 1032 bp long satellite 6-mer
(a-6) and the 1045 bp long plasmid DNA fragment rand-1 were
compared. Additionally the satellite 2-mer (a-2) was imaged. The
question of distinct bending properties is addressed by comparison
with the expected end-to-end distances for random DNA. The ex-
Fig. 2. AFM imaging and analysis of AGM–AS. (A) Tapping mode AFM image of AS 6-mers
with 100 mM NaCl to mica coated with poly-L-lysine (PL). (B) Distribution of end-to-end d
(D) Uncorrected persistence length PPL calculated as a function of DNA segment length Lseg

the surface adsorption (Eq. (1)). This is assumed here for better presentation because usi
The last data point for both DNAs corresponds to the entire fragment (Lseg = Lc). The horiz
Pa = 50 nm. (E) AFM image of AS 2-mers adsorbed in buffer supplemented with 10 mM
pected mean squared end-to-end distance hR2i for random DNA
in free solution can be calculated assuming Pa = 50 nm by

hR2i3D ¼ 2PaLc 1� Pa

Lc
1� e�

Lc
Pa

� �� �
: ð1Þ

DNA can be bound to mica in an appropriate buffer such that it be-
haves as a 2-dimensional WLC and in this case Pa in Eq. (1) has to be
multiplied by two yielding (Rivetti et al., 1996).

hR2i2D ¼ 4PaLc 1� 2Pa

Lc
1� e�

Lc
2Pa

� �� �
: ð2Þ

Pa can also be verified by irreversibly trapping the DNA on pre-trea-
ted mica, for example by using mica treated with poly-L-lysine (PL)
(Bussiek et al., 2003). Then, hR2i results from an orthogonal projec-
tion onto a plane (Rivetti et al., 1996):

hR2iproj ¼
2
3
hR2i3D: ð3Þ

In the trapping method, the DNA preserves the characteristics of
the 3D conformation. We use this method to minimize a possible
influence by excluded volume effects which would increase hR2i. Ex-
cluded volume effects are particularly strong in 2D-equilibrated
, a-6 (A) and the plasmid DNA fragment, rand 1 (B) adsorbed in buffer supplemented
istances R of a-6 (gray bars) compared with the distribution for rand-1 (white bars).
for rand-1 (squares) and a-6 (circles). PPL refers to a calculation without considering

ng Eq. (3) would yield extremely high persistence lengths at small segment lengths.
ontal line indicates PPL for the entire rand-1 with a value expected for trapping and
NaCl, 2 mM MgCl2 to bare mica.



Table 2
Characterization of DNA fragments imaged by AFM.

Fragment Lexp (nm) Lc (nm) hR2i (nm2) Pa (nm)a (Model) Surface n

rand-1 355 351 ± 9 20,040 50 ± 1 (Eq. (3)) PL-mica 87
a-6 351 348 ± 8 14,050 35 ± 1 (Eq. (3)) PL-mica 91
a-2 117 113 ± 6 7940 35 ± 8 (Eq. (2)) bare mica 81

Lexp, expected contour length for 0.34 nm/bp; n, number of molecules.
a Pa was calculated on the basis of the measured contour length Lc. The error in Pa was estimated on the basis of the standard deviation of Lc.
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conformations as compared with the 3D-conformations. They
depend on the DNA length as well as on the bending properties
(Rivetti et al., 1996). Fig. 2A and B shows AFM images of a-6 and
rand-1, respectively, adsorbed to PL-mica in the presence of
100 mM NaCl and scanned in air. For all DNAs, the measured lengths
were slightly below the expected Lc (Table 2), a typical observation
in AFM studies of DNA (Rivetti et al., 1996; Bussiek et al., 2003).
The end-to-end distance distribution of a-6 is shifted to smaller val-
ues compared with that of rand-1 (Fig. 2C). This shows that the con-
formations of the satellite DNA were more compact on average.
hR2i measured for the plasmid DNA fragment (rand-1) corre-

sponds with expectation for Pa = 50 nm under the assumption of
the orthogonal projection (Eq. (3)) (Table 2). This was expected
for the PL concentration used to modify the mica (Bussiek et al.,
2003). hRi/Lc measured for a-6 (Fig. 2C) is 14% smaller than would
be expected for Pa = 50 nm. Applying WLC to a-6 yields Pa = 35
(±�1) nm based on the measured hR2i. We use the persistence
length to further analyze the trapping mechanism and to find out
if both DNAs are similarly influenced by the surface adsorption.
For this, the apparent persistence length was evaluated for seg-
ments with varied lengths Lseg of the entire fragments (see Section
2). To observe a dependency of the persistence length on the seg-
ment length, the specific adsorption model is irrelevant but it is
useful for presentation to assume Eq. (1) (see caption to Fig. 2). This
calculated persistence length was named PPL. Fig. 2D shows that PPL

increased with decreasing Lseg for both DNAs. This was expected,
because the simple orthogonal flattening should be prevented lo-
cally due to the DNA stiffness and surface re-arrangements of
shorter segments are possible (Bussiek et al., 2003). Both these fac-
tors increase hRi. A corresponding behavior has been observed for
trapped vimentin filaments (Mucke et al., 2004). PPL approached
the values for the entire fragments above about 250 nm (this value
is about 2/3 Pa). This proofs that the orthogonal projection can be
assumed to determine Pa for the DNA lengths of the molecules
studied here (Mucke et al., 2004). It is interesting to note that
the persistence lengths are different between a-6 and rand-1 for
all segment lengths, showing as well a clear difference in the bend-
ing properties on smaller length scales (Fig. 2D). To analyze quan-
titatively a shorter length, the 2-mer (a-2) was bound to bare mica
in buffer containing 10 mM NaCl and 2 mM MgCl2 (Fig. 2E). The
ability for a 2D-equilibration is well known under these conditions
(Rivetti et al., 1996; Bussiek et al., 2003; Virstedt et al., 2004). hR2i
measured for this fragment as well yields Pa = 35 nm, here using
the 2D-equilibration model (Eq. (2)). An evaluation of Pa for shorter
segments of the 2-mer was not reliable because of the limited res-
olution combined with the fact that large changes in Pa correspond
with only small changes in hRi at short contour lengths. However, it
was conceivable that a single restricted region is responsible for
the reduced end-to-end distances and that this would be recog-
nized by comparing segments of the imaged a-2 contours. A cen-
tered bend in a DNA fragment causes stronger reduced end-to-
end distances than a bend located closer to an end (Rivetti et al.,
1998). Dividing each a-2 contour into two equal parts (correspond-

ing with the EcoRI-monomer) gave hRi = 50 nm (Pa = 38 nm) in
which the data for both halves were combined. Then, the segment
starting halfway the first monomer and ending halfway the second
monomer of each a-2 contour was analyzed. The starting site
would ideally be at sequence position 126 (Fig. 1) and was defined
with an accuracy of 10 bp based on the percentile standard devia-
tion of the measured contour length (Table 2). The region contain-
ing the two tracts with four or five consecutive A/T mentioned
above is near the center of the EcoRI-monomer, but near an end
of the segment that is starting at position 126. However, this seg-
ment yielded the same mean R. As a result, we were not able to dis-
cern a restricted bent region in either of these segments.

The AFM measurements, summarized in Table 2, show that the
end-to-end distances of the AS are shorter than is expected for ran-
dom DNA from WLC. The conclusion is that the AS exhibits a higher
extent of bending as compared with random DNA which can be
due to increased flexibility and/or a contribution of intrinsic bends.
However, the weak gel-retardation, which was especially not
clearly detectable in the presence of 100 mM NaCl, suggests that
an increased flexibility partly accounts for the small Pa.

3.3. Force-extension measurements

The main goal of force-extension measurements was to charac-
terize the mechanical stability of nucleosomes formed with the AS.
The sample DNAs compared were the AS 13-mer (a-13, Lc =
2289 bp or 778 nm) and the plasmid DNA fragment rand-2
(Lc = 2531 bp or 860 nm). Both DNAs were labeled with digoxi-
genin on one end and with biotin on the other end to suspend them
between two microbeads modified with either anti-digoxigenin or
streptavidin. In addition to the measurements of nucleosomal ar-
rays, we used the DNA-constructs to study the force-extension
behavior of the naked AS.

3.3.1. Naked AGM–AS shows a distinct force-extension behavior
Fig. 3A shows examples of the obtained force-extension curves

revealing the typical profiles of naked DNA. A noticeable feature in
the data for a-13 is a clearly lower overstretching transition force
than for rand-2. The overstretching force for rand-2 is in good
agreement with previous measurements of random sequence
DNA (Smith et al., 1996; Baumann et al., 1997; Bennink et al.,
2001). Unlike the measurement in Fig. 3, which is done at a pulling
velocity of 200 nm/s, the DNA tethers usually ruptured before
reaching the overstretching plateau. This is most likely due to rup-
turing the digoxigenin–anti-digoxigenin bond. To repeatedly ob-
serve the overstretching plateau the pulling speed was increased
to 500 nm/s in a separate set of pulls. On average, the overstret-
ching transition force of a-13 was at 56 (±0.5 SE) pN (n = 13) which
is 18% smaller than the value for rand-2 measured at 68 (±1.4 SE)
pN (n = 9). The forces were read in the initial region where the
curve has turned into the plateau because the full plateau length
was not always available. The lower transition force demonstrates
that AGM–AS is more susceptible towards a disruption of the B-
form DNA conformation.

The AGM–AS is additionally distinguished from random DNA by
its force-extension behavior in the low force regime. Straightening
random DNA towards the B-form contour length is described by the



Fig. 3. Force-extension measurements of AS 13-mer a-13 (circles) and plasmid DNA fragment rand-2 (squares). (A) Force-extension curves recorded at a pulling speed of
200 nm/s. (B) Analysis of the low force regime. The data are the same as in Fig. 3A with normalized extensions (expected contour lengths Lexp are 860 nm for rand-2 and
778 nm for a-13). A linear relationship between F�0.5 and extension x is obtained for fractional extensions �0.85–0.95. The lines are linear fits to data points in this range of
extensions (the strongly scattered data points at lower fractional extensions are not considered). Using Eq. (4) yielded Pa = 57 ± 8 nm, Lc = 865 ± 6 nm for the shown example
of rand-2 stretching. Applying WLC to the shown curve of a-13 yielded Pa = 20 ± 5 nm, Lc = 774 ± 12 nm. (C) Plot of observed Pa versus Lc for individual force-extension curves.
The lines are linear regressions with correlation coefficients >0.9. (D) Geometry of DNA tethers. The attachment point of the DNA at the micropipette bead is specified by the
angle a. b is the rotation angle of the optically trapped bead at a given extension. rpip is the radius of the bead at the micropipette and rtrap the radius of the optically trapped
bead. x is the apparent extension (the observable space between beads) and xtrue the real end-to-end distance of the DNA. For this idealized configuration, x can be expressed

as follows: x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxtrue þ rpipÞ2 � ðsin arpipÞ2

q
� ðrpip � cos arpipÞ � rtrap .
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inextensible WLC for forces up to �10 pN. A strong stretching WLC
behavior is obtained at fractional extensions between �0.85 and
0.95 which is described by (Odijk, 1995)

x
Lc
¼ 1� 1

2
kT
FPa

� �0:5

; ð4Þ

where k is the Boltzmann’s constant, T the temperature and x the
extension. Fig. 3B shows the linear change of F�0.5 with increasing
x in this strong stretching regime for the same curves as in
Fig. 3A. Compared with rand-2, the stretching forces for a-13 clearly
increased at smaller fractional extensions. Correspondingly, the
slopes of the linear fits differ. To verify that the measurements of
rand-2 yielded the expected persistence length, Lc and Pa were de-
rived from the linear fits. Here, a first observation was that Lc and
Pa showed additional variation. Lc was typically smaller than the ex-
pected contour lengths. This can be explained by the fact that the
DNA tethers were not well aligned with the direction in which
the force is exerted (Fig. 3D). This is due to binding one end of
the DNA to a bead fixed at a micropipette. Only the bead in the opti-
cal trap is able to rotate freely. In force-extension curves of misa-
ligned tethers the stretching force increases at smaller fractional
extensions as compared with curves of aligned tethers. This leads
to apparently reduced Pa, depending on the tilt angle of the tether.
Pa therefore decreases with decreasing apparent Lc which is well
visible in Fig. 3C. To compensate for this influence, force-extension
curves yielding reduced Lc were re-calculated assuming the tether
geometry in Fig. 3D. The angle a specifying the attachment site of
the DNA at the fixed bead was defined on the basis of the ratio be-
tween the fitted Lc and the expected contour length. The true exten-
sions were approximated taking into account that the rotation angle
b decreases with extension. The obtained corrected force-extension
curves were re-analyzed in the same way as shown in Fig. 3B. This
gave on average Pa = 54 (±2 SE) nm for rand-2 (n = 8). This mean
value corresponds with the Pa read at the intercept between the
linear regression and the expected contour length in Fig. 3C (as
well 54 nm). This gives sufficient support that the misalignment
of the DNA tethers can be accounted for. A correction of the forces
by including a displacement of the force measuring bead in the
direction orthogonal to the stretching direction was neglected be-
cause the effect on the fit result was very small (not shown). The
reason for this is that the rotation angle is small at the higher
extensions.

We also applied WLC to the force-extension data of the AS. The
same analysis as before for rand-2 firstly showed a similar relation-
ship between the fitted Lc and Pa due to the misalignment. Sec-
ondly, Pa was consistently smaller than for rand-2 (Fig. 3C). Since
the stretching forces for rand-2 were as expected for random
DNA, it can be concluded that straightening the AS was reproduc-



Fig. 5. Force-extension measurements of a-13 (circles) and rand-2 (squares)
nucleosomal arrays. Measurements took place at a pulling speed of 50 nm/s.
(A) Example force-extension curves. For better visual comparison the curves were
shifted along the extension axis so that the naked DNA parts of the curves overlay
(this is not exact because of the unequal lengths of the two DNAs). (B) Distribution
of disruption lengths and Gaussian fits. These lengths were measured as the
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ibly associated with higher forces than straightening random se-
quence DNA. This result is in qualitative agreement with the
AFM measurements since higher stretching forces in the low force
regime are expected to reflect a higher extent of bending. However,
this analysis yielded an unusually low mean Pa of 18 (±1.2 SE) nm
(n = 8) which is different from Pa derived from the end-to-end dis-
tances measured by AFM. This confirms a deviation from the WLC
behavior.

The stretch modulus S was derived from the compensated
force-extension curves using the extensible WLC (Marko and
Siggia, 1995). Lc and Pa derived before were introduced in the
extensible WLC as fixed parameters. The stretch modulus was
allowed to vary in the fitting algorithm. No significant difference
between rand-2 and the AS were detected. The obtained values
were 834 (±108 SE) pN for rand-2 (n = 8) and 939 (±71 SE) pN for
a-13 (n = 6). However, it is not clear whether S can be reliably eval-
uated because WLC theory may not be suitable to describe the
different force regimes of the AS, as suggested by the unusually
low Pa.

3.3.2. AGM–AS nucleosomes resist higher stretching forces
The force-induced unraveling of nucleosomes reconstituted

with a-13 and rand-2 was studied by extending the DNA at a con-
stant pulling speed of 50 nm/s. Nucleosomal arrays were reconsti-
tuted employing the preparation method with yeast NAP-1
(McQuibban et al., 1998). This allows a controlled binding of the
histone proteins without unspecific aggregation. Reconstitution
with NAP-1 yielded positioned nucleosomes on concatemeric 5S
rDNA (Leuba et al., 2003). Nucleosome formation was verified by
observing their capacity to induce supercoils in circular DNA
(Fig. 4). The observed stoichiometry (assuming one nucleosome
per supercoil detected as the linking number change) was then
used to control the loading of a-13 and rand-2 with nucleosomes.
Although this can only give a rough estimate for linear DNA, which
is expected to be less loaded than circular DNA, counting the num-
ber of supercoils guaranteed that a-13 and rand-2 were not over-
loaded with histones.

Fig. 5A shows the typical force-extension profiles for unraveling
nucleosomal arrays (Bennink et al., 2001; Brower-Toland et al.,
2002; Claudet et al., 2005; Gemmen et al., 2005). The saw tooth
pattern at forces larger than �15 pN indicated the successive dis-
ruption of individual nucleosomes (Fig. 5A). On the average, the
Fig. 4. Control of nucleosome formation by supercoiling activity. The 5197 bp long
plasmid pBSa-13 was reconstituted with histones in the presence of Nap-1 at
histone octamer: DNA ratios (w/w) of 0.8 (lane 2) and 0.4 (lane 3) and then relaxed
with topoisomeraseI and deproteinized. Samples were loaded on the agarose gel
next a size standard (Smart ladder, Eurogentec, lane 1), the plasmid relaxed in the
absence of histones (lane 4) and the natively supercoiled plasmid (lane 5). Fitting a
Gaussian distribution to the band intensities in lane 3 yielded a mean number of
nucleosomes of 7.6. Doubling the histone concentration (lane 2) yielded full
supercoiling. Histones were unable to induce supercoils in the absence of Nap-1
(not shown).

distances between linear regression lines through succeeding force peaks as
described (Bennink et al., 2001) using a fixed slope determined as the mean of the
slopes in each pull. Only data at forces higher than 15 pN were included because
here the slopes in the disruption events are the same. (C) Distribution of disruption
forces and Gaussian fits. Vertical lines in B and C represent the bins used. (D) Mean
disruption forces and standard errors apportioned to the number of nucleosomes N
remaining on the tether at each disruption. The number of disruptions was 57
(8 pulls) for a-13 and 88 (14 pulls) for rand-2.
numbers of disruptions agreed quite well with nucleosome num-
bers determined from the supercoiling method (not shown). Mean
disruption lengths, i.e. the DNA length released at each disruption
event, were almost equal for both DNAs and measured at 24 (±1
SE) nm for a-13 and 23 (±1 SE) nm for rand-2 (Fig. 5B). This is in
good agreement with previous results obtained with different
chromatin systems and indicates that the inner nucleosomal wind-
ing is released during the disruptions, after release of the outer
winding which is released earlier during the initial low force phase
(Brower-Toland et al., 2002; Claudet et al., 2005; Gemmen et al.,
2005). It also indicates that the amount of DNA wrapped around
the histones at the moment of the disruptions was the same on
both DNAs.

Disruption forces were determined as the maximum force just
before an opening event. The force distributions for both DNAs are



44 M. Bussiek et al. / Journal of Structural Biology 167 (2009) 36–46
well approximated by a Gaussian function (Fig. 5C). The forces for the
AGM–AS nucleosomes are shifted to higher values. Means are 26.4
(±0.7 SE) pN for a-13 and 21.7 (±0.6 SE) pN for rand-2 and are signif-
icantly different as calculated in a t-test (p = 4 � 10�6, t-value
(�4.80203)). Forces typically increase with each successive disrup-
tion, therefore disruption forces were compared by taking into ac-
count the number of nucleosomes N present at the moment of
each disruption in Fig. 5D. This allows a comparison without force
bias by unequal saturation with nucleosomes. Under the simplified
assumption that nucleosomes are structurally equal, the probability
to disrupt one out of N nucleosomes is N times the probability for the
case that only a single nucleosome is present. In order to number the
disruption events, it was assumed that all nucleosomes were dis-
rupted at forces P35 pN and the curves represented naked DNA
(Brower-Toland et al., 2005; Gemmen et al., 2005). This was neces-
sary because of the rupturing of the digoxigenin-antidigoxigenin
bond before the overstretching plateau. The mean forces appor-
tioned to N shown in Fig. 5D clearly reveal consistently higher forces
fora-13 for all N. The force values for both DNAs show essentially the
same trends. The mean difference derived from this plot is 5.8 (±0.6
SE) pN, 1.3 pN higher than the difference between the overall means.
Thus, nucleosomes formed ona-13 clearly resisted higher stretching
forces.
4. Discussion

In this work, the properties of AGM–AS were studied by gel-
electrophoresis, AFM imaging and force-extension measurements
using optical tweezers. It is shown that the AS differs from random
DNA structurally which is revealed by various measured parame-
ters. Our study additionally suggests that a relatively high nucleo-
somal stability is a property of AGM–AS chromatin.

AFM revealed reduced end-to-end distances with a derived Pa of
35 nm for the AS 6-mer and the 2-mer. As the 35 nm is unusually
low compared with the value of �50 nm that is expected for DNA
from WLC, it can be concluded that the AS shows a relatively high
extent of bending because of the sequence and/or nucleotide com-
position. A higher extent of bending can be due to a higher bending
flexibility or static bending, and it can be a combination of both.
Generally, the most significant static contribution in DNA is due
to A-tracts with P4 consecutive adenines per tract (Koo et al.,
1986; Vologodskaia and Vologodskii, 2002). Fitzgerald et al.
(1994) have found by calculating static DNA conformations that
the curvature propensity of AGM–AS is not higher than of random
sequence DNA on average. Here, the curvature was quantified as
the end-ratio, i.e. the ratio of the fragment length to the shortest
distance between the ends. A wedge model accounting for A-tract
bending was used. The weak gel-retardation, which was even not
unambiguously detected in the presence of salt, agrees well with
the theoretical calculation but nevertheless indicates a noticeable
secondary structure. The AS contains two A-tracts with, respec-
tively, four and five adenines which have nearly the same helical
position. An estimate of the influence of these phased A4–A5-tracts
to the mean end-to-end distance (in thermal equilibrium) is in
principle possible using theory developed by Rivetti et al. (1998).
This allows to calculate hR2i of DNA fragments with static bends.
In Eq. (18) in their study, hR2i is a function of the angles of two
bends b1 and b1, their positions within a DNA fragment and relative
orientations specified by the rotation angle w. For simplification,
we assume that the two phased A4–A5-tracts form a single bend
at a position centered between them (position 153 in Fig. 1). This
allows a calculation for the imaged EcoRI-2-mer (containing the
combined bends two times). The angle of the combined bend in
each monomer is about 36� (Crothers et al., 1990). The rotation an-
gle depends on the number of helical turns between the bends
which would be about 16.5 turns for the monomer length of
172 bp assuming 10.4 bp/turn. For this case, w = 180�. Since the
helical repeat length may depend on the sequence to some degree
we consider the two limiting cases that w is 180� or 90�. Under
these conditions, Eq. (18) in Rivetti et al. yields hR2i3D(b1,b1,w) =
6530 nm2 for Pa = 50 nm, w = 90� and hR2i3D(b1,b1,w) = 6620 nm2

for w = 180�. This is clearly larger than hR2i3D = 5830 nm2 corre-
sponding with Pa = 35 nm (Eq. (1)). Although the assumed configu-
ration cannot be understood as a sufficient model for the entire AS
sequence, this gives an estimate that the A4–A5-tracts cannot fully
account for the reduced end-to-distances. The end-to-end dis-
tances of the monomer length segments isolated from the imaged
2-mer did also not indicate that the region with the A4–A5-tracts is
solely responsible for the reduced end-to-end distances. We de-
note the persistence length value corrected for the influence by
the phased A4–A5-tracts as PaDA4/5. For the assumptions made here,
Eq. (18) in Rivetti et al. yields PaDA4/5 = 41 nm (w = 90�) and 40 nm
(w = 180�) for the measured hR2i2D. According to this estimation,
the persistence length of the entire sequence is still much shorter
than of random DNA. The remaining A3-tracts and AATT (positions
32 and 94) may have an additional influence. However, A3-tracts,
even when periodically arranged, do not cause an appreciable
gel-migration anomaly (Diekmann, 1986; Koo et al., 1986). Also,
the remaining A-tracts are not arranged in a helical phase but an
eight to nine bp periodicity is found between positions 159 and
15. An additional explanation is an increased bending flexibility.
A relatively high A/T content, which is 57% in AGM–AS, can be
associated with an increased static bending as well as an increased
flexibility. Regions with the highest bending flexibility in a hetero-
geneous DNA sequence correlated with local A/T content, as mea-
sured by AFM (Scipioni et al., 2002). Our control DNAs has a lower
A/T content (53% for rand-1 and 50% for rand-2) than the AS. An
identifiable sequence-dependent contribution to an increased
bending flexibility is given by clustered CA/TG steps (marked red
in Fig. 1). CA/TG is structurally highly polymorphic based on crys-
tallography (El Hassan and Calladine, 1997; Neugebauerova and
Kypr, 2000) and exhibits relatively low base stacking interactions
(Protozanova et al., 2004). It enhanced the circularization of DNA
fragments increasingly in the order CA < CAC < CACA suggesting a
high susceptibility toward conformational fluctuations in elon-
gated CA/TG (Lyubchenko et al., 1993). Four CACA/TGTG blocks oc-
cur per monomer, which is more than the expected average
occurrence of 1.3 (±1.1 SD) per 172 bp in random DNA (2 �
0.254 � 169). The TA step (underlined in Fig. 1) which is character-
ized by even lower base stacking interactions (Protozanova et al.,
2004) and ranked highly deformable based on crystallography (El
Hassan and Calladine, 1997; Neugebauerova and Kypr, 2000) is
not particularly frequent (six times). A large accumulation of CA/
TG steps is characteristic of some of the sequences that were se-
lected on the basis of their high equilibrium affinity for nucleo-
some formation in mouse (Widlund et al., 1997). In total, a
number of different sequence types which share the ability to form
stable nucleosomes, including A-tract rich satellite DNA, were
identified in this work. Interestingly, all these sequences were
found to localize to the centromeres. Reduced Pa was measured
for sequences from this set that contain elongated runs of alternat-
ing CA/TG (45 nm) or CAG/CTG (42 nm) by AFM (Virstedt et al.,
2004). It is conceivable that CA/TG is relevant for nucleosome for-
mation in the AS. A region rich in alternating CA/TG (positions 21
to 44 in Fig. 1) is found in the central part of the major nucleosomal
binding site whose center is at position 43 (Neubauer et al., 1986).

As an additional structural parameter, the naked AS showed a
higher susceptibility towards extension. The overstretching transi-
tion force was 18% smaller than observed for the control DNA.
Again, the AT-content and the occurrence of A-tracts can explain
this observation (Leger et al., 1998; Rief et al., 1999). An additional
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influence could be given by the CA/TG steps because of relatively
low base stacking interactions. An about 10% difference in the tran-
sition force was observed for two several kb long sequences with
50% and 70% A/T by Leger et al. (1998). This suggests that the 18%
smaller transition force for the AS is not only due to the nucleotide
composition but also the sequence. Like a higher bending flexibility,
the overstretching force potentially indicates a biologically relevant
property, although it is induced by high stretching forces (Leger
et al., 1998): the energy change between B-form and the over-
stretched state per bp is low enough (�3 kT) that local structural
distortions of the B-DNA conformation can occur spontaneously
by thermal fluctuations. Therefore, a lower transition force may
indicate mechanical properties that can play a role in DNA–protein
complex formation. The other observation from the force measure-
ments were higher forces associated with straightening the naked
AS. This is in qualitative agreement with reduced end-to-end dis-
tances observed by AFM. This shows that the conformational prop-
erties of the AS affect the forces under extension noticeably relative
to random DNA. However, applying WLC to the AFM data and the
force-extension data yielded different results for this DNA. The
value of Pa derived from the force-extension data was only 18 nm
which demonstrates that WLC cannot describe the bending behav-
ior of the AS. A theory accounting for its force-extension behavior,
which is currently not available, needs to consider different possi-
ble factors such as the effect of local intrinsic bends and/or sites
of increased deformability and their position dependent interaction
under tension. The relation of structural disorder in DNA to the
apparent persistence length under tension has been studied theo-
retically considering local (protein induced) kinks or loops (Yan
and Marko, 2003, 2004; Kulic et al., 2007). As well important could
be force induced twist deformations (Gore et al., 2006).

Considering only DNA and histones, satellite DNA may promote
the structural stability and compactness of chromatin by forming
regularly spaced as well as structurally stable nucleosomes
(Widlund et al., 1997; Gilbert and Allan, 2001; Segal et al., 2006).
In our stretching experiments of nucleosomal arrays, markedly
higher disruption forces were observed for nucleosomes reconsti-
tuted with a-13 as compared with those reconstituted with
rand-2. The mean difference was 5.8 pN (on average �30% the val-
ues measured for rand-2 for each N, see Fig. 5). Rand-2, as a non-
eukaryotic DNA, does not contain any evolved nucleosome binding
signals. Yet, the mean force of 21.7 pN is rather comparable to the
forces observed at the same salt conditions for isolated chicken
chromatin (19.6 pN) and somewhat higher than observed for
nucleosomes reconstituted with 5S rDNA using the salt dialysis
method (17.6 pN) (Claudet et al., 2005). The range of forces be-
tween �10 and 35 pN corresponds with the cited work and the
measurements were done at similar pulling speeds. The higher
forces for a-13 reveal that the nucleosomes are structurally more
stable. Forces may additionally differ because of a more regular
nucleosomal arrangement expected for a-13. In previous studies,
disruptions were interpreted in terms of the response of isolated
nucleosomes towards stretching forces because of the specific
unfolding mechanism of nucleosomal arrays (Bennink et al.,
2001; Brower-Toland et al., 2002, 2005; Gemmen et al., 2005).
The fiber is near its full extension at the moment of the disruptions
(Brower-Toland et al., 2002). Therefore, internucleosomal interac-
tions and the linear nucleosomal arrangement along the DNA likely
have a minor influence. No dependency of the mean disruption
force per pull on the number of observed events was apparent
and also the loading rates in the force peaks did not differ between
the DNAs on average (not shown). The mean disruption lengths
were the same for both DNAs. Thus, although some uncertainty re-
mains in the interpretation of the force measurements because of a
potential influence due to the nucleosomal arrangement, it is very
likely that the higher disruption forces show a sequence-induced
stability of the nucleosomes. Further work is required to find out
how disruption forces relate to equilibrium affinities and which se-
quence properties account for the higher resistance towards
stretching forces. Reconstitution experiments with modified
AGM–AS fragments indicated that sequence-dependent DNA–his-
tone interactions are established along the full length of the major
nucleosomal binding site (Neubauer et al., 1986). Here, we can
conclude that the AS seems to give another example for a sequence
which stably interacts with histones and which also shows distinct
overall bending properties (Widlund et al., 1999; Cloutier and
Widom, 2004; Virstedt et al., 2004).

In summary, the findings reveal that AGM–AS offers structural
properties that are distinct from bulk DNA. The AS showed clearly
different bending properties, a higher susceptibility towards exten-
sion and relatively high nucleosomal disruption forces. This sup-
ports the idea that structural properties of satellite DNA are
involved in the centromeric heterochromatin formation. In AGM,
a structural function of the AS sequence could relate to the homog-
enous monomeric composition of the satellite arrays. Offering a
well-structured and rigid platform for the kinetochore assembly
and the microtubule attachment is an expected function of the
centromeric heterochromatin. Also, it has been proposed that the
structural properties of heterochromatin are important to maintain
the centromere position (Dalal et al., 2007). A high resistance of the
chromatin complex towards stretching forces could be important
during chromosome alignment and segregation. Therefore, con-
densation of the chromatin due to nucleosomal phasing together
with a high structural stability of the nucleosomes could be advan-
tageous. Like mouse, yeast gives another known example of form-
ing stable nucleosomes at centromeres (Segal et al., 2006).
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