THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 1999 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 274, No. 45, Issue of November 5, pp. 31847-31852, 1999
Printed in U.S.A.

Nucleosome Structural Features and Intrinsic Properties of the

TATAAACGCC Repeat Sequence®

(Received for publication, June 24, 1999)

Hans R. Widlundi§, Prasad N. Kuduvallil, Martin Bengtssoni, Hui Caof, Thomas D. Tullius|, and

Mikael Kubistadi **

From the tDepartment of Biochemistry and Biophysics, Lundberg Institute, Chalmers University of Technology, SE 413
90 Géteborg, Sweden, the 1Howard Hughes Medical Institute, Johns Hopkins University School of Medicine,
Baltimore, Maryland 21205-2185, and the |Department of Chemistry, Boston University, Boston, Massachusetts 02215

Nucleosomes, the fundamental building blocks of
chromatin, play an architectural role in ensuring the
integrity of the genome and act as a regulator of tran-
scription. Intrinsic properties of the underlying DNA
sequence, such as flexibility and intrinsic bending, di-
rect the formation of nucleosomes. We have earlier iden-
tified genomic nucleosome-positioning sequences with
increased in vitro ability for nucleosome formation. One
group of sequences bearing a 10-base pair consensus
repeat sequence of TATAAACGCC had the highest re-
ported nucleosome affinity from genomic material.
Here, we report the intrinsic physical properties of this
sequence and the structural details of the nucleosome it
forms, as analyzed by footprinting techniques. The mi-
nor groove is buried toward the histone octamer at the
AA steps and facing outwards at the CC steps. By cycli-
zation kinetics, the overall helical repeat of the free
DNA sequence was found to be 10.5 base pairs/turn. Our
experiments also showed that this sequence is highly
flexible, having a J-factor 25-fold higher than that of
random sequence DNA. In addition, the data suggest
that twist flexibility is an important determinant for
translational nucleosome positioning, particularly over
the dyad region.

DNA packaging into nucleosomes, the basic repeating units
of chromatin, involves the wrapping of 146 bp! of double-
stranded DNA into almost two complete turns around the
histone octamer. The histone proteins have been highly con-
served through evolution and are designed to bind to virtually
any DNA sequence within the nucleus. There are, however,
several known sequences that show a considerably higher abil-
ity to bind the histone octamer compared with bulk DNA.
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About 90% of the DNA in an eukaryotic cell is complexed
with histones to form chromatin fibers. This represents a tre-
mendous obstacle to transcription, replication, and repair ma-
chinery that requires access to these DNA regions (1). The
location of a nucleosome on the DNA sequence is determined by
several factors. At the primary level of compaction, the DNA
sequence itself is responsible for determining whether or not a
nucleosome is positioned due to inherent intrinsic mechanical
properties. In vivo, secondary effects, such as the interaction of
DNA with non-histone proteins and other ligands, and bound-
ary effects can determine the basic and higher order position-
ing of nucleosomes in chromatin (2).

Several DNA sequence motifs have been studied in an effort
to determine the organization of nucleosome-positioning sig-
nals at the level of primary DNA sequence. Travers and co-
workers (3) investigated the sequence properties of the DNA in
a library of nucleosomal DNA from chicken erythrocytes. They
found that AA/TT dinucleotides were present where the minor
groove was compressed and facing inward toward the histone
octamer. Conversely, CG/CC dinucleotides were located where
the minor groove was wider and facing outwards. These
dinucleotides also showed a preferential distribution of 10—
11-bp periodicity, indicating the importance of anisotropic DNA
bendability in nucleosome positioning (4). Highly flexible
poly(A-T) DNA has been shown to incorporate into nucleosomes
more readily than bulk DNA (5). This and other work suggest
that DNA in the nucleosome is under torsional stress, and
consequently, more flexible sequences would be favored to po-
sition nucleosomes.

Based on these experimental data, an artificial nucleosome-
positioning sequence, denoted TG, was constructed (6). This
motif contains a 5'-(A/T);NN(G/C);NN-3’ sequence repeated
10 times in the TG-5 sequence. TG-5 showed high affinity for
binding the histone octamer in vitro, but failed to position a
nucleosome in vivo (7, 8). These results suggest that anisotropic
bendability that allows strong rotational positioning is not
sufficient to position nucleosomes in vivo.

Widom and coworkers (9 and 10) advocate that nucleosome
positioning is not a precise mechanism, but rather a thermo-
dynamic equilibrium system. Since nucleosomes are dynamic
entities formed under equilibrium conditions, there is always a
statistical opportunity that every possible site is occupied at
one time or another. However, some sites are preferred over the
others as the system evolves toward a minimum in free energy.
Occupancy of these sites would be expected to follow a Boltz-
mann distribution. In an in vitro system, it is possible to create
conditions in which no other factors are present that are capa-
ble of affecting the free energy of the system. In cells, of course,
there are a number of such factors that either passively (DNA
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Fic. 1. Consensus sequence of the genomic TATAAACGCC re-
peat sequence used in this work. Permutations of this repeat are
indicated in order of decreased occurrence in the direction of the arrow.

secondary structures and DNA-binding proteins) or actively
(SWI-SNF, CHRAC, and NURF) redistribute the nucleosomes
to various degrees (11, 12).

In a previous study, we selected DNA sequences that form
stable nucleosome core particles in vitro from a large pool of
mouse genomic nucleosomal DNA (13). We found that repeats
of a 10-bp consensus sequence (5'-TATAAACGCC-3’) had the
highest affinity for binding histone octamers (Fig. 1). This motif
also contains alternating A/T- and G/C-rich elements in phase
with the helical repeat, much like the artificial TG pentamer. It
is therefore of particular interest to characterize the intrinsic
curvature and flexibility of this DNA as well as the structure of
the nucleosome core particle assembled on this sequence. In
addition to forming exceedingly stable nucleosome core parti-
cles with high affinity, this sequence also contains multiple
putative binding sites for the high mobility group I/Y protein
(14). The nucleosome-positioning properties of this sequence
could also have important ramifications for the binding and
activity of the high mobility group I/Y protein on sequences
bearing this motif in vivo.

EXPERIMENTAL PROCEDURES

Oligonucleotides—PCR primers used in these experiments were as
follows: [+0]-FWD, 5'-CGGAATTCAGATCTTCCTGGGAAAACCCT-
GG; [+2]-FWD, 5'-CGGAATTCAGATCTCTTCCTGGGAAAACCCT;
[+4]-FWD, 5'-CTCAGATCTTTCTTCCTGGGAAAACCCTGG; [+20]-
FWD, 5'-CGACGGTATCGATAAGCTTG; [+0]-REV, 5'-CGGGATCCC-
GAGCTGTTTCCTGTGT; [+7]-REV, 5'-GCGGGATCCCGGTTCCCGA-
GCTGTTTCCTGTGT; and [+80]-REV, 5'-AATAACCCTCACTA-
AAGGGA.

Preparation of Histone H1-depleted Chromatin—Fresh adult chicken
blood was suspended in sodium citrate (0.8% final concentration) to
prevent clotting. The erythrocytes were spun down (Beckman 5.2 rotor;
3000 rpm for 45 min at 4 °C), and the white coat on top of the red blood
cells was removed by suction. The cells were then washed with 0.14 m
NaCl, 15 mM sodium citrate, 10 mm Tris-HCI (pH 8), and 0.25 mm
4-(2-aminoethyl)benzenesulfonyl fluoride. After washing, the cells were
either stored at —80 °C or used directly. Cells were resuspended and
lysed in cold suspension buffer (0.34 M sucrose, 60 mm KC1, 15 mm NaCl,
1 mm CaCl,, 15 mm Tris-HCI (pH 8), 15 mM B-mercaptoethanol, 0.5 mm
spermidine, 0.15 mM spermine, and 0.25 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride) containing 0.1% Nonidet P-40 using 10 ml of buffer/ml
of red blood cells. The cell suspension was filtered through a funnel
packed with glass wool to remove cell debris. The filtrate was centri-
fuged (Beckman JA10 rotor; 6500 rpm for 45 min at 4 °C), and the
nuclei were isolated. The pellet was washed with suspension buffer
until it was white. The pellet containing the nuclei was resuspended in
1 ml of suspension buffer/ml of starting volume of red blood cells and
either frozen at —80 °C or used immediately. The A,4, ., in 1 M NaOH
was ~150/ml of red blood cells. Chromatin was prepared by micrococcal
nuclease digestion of nuclei for 15 min at 37 °C using 100 units of
enzyme/ml of nuclei. Nuclei were pelleted (4000 X g for 5 min at 4 °C),
and the soluble chromatin was extracted with 1 mm EDTA (pH 8)
carefully on ice. Insoluble debris was removed by centrifugation
(4000 X g for 10 min at 4 °C). The supernatant was made 0.65 M in NaCl
carefully on ice. Histone H5/H1 was removed by treatment with 2 g of
ion-exchange resin/ml (AG-Dow 50W-2X (Bio-Rad), which was pre-
washed with 1 M Tris (pH 8) (twice), followed by 10 mm Tris (pH 8), 1 mm
EDTA (pH 8), and 0.7 M NaCl). Depletion of histone H5/H1 was accom-
plished by carefully stirring the mixture on ice for 10 min and then
removal of the ion-exchange resin by centrifugation (1000 X g for 5 min

Nucleosomal Properties of TATAAACGCC

at 4 °C). The histone H5/H1-depleted chromatin was then dialyzed
against 0.25 mm EDTA (pH 8) with 1 mM B-mercaptoethanol. The
histone content and the integrity of the chromatin were monitored by
15% SDS-polyacrylamide gel electrophoresis. In the nucleosome recon-
stitution experiments, linker histone-depleted chromatin at Aygy p =
20 was used as the histone donor.

Salt-induced in Vitro Reconstitution of Nucleosomes—Nucleosomes
were reconstituted by stepwise dilution using long histone H1-depleted
chromatin as the histone donor by a modified procedure (6). The reac-
tion mixture contained 6.5 ug of histone donor chromatin, 1 ug of probe,
and, when selective pressure was applied, 10 ug of calf thymus DNA in
a volume of 10 pl. The sample was incubated at high salt (1 m NaCl, 20
mM Tris (pH 7.2), and 0.1% Nonidet P-40) for 30 min at 37 °C prior to
dilution by low salt buffer (20 mm Tris (pH 7.2) and 0.1% Nonidet P-40).
The salt concentration was lowered by three additions of low salt buffer
at 20-min intervals. The sample was then kept at 37 °C for an addi-
tional 60 min. Reconstituted nucleosomes were analyzed by electro-
phoresis on a native 5% (19:1) polyacrylamide gel run in 1X TBE (50
mM Tris, 50 mM boric acid, and 10 mm EDTA) at 4 °C. Prior to loading
the samples, glycerol was added to 5% (v/v) (without dyes). The gel was
run at 4 watts for 1 h, dried, and analyzed by a PhosphorImager and/or
autoradiographed.

Generation of Radiolabeled DNA—Plasmid pHCn41 (a derivative of
pCRScript) carrying the appropriate insert of the TATAAACGCC re-
peat sequence was introduced into Escherichia coli DH5« cells grown in
LB/ampicillin medium. The plasmid was purified using a QIAGEN flow
column. Plasmid DNA was extracted once with phenol and chloroform.
The plasmid was digested with either EcoRI or BamHI. The DNA
overhangs were filled using the Klenow fragment of DNA polymerase
and [a-*?P]dATP (as well as [a-*?P]dGTP for BamHI-digested DNA).
Radiolabeled plasmid DNA was digested with a second restriction en-
donuclease, electrophoresed on a 6% (19:1) polyacrylamide gel, and
recovered by electroelution. Radiolabeled PCR probes were generated
either by the incorporation of [a-*2P]JdNTPs (for cyclization experi-
ments) or by phosphorylation using T4 polynucleotide kinase and
[y-*2P]ATP (for footprinting and affinity electrophoretic mobility shift
assay experiments).

Footprinting Experiments—Reconstituted nucleosomes and free
DNA were treated with the hydroxyl radical according to previously
described methods (15), extracted with phenol and chloroform, and
ethanol-precipitated. Micrococcal nuclease (MNase) footprinting was
performed by adding 0.1 unit of MNase/ul of the reconstitution mixture
in 5 mM CaCl,. The reaction was allowed to proceed for 1 min at room
temperature and stopped by the addition of EDTA, and the sample was
put on ice. The samples was extracted with phenol and chloroform and
then ethanol-precipitated. MNase footprinting was performed on both
restriction fragments and PCR-amplified DNA. Samples were dissolved
in formamide loading buffer and denatured at 95 °C for 5 min prior to
loading on a 8% denaturing polyacrylamide gel. (A + G)-specific
Maxam-Gilbert sequencing markers were used. Following electrophore-
sis, the gel was dried and analyzed on a PhosphorImager.

Cyclization Kinetics—Labeled DNA molecules were generated using
PCR amplification with [a-*?P]dATP and [«-*?P]dGTP. A set of five
different primers ([+0]-FWD, [+2]-FWD, [+4]-FWD, [+0]-REV, and
[+7]-REV) was used in pairs to create a set of molecules differing in
length over one helical turn, in steps of 2-3 bp. These DNA molecules
were purified and cleaved on both sides using Bg/II and BamHI. These
two enzymes leave cohesive ends upon cleavage, making it possible to
ligate the ends by either bimolecular association or unimolecular circu-
larization. Ligation was carried out in a volume of 70 ul of 50 mm Tris
(pH 7.6), 10 mm MgCl,, 1 mm ATP, 1 mM dithiothreitol, and 5% poly-
ethylene glycol 8000 with 1 unit of ligase at room temperature. The
DNA concentration in each sample was 60 nM as measured by absorp-
tion spectrophotometry. Samples of 12 ul were removed at 30 s and 1,
3, and 10 min. The ligation reaction was stopped by the addition of 8 ul
of stop buffer (0.4 mg/ml proteinase K, 30% glycerol, 75 mm EDTA (pH
8), and 0.25% bromphenol blue) and then by heating at 70 °C for 5 min.
Bal-31 exonuclease was added to aliquots of the trial samples after
ligation to verify the presence of cyclized products. Samples were elec-
trophoresed on a native 6% (30:1) polyacrylamide gel run in 0.5X TBE
at 6 watts for 2 h at room temperature. The gel was dried and analyzed
using a PhosphorImager.

RESULTS

We previously selected the TATAAACGCC repeat sequence
from a mouse genomic library of DNA associated with nucleo-
some core particles (13). This 180-bp sequence has a very high
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Fic. 2. Schematic drawing of the different TATAAACGCC re-
peat constructs used. Indicated are restriction sites and the primers
used for PCR.

affinity for the histone octamer, ~350-fold higher than random
sequence DNA (16).

Intrinsic Curvature and Flexibility of the TATAAACGCC
Repeat Sequence—To characterize the nucleosome core particle
formed on the TATAAACGCC repeat sequence, we first evalu-
ated the DNA sequence for intrinsic curvature and flexibility.
Previously, we reported that this sequence displayed a gel
migration anomaly of R; = 1.2, indicating moderate intrinsic
curvature of the DNA. We conducted further gel migration
assays using TBMg buffer (17) to more closely mimic physio-
logical conditions. This yielded a gel migration anomaly of R, =
1.3 (data not shown), indicating that the presence of divalent
Mg2* does not significantly alter the intrinsic curvature of the
sequence. Sequence-dependent DNA flexibility has been sug-
gested to play an important role in the positioning of nucleo-
some core particles. Cyclization kinetics is the method of choice
for determining the intrinsic flexibility of a given DNA se-
quence (Ref. 18 and thoroughly described in Ref. 19). This
method analyzes the equilibrium between monomer DNA mol-
ecules and either linear dimer DNA molecules or circularized
monomer DNA molecules. A comparison of the rate of forming
linear dimer DNA versus the rate of forming circularized mon-
omer DNA yields the probability of ring closure (J-factor). The
probability depends on two mechanical properties of the DNA,
the torsional flexibility and the writhe.

For our cyclization experiments, we have used a set of PCR-
generated DNA molecules (with a total length of ~180 bp) that
have cohesive ends and that differ in length in steps of 2—-3 bp
over a complete turn of duplex DNA (Fig. 2). Fig. 3A displays a
native gel on which the products of a typical cyclization reac-
tion were separated. We found that the TATAAACGCC repeat
sequence has an overall helical repeat of 10.5 bp/turn as deter-
mined by the cyclization maximum (Fig. 3, A and C). This is in
accordance with the expected helical repeat for mixed sequence
B-DNA.

The J-factors for these fragments yield further information
regarding the flexibility of the sequence. The high cyclization
probability (J-factor = 400 nwm, as shown in Fig. 3C) is indica-
tive of high intrinsic flexibility for this sequence. This is ~25-
fold higher than the J-factor for mixed sequence DNA of the
same length (20). Moreover, the small amplitude of 300 nm in
the J-factor over one helical turn (Fig. 3C) also suggests that
the TATAAACGCC repeat sequence is prone to twist flexibility.
This could play a very important role in positioning the se-
quence with a helical twist of 10.5 bp/turn in a nucleosome core
particle, where the average helical twist is 10.2 bp/turn (21,
22).

Footprinting Studies—Nucleosome core particles reconsti-
tuted on the TATAAACGCC repeat sequence were footprinted
by hydroxyl radicals as pure species (Fig. 4). This method is
well suited for characterizing the translational and rotational
positioning of the DNA in the core particle. The location of the
pseudodyad axis of the nucleosome, as well as the positioning of
the minor groove with respect to the histone octamer at any
given point in the sequence, can readily be determined by
hydroxyl radical footprinting (21).

The hydroxyl radical footprint of the nucleosome core parti-
cle positioned on the TATAAACGCC repeat sequence, shown
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Fic. 3. A, cyclization kinetics. Lanes 1 and 32, Bal-31 exonuclease
digest (Exo); lanes 2-6, construct [+0,+0] at 0 and 30 s and 1, 3, and 10
min; lanes 7-11, construct [+2,0] at 0 and 30 s and 1, 3, and 10 min;
lanes 12-16, construct [+4,0] at 0, 30 s, 1 min, 3 min and 10 min; lanes
17-21, construct [0,+7] at 0, 30 s, 1 min, 3 min and 10 min; lanes 22-26,
construct [+2,+7] at 0, 30 s, 1 min, 3 min and 10 min; lanes 27-31,
construct [+4,+7] at 0, 30 s, 1 min, 3 min and 10 min. Band M,
monomer; band D, linear dimer; band T, trimer; band C, cyclized
monomer. To verify the identity of the cyclized monomer product, we
recovered the DNA from one gel and tried to cleave it with Bgl/II and
BamHI. We did not observe any cleavage, suggesting that band C is the
cyclized monomer. B, plot of [C]/[D] for the individual fragments at the
sampled time points. C, J-factors, calculated as follows,

[C]
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for a slow proceeding parallel reaction (34), where M, = 60 nM. The
maximum (400 nM) is found at +9 (construct [+2,+7]), and the mini-
mum between +2 and +4. Note the small amplitude of only 300 nm. The
average number of base pairs/turn is calculated as the total fragment
length at cyclization maximum (179 bp) divided by an integer number
of turns, here being 17 as the only appropriate choice. This yields an
average of 10.52 bp/turn.
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Fic. 4. Nucleosome reconstitution on the TATAAACGCC re-
peat sequence. Lane 1, salt-induced nucleosome reconstitution mix-
ture; lane 2, free probe DNA. Note in lane I that there is a faint band
below the main nucleosome band, possibly reflecting an additional
weak translational position.

in Fig. 5, reveals several interesting features. This sequence
is capable of positioning a nucleosome core particle with a
predominantly unique translational position. The DNA
pseudodyad axis of symmetry is easily identified by the altered
helical repeat of 10.7 bp/turn for the three helical turns around
the histone dyad axis. The rest of the nucleosome core particle
has a helical repeat of 10.0 bp/turn. This is in perfect agree-
ment with other well characterized nucleosome core particles
with unique transitional positioning (21). In addition, the DNA
is in a single rotational position about the histone octamer. For
the A-rich strand, the AA dinucleotides are positioned where
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Fic. 5. Hydroxyl radical footprinting and densitometric anal-
ysis of the dyad region. Lane M, marker Maxam-Gilbert (A + G)-
specific sequencing reaction; lane N, hydroxyl radical footprint of the
nucleosome; lane D, hydroxyl radical cleavage pattern of naked DNA;
lane C, control untreated DNA. The nucleosome dyad (arrow) is pin-
pointed by the change of periodicity in the cleavage intensity from 10.0
to 10.7 nucleotides/turn (see “Results”).

the minor groove faces inward (toward the histone octamer),
and the CC dinucleotides are positioned such that the minor
groove faces outwards (away from the histone octamer). For the
opposite, T-rich strand, the TA dinucleotide steps are located
where the minor groove faces inward, and the CG step has the
minor groove facing outwards. An offset of 2 bp in the 3'-
direction is seen between the two strands, which is typical for
minor groove binding. These results are consistent with the
expected phasing of A/T- and G/C-rich sequences in the nucleo-
some core particle (4, 5, 6). Furthermore, this rotational set-
ting, with the A/T-rich regions having the minor groove buried
toward the histone octamer, restricts the binding of A/T minor
groove-recognizing proteins, e.g. the high mobility group I/Y
protein (14). Finally, it is also interesting to note that the
naked DNA itself shows a cleavage pattern somewhat similar
to that of the nucleosome, but less intense, as would be ex-
pected for a repeated sequence containing alternating A/T- and
G/C-rich regions. Thus, the TATAAACGCC repeat DNA ap-
pears to be predisposed to formation of the structure it adopts
when complexed with the histone octamer. We have also used
MNase footprinting to define the boundaries of the nucleosome
and as an independent measure of translational positioning of
the core particle. Fig. 6 shows the periodic (every 10 bp) MNase
cleavage of the DNA within the central 120 bp of the nucleo-
some core particle. This periodic cleavage is not observed at the
very ends of the nucleosome core particle. This is consistent
with the DNA in this region being loosely associated with the
histone octamer (21, 22). These studies confirm and comple-
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Fic. 6. MNase and hydroxyl radical footprinting over the ends
of the nucleosome core DNA. Lane M, marker Maxam-Gilbert (A +
G)-specific sequencing reaction; lane N, hydroxyl radical footprint of the
nucleosome; lane D, hydroxyl radical cleavage pattern of naked DNA;
lane C, control untreated DNA; lane Mn, products of the MNase foot-
printing reaction. The nucleosome boundaries are marked, and there is
a clear alteration from the periodical 10-bp cleavage at the ends.

ment the results of hydroxyl radical footprinting (Fig. 7).

Multiple Translational Positioning—The TATAAACGCC re-
peat sequence has a 350-fold higher affinity for the histone
octamer compared with mixed sequence DNA, as reported in
our earlier work (13, 16). Since this is a consensus repeat
sequence, we were interested in determining whether the core
particle formed with a longer DNA fragment would be posi-
tioned over the center of the repeat if flanked by other se-
quence. We compared the original 180-bp fragment with a
longer, 280-bp fragment in translational positioning and over-
all affinity of binding the histone octamer. Fig. 8 shows the
high resolution electrophoretic mobility shift assay for nucleo-
some core particles reconstituted on the two fragments. Both
fragments bind the histone octamer with similar overall affin-
ity (difference A(AG) = 300 cal/mol as compared with A(AG) =
4500 cal/mol relative to random sequence DNA). It is evident
from Fig. 8 that the longer, 280-bp fragment shows at least six
different translational positions in contrast to the predominant
single (perhaps two?) translational positions seen for the
180-bp fragment. We have used hydroxyl radical and MNase
footprinting to characterize the ensemble of translational posi-
tions for the 280-bp fragment. We still found that the dominant
translational position is the same as that previously seen for
the 180-bp fragment (Fig. 9). The ensemble of translational
positions also shows the same rotational setting of the DNA
about the histone octamer.

DISCUSSION

Our results clearly show that both intrinsic flexibility and
curvature contribute to making the TATAAACGCC repeat
DNA a high affinity nucleosome-positioning sequence. The
moderate gel migration anomaly (R, = 1.2-1.3) is probably a
reflection of reduced macroscopic curvature caused by the in-
creased flexibility of the DNA fragment. The shorter, 180-bp
fragment containing this motif is able to uniquely position a
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Fic. 7. Location of the TATAAACGCC repeat in the nucleosome. Asterisks indicate the locations of the nucleosome pseudodyad on each
strand, based on densitometric analysis of hydroxyl radical cleavage patterns. The lines indicate the base pair falling on the dyad, and the numbers
of bases from this point are marked. Marked by arrows are MNase cleavage sites at the ends of the nucleosome. The location of the nucleosome
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Fic. 8. Electrophoretic mobility shift assay of nucleosomes
formed on two different length DNA fragments. Shown are the
results from the nucleosome reconstitution with the TATAAACGCC
repeat sequence. Lane 1, the 280-bp fragment; lane 2, the 183-bp
fragment. The affinity (total over all translational positions) for the long
fragment is about equal (A(AG) = 300 cal/mol) to that of the short
fragment, as measured by densitometry. In this experiment an addi-
tional 1 pg of competitor calf thymus DNA/ul was present.

nucleosome core particle as seen by footprinting with hydroxyl
radicals and MNase. In the longer, 280-bp fragment, where the
central TATAAACGCC repeat is offset by 80 bp with respect to
the center of the fragment, we observed multiple translational
settings. However, there is a strong preference for the central
TATAAACGCC repeat, which is not located at the center of the
280-bp fragment. This goes to further demonstrate the strong
nucleosome-positioning properties of this sequence.

The TATAAACGCC Repeat Is Highly Flexible—The J-factor
of 400 nm observed for this sequence compare well with those
reported for other highly flexible molecules. Highly flexible
sequences, such as CTG and CGG repeats involved in triplet
expansion diseases, have J-factors in the range of 200-300 nm
(20). These sequences have also been reported to have high
affinity for histone octamers in vitro (13, 23, 24). Interestingly,
the highly flexible CTG repeat was reported to be favored at the
dyad, suggesting that high flexibility, especially in twist, is
essential for nucleosome positioning over that region (25). This
can explain the multiple translational positions that we ob-
served for the longer, 280-bp fragment. On this longer frag-
ment, the DNA is able to occupy multiple positions because it is
able to adjust the pseudodyad twist at multiple positions.

The artificial TG-5 nucleosome-positioning sequence failed to
position a nucleosome in vivo (7). This was later reinvestigated
using a modified version of TG-5 containing an extra base pair
in the center to accommodate the constraints at the dyad (8).
Not surprisingly, in retrospect, this sequence did not position a
nucleosome in vivo because the additional base pair could only
partially satisfy the need for overwinding at the dyad axis.
Hydroxyl radical footprinting of several nucleosome core par-
ticles has shown a distinct overwinding of the DNA to 10.7

\

Fic. 9. Hydroxyl radical footprinting and densitometry of the
nucleosome formed on the 280-bp fragment. Lane M, (A + G)-
specific sequencing reaction; lane N, hydroxyl radical-treated nucleo-
somes. Indicated are the positions of the peaks in the cleavage pattern
relative to the original TATAAACGCC repeat. To the left is shown a
schematic representation of the nucleosomal setting on the 280-bp
fragment with the dominant position marked with solid lines in the
off-center position (same as the 180-bp fragment).

bp/turn over the three helical turns at the dyad axis (21). The
high resolution x-ray crystal structure of the nucleosome core
particle also indicated large differences in helical twist over the
entire length of nucleosomal DNA (22). In addition, the DNA is
severely distorted at =1.5 helical turns from the dyad axis (22),
and particularly this site is predominantly cleaved by the
enediyne calicheaminicin vy,! (26). This further demonstrates
that the DNA around the dyad is overwound and structurally
deformed; and therefore, DNA molecules capable of adjusting
to these nucleosomal restraints are preferred. Consequently,
the CTG and TATAAACGCC repeats would both rank as ex-
cellent potential candidates for nucleosome positioning in vivo
due to the high degree of twist flexibility allowed for in these
sequences.
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The TATAAACGCC Motif Contains Elements Necessary for a
Nucleosome-positioning Sequence—If one were to construct a
nucleosome-positioning sequence based on all the information
available from studies of naturally occurring and artificial nu-
cleosomal sequences, the TATAAACGCC repeat would cer-
tainly qualify as a very good candidate for this purpose. Sta-
tistical sequencing of nucleosomal DNA from chicken
erythrocytes by Travers and co-workers (4) and various data
base analyses have shown the importance of phased AA and
GG dinucleotides to allow bending of the DNA in the nucleo-
some. Evidence from footprinting studies and x-ray crystallog-
raphy have indicated the requirement for overwinding, and
hence twist flexibility, in the dyad region (21, 22). It is also
known that TA and CG dinucleotides can accommodate high
torsional stress owing to their bi-stable nature (27-29). To be
accommodated within the nucleosome TATAAACGCC repeat
motif satisfies all of these requirements because of the presence
of alternating AA and CC/CG dinucleotide steps phased with
the helical repeat, which would allow for bending of the DNA in
the nucleosome (4, 5, 30). High twist flexibility, potentially due
to the presence of TA (or CTA (10)), would allow for the tor-
sional stress due to underwinding and especially overwinding
in the central dyad region of the nucleosome. We note, in
addition, that the TATA-binding protein, which recognizes a
similar motif, the TATA box 5 -TATA(A/T)AA-3’, severely dis-
torts the DNA upon binding (31, 32). The role of both intrinsic
curvature and inherent flexibility has been ascribed to the
functionality of the TATA box (33) and correlates well with our
observations.

Conclusions—The TATAAACGCC repeat is a highly flexible
sequence with intrinsic curvature. In vitro, this sequence is
able to position a nucleosome core particle with very high
affinity, ~350-fold higher than random sequence DNA. The
major part of this increased affinity is most likely due to its
25-fold higher J-factor. On 180-bp fragments, it reconstitutes a
uniquely positioned nucleosome core particle. On longer frag-
ments, it yields multiple translational positions, but maintains
the predominant position of the pseudodyad axis of symmetry.
These results, coupled with the high twist flexibility, suggest
that repeats of this sequence motif could position a nucleosome
in vivo.

Nucleosomal Properties of TATAAACGCC
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