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ABSTRACT

Several periodic motifs have been implicated in
facilitating the bending of DNA around the histone
core of the nucleosome. For example, di-
nucleotides AA/TT/TA and GC at �10-bp periods,
but offset by 5 bp, are found with higher-than-
expected occurrences in aligned nucleosomal
DNAs in vitro and in vivo. Additionally, regularly
oscillating period-10 trinucleotide motifs non-T,
A/T, G and their complements have been implicated
in the formation of regular nucleosome arrays. The
effects of these periodic motifs on nucleosome for-
mation have not been systematically tested directly
by competitive reconstitution assays. We show that,
in general, none of these period-10 motifs, except
TA, in certain sequence contexts, facilitates nucleo-
some formation. The influence of periodic TAs on
nucleosome formation is appreciable; with some of
the 200-bp DNAs out-competing bulk nucleosomal
DNA by more than 400-fold. Only the nucleotides
immediately flanking TA influence its nucleosome-
forming ability. Period-10 TA, when flanked by a pair
of permissive nucleotides, facilitates DNA bending
through compression of the minor groove. The free
energy change for nucleosome formation decreases
linearly with the number of consecutive TAs, up to
eight. We suggest how these data can be reconciled
with previous findings.

INTRODUCTION

Little is known about the possible function of the bulk of
the human genome. It is likely that some functionally in-
fluential non-coding DNA exerts its influence through
chromatin structure. Nucleosomes appear to be positioned
with respect to the DNA sequence to some extent in most
regions of genomic DNA in vivo (1).

It has been known for some time that nucleosomes
prefer to form on certain DNA sequences (2), and
tend to avoid others in vitro (3). The nucleosome arrange-
ment over large DNA regions is expected to influence the
chromatin higher-order structure, according to some
models (4,5). If DNA sequence information can be used
to predict which regions of DNA prefer to form nucleo-
somes in vivo, it would provide a valuable resource for
understanding DNA packaging and chromatin structure
in nuclei. The accessibility of particular regions of chro-
matin to histone modifications and the effects of chroma-
tin remodeling might also be influenced by the DNA
sequence.

Several periodic motifs have been implicated in the pref-
erential formation of nucleosomes. Periodic di-nucleotides
have been found in nucleosomal DNA (6–8). It has also
been shown that some synthetic DNAs having AT-rich
regions alternating with GC-rich regions approximately
every 5 bp have a high preference for forming nucleosomes
in vitro (9). In addition, it has been shown that synthetic
DNAs possessing period-10A-tracts have an increased
ability to form nucleosomes (10). The preferred compres-
sion of the DNA minor groove at the AT-rich motifs and
the preferred compression of the major groove at the
GC-rich motifs are thought to facilitate bending around
the histone core, when the AT-rich and 5-bp offset
GC-rich motifs occur at multiples of 10 bp, the periodicity
of the DNA double helix (7,11,12).

The periodic di-nucleotide motifs AA/TT/TA, with GC
5bp away, has recently been implicated in a ‘DNA code’
for nucleosome positioning (11,13). In addition, the
periodic tri-nucleotide motifs non-T, A/T, G (VWG)
with complement C, T/A, non-A (CWB) (14) have been
shown to correlate with nucleosome arrangements in
arrays (15) and with chromosome function (16) in vivo.
It is not clear why both of these two apparently unrelated
periodic motifs (AA/TT/TA and VWG/CWB) appear to
influence nucleosome formation. Moreover, no direct un-
ambiguous measurements of the relative abilities of most
of these DNA sequence motifs to form nucleosomes exist.
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The evidence that these motifs preferentially form nucleo-
somes is mostly correlative. For the di-nucleotide motifs,
relatively weak 10-bp periodicities, over a background,
were found in DNA isolated from nucleosomes, when
the sequences were aligned and the total number of occur-
rences of the motif at each position was counted (7,11–13).
In the few cases where competitive reconstitutions were
performed, the studies were not systematic, and it was
not clear exactly which motif, or which combination of
motifs, were responsible for preferential nucleosome for-
mation. For the tri-nucleotide motifs, no direct tests of
nucleosome-forming ability exist at all.

We have begun a systematic experimental investigation
of the nucleosome-forming abilities (in vitro) of various
periodic di- and tri-nucleotide motifs using radio-labeled
200-bp synthetic DNA fragments in competitive reconsti-
tution assays with bulk nucleosomal DNA. It is important
to point out that this simple in vitro assay may be
measuring a different aspect of nucleosome formation
potential for a particular DNA sequence than what
exists in vivo. However, we used this method because it
is well established, readily quantifiable, the magnitudes of
the effects that we observed were large and the thermo-
dynamic property of histone–DNA interactions measured
likely contributes to nucleosome preferences for particular
DNA sequences in vivo. The results turned out to be
surprising. Neither perfect period-10 AA/TT, even with
GC 5bp away, nor perfect period-10 VWG/CWB have
increased nucleosome-forming abilities. In contrast,
200-bp sequences having periodic TA, in some sequence
contexts, have very high nucleosome-forming abilities.
We suggest how this result can be reconciled with
previous findings. Periodic TA is abundant in human
genomic DNA, and these data should permit more
reliable computational predictions about chromatin struc-
ture to be made.

MATERIALS AND METHODS

Preparation and labeling of synthetic DNA

The preparation and the radiolabeling of the periodic syn-
thetic sequences used in this study (listed in Table 1) are
described in Supplementary Figure S1. Sequences, except
for p-10 CTACN6 (mix) and p-10 TAN8 (mix), were
cloned into pJAZZ-OC linear vector (BIGEASY,
Lucigen), and DNA sequenced by SL1 and NZrevC
primers (Table S1). The 195-bp p-10 CTACN6 (mix) and
the p-10 TAN8 (mix) mixtures containing random nucleo-
tides were prepared by a single-stranded (ss) DNA-based
polymerase chain reaction (PCR) method (Figure S1E).
Briefly, a 195-nt synthetic single-stranded DNA contain-
ing the SL1 primer sequence at the 50 end, 15 multiples of
the 10-nt N-containing motif (one DNA with CTACN6

and another with TAN8, where N is a random nucleotide)
and the complement to the TevC primer sequence at the 30

end was purchased. PCR was performed in the presence of
the SL1 and the TevC primers. Only the TevC primer
anneals to the ssDNA template at the first PCR cycle,
converting the template to a double-stranded DNA. For
subsequent cycles, both primers anneal and PCR

amplification occurs. The 195-bp double-stranded DNA
product, which is a mixture of many thousands of differ-
ent sequences, was gel purified before use. See
Supplementary Figure S1E for an illustration and for ex-
perimental details.

In vitro competitive nucleosome reconstitution method

Core histones and mononucleosomal DNA (147–210 bp)
were prepared as previously described (17). Competitive
nucleosome reconstitution was carried out by a modified
stepwise dilution method, summarized in Figure S2 (9).
Briefly, for high nucleosome-forming ability sequences,
the reaction mixture [1M NaCl, 10mM Tris–HCl pH
8.0, 0.2mM ethylenediaminetetraacetic acid (EDTA)] con-
taining 1 ug of core histones, a tracer amount of
the labeled synthetic sequence and 3.4mg of mono-
nucleosomal DNA competitor in a total volume of 10 ul
were incubated for 30min at 4�C. For average
nucleosome-forming-ability sequences, the core histones
to DNA ratio was increased; 3 ug of histone octamers
and 2.6 mg of mononucleosomal DNA were mixed.
Stepwise salt dilution was performed by adding 5mM
Tris–HCl pH 8.0, 0.5mM EDTA (TE) buffer for the
first dilution to 0.8M NaCl for 1 h at 4�C, and the
second dilution to 0.6M NaCl for 15min at 4�C.
Finally, samples were dialyzed against TE buffer for 3 h
at 4�C using Millipore (0.025 mm) dialysis disks.

Polyacrylamide gel electrophoresis

Reconstituted samples were analyzed on a 4% native
polyacrylamide gel. Gels were pre-run for 1 h at 150V,
and samples were run at 150V for 3.5 h at 4�C. Gels
were stained with ethidium bromide (EtBr), and digitized
for the bulk mononucleosomal DNA. Subsequently, the
gels were dried, and exposed to MR film (Kodak) to detect
the labeled DNA sequence of interest. An optimum film
exposure for quantitation was obtained by examining
several different exposure times; results were consistent
with those obtained by phosphoimager analysis.
Nucleosome-forming ability was measured as described
in Supplementary Figure S2. The 601 sequence was used
as a reference for the sequences that possessed high
nucleosome-forming ability of more than 300-fold
relative to bulk DNA (��G�<�3.3 kcal/mol).
Otherwise, nucleosome-forming ability of sequences
were measured relative to bulk DNA from EtBr-stained
gels. Using (low specific activity) radiolabeled bulk nu-
cleosomal DNA in control experiments, we determined
that the fraction of the DNA that reconstitutes into nu-
cleosomes in a given reconstitution was essentially identi-
cal when measured by EtBr fluorescence or by
radiolabeling (data not shown). The stated standard devi-
ations were calculated from at least three independent
experiments.

Hydroxyl radical footprinting assay

Nucleosomes were reconstituted using 50-32P-labeled
p-10 CTAC (GTAG) sequence as described in
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Supplementary Figure S1F. By appropriately increasing
the ratio of core histones to competitor DNA in the
reaction mixture, described in Supplementary Figure S2,
the percentage of labeled DNA fragment incorporated
into nucleosomes was adjusted to >90% to minimize the
signal from contaminating naked DNA. Hydroxyl radical
footprinting was performed as described by Tullius et al.
(18). The reaction was initiated by adding 10 mM
(NH4)2Fe(SO4)2�6H2O, 20 mM EDTA, 1mM ascorbic
acid and 0.03% H2O2 for naked DNA and
nucleosome-formed DNA samples. The reaction was
terminated by adding 10mM thiourea, and 50mM
EDTA; then samples were deproteinized by phenol–
chloroform extraction, and ethanol precipitated in the
presence of 60 mg/ml tRNA (18). A G/A chemical
reaction was also performed as described (19). Samples
were subjected to 8% polyacrylamide sequencing gel
(acrylamide: bisacrylamide ratio of 19:1) containing 7M

urea and 10% formamide on 33� 42� 0.04 cm with
1X Tris–borate–EDTA buffer (90mM Tris/borate, 2mM
EDTA). Gels were pre-run for 1 h at 45mA constant
current, and samples preheated at 90�C for 10min were
run for 3 h. Gels were dried, and exposed to 35� 43 cm
classic blue autoradiography film (MidSci).
Autoradiograms were digitalized by means of a standard
scanner (Epson Perfection 4990). Thereafter, lane scans
were performed for each lane using IPLab Gel software
(Signal Analytics Corp.).

Other methods

Counting of total TA or VWG/CWB motifs in a sliding
100-bp window along the mouse adenosine deaminase
(MADA) gene locus was performed computationally as
described (20). Analysis of DNA fragments for macro-
scopic curvature was performed on 10% polyacrylamide
gels at 5�C (10).

Table 1. Competitive reconstitution results and the sequences of repeating 20-bp units that were used in this study

*Sequence name ySequence (20 bp) zFold out-competition

601 sequence 950±380
1. p-10 AAn3GC 50 AAGCTGCCGGAAGCTGCCGG 30 2.65±0.17

30 TTCGACGGCCTTCGACGGCC 50

2. p-10 GTAC (GTAC) 50 GTACGGGCGGGTACGGGCGG 30 1.15±0.08
30 CATGCCCGCCCATGCCCGCC 50

3. p-10 ATAG (CTAT) 50 ATAGGGCAGCATAGGGCAGC 30 0.65±0.16
30 TATCCCGTCGTATCCCGTCG 50

4. p-10 ATAT (ATAT) 50 ATATGGCAGCATATGGCAGC 30 0.77±0.32
30 TATACCGTCGTATACCGTCG 50

5. p-10 TTAT (ATAA) 50 TTATGGCAGCTTATGGCAGC 30 0.83±0.21
30 AATACCGTCGAATACCGTCG 50

6. p-10 AT 50 ATCGGCAGCCATCGGCAGCC 30 0.37±0.04
30 TAGCCGTCGGTAGCCGTCGG 50

7. p-10 TAn3AA 50 TACGGAATCCTACGGAATCC 30 326±22
30 ATGCCTTAGGATGCCTTAGG 50

8. p-10 CTAC (GTAG) 50 CTACGGCAGCCTACGGCAGC 30 447±63
30 GATGCCGTCGGATGCCGTCG 50

9. p-10 TTAC (GTAA) 50 TTACGGCAGCTTACGGCAGC 30 415±116
30 AATGCCGTCGAATGCCGTCG 50

10. p-10 TTAA (TTAA) 50 TTAAGGCAGCTTAAGGCAGC 30 64±11
30 AATTCCGTCGAATTCCGTCG 50

11. p-10 CTAA (TTAG) 50 CTAAGGCAGCCTAAGGCAGC 30 132±79
30 GATTCCGTCGGATTCCGTCG 50

12. p-10 ATAC (GTAT) 50 ATACCGGCAGATACCGGCAG 30 104±79
30 TATGGCCGTCTATGGCCGTC 50

13. p-10 CTAG (CTAG) 50 CTAGGCAGCCCTAGGCAGCC 30 494±148
30 GATCCGTCGGGATCCGTCGG 50

14. p-10 CTACN6 (mix) 50 CTACNNNNNNCTACNNNNNN 30 355±45
30 GATGXXXXXXGATGXXXXXX 50

15. p-10 TAN8 (mix) 50 TANNNNNNNNTANNNNNNNN 30 42±14
30 ATXXXXXXXXATXXXXXXXX 50

16. p-10 TA/AT 50 TACGGCAGCCATCGGCAGCC 30 0.66±0.08
30 ATGCCGTCGGTAGCCGTCGG 50

17. p-10 TA/GG 50 TACGGCAGCCGGCGGCAGCC 30 1.08±0.36
30 ATGCCGTCGGCCGCCGTCGG 50

18. p-10 TA/AA 50 TACGGCAGCCAACGGCAGCC 30 118±16
30 ATGCCGTCGGTTGCCGTCGG 50

*n3 indicates the presence of three specified nucleotides.
(mix) indicates a mixture of randomly chosen nucleotides.
Nucleotides in parenthesis represent the complementary nucleotides on the other strand.
yN and X stand for randomly chosen nucleotides in one strand, and its complement, respectively.
Bold di- and tri-nucleotides represent the periodic sequence motif of interest.
zFold that the 200-bp synthetic DNAs out-compete nucleosomal DNA. Standard deviations shown are calculated from
three independent measurements (n=3), except for the 601 sequence (n=6).
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RESULTS AND DISCUSSION

Direct determination of the nucleosome-forming abilities
of 200-bp synthetic DNAs with periodic motifs

The competitive reconstitution method is depicted sche-
matically in Supplementary Figure S2. This method
allows the direct measurement of the relative
nucleosome-forming abilities of any sequence relative to
bulk nucleosomal DNA, or the relative
nucleosome-forming abilities of any two sequences (9).
We chose bulk nucleosomal DNA (147–210 bp) as our
reference state. After reconstituting a mixture containing
a relatively large amount of bulk nucleosomal DNA and a
small (tracer) amount of radiolabeled DNA at an appro-
priate core histone to DNA ratio, nucleosomes are
separated from the unreacted DNA on a polyacrylamide
gel, and the relative amounts of DNA in each band are
quantitated on the stained gel and on the autoradiogram.
From the ratios of the intensities of the nucleosome and
DNA bands, the nucleosome-forming ability of the
sequence of interest relative to bulk nucleosomal DNA
(and the ��G� value) is calculated (as described in
Supplementary Figure S2). The bulk nucleosomal DNA
serves as an internal control. In addition, because of the
relatively large quantity of bulk nucleosomal DNA
present, reactions using different radiolabeled DNAs are
highly reproducible, allowing for the comparison of the
nucleosome-forming ability of one synthetic DNA with
another, when the same amounts of core histones and
bulk nucleosomal DNA are used. This method has been
extensively tested by Widom and co-workers (21). The
conditions used here have been shown to reliably reflect
the relative nucleosome-forming abilities of different DNA
sequences in vitro.

Figure 1 shows a sampling of our competitive reconsti-
tution data. In Figure 1, we included DNA sequences that
exhibited a wide range of nucleosome-forming abilities. It
is evident by comparing the autoradiogram with the
stained gel (EtBr) that all three of the synthetic DNAs
in Figure 1A form nucleosomes more efficiently than
bulk nucleosomal DNA. Lane 1 shows the ‘601’
sequence (22), which has the highest nucleosome-forming
ability known (�1000-fold that of bulk nucleosomal
DNA). This sequence was useful for more precisely
quantitating those sequences (such as the one shown in
lane 2) that had nucleosome forming abilities >300
times that of bulk nucleosomal DNA, as described in
‘Materials and Methods’. The sequence used in lane 3
had a nucleosome-forming ability of �40 times that of
bulk nucleosomal DNA. In Figure 1B, we show the data
for a periodic synthetic DNA with an average
nucleosome-forming ability, one that is not significantly
different from that of bulk nucleosomal DNA. The
N-to-D band intensities were similar for the bulk DNA
(EtBr) and the labeled DNA (AR). The nucleosome-
forming abilities of 18 different periodic synthetic DNAs
are reported in Table 1 and Supplementary Table S2.
Twenty base pairs of sequence, encompassing the repeat-
ing unit, of each 200-bp DNA is shown, with the motifs of
interest indicated. The result found for each synthetic
DNA is discussed subsequently. A value greater than

one for the fold that the sequence outcompetes bulk nu-
cleosomal DNA indicates that the sequence forms nucleo-
somes more readily than bulk nucleosomal DNA. This
information, including ��G� values, is reported in
Supplementary Table S2.

‘Established’ nucleosome-forming motifs do not form
nucleosomes preferentially

It has been thought for some time that DNA sequence
regions containing period-10 AA/TT and period-10 GC,
offset by 5 bp, should readily bend around the histone
cores of nucleosomes (7). This claim is even illustrated in
a popular textbook (23). More recently, period-10
AA/TT/TA with period-10 GC, offset by 5 bp, has been
referred to as a sequence motif that is known to facilitate
the bending of DNA around the histone core of the nu-
cleosome (11). Sequence 1 (Table 1) contains 20 perfectly
periodic (period-10) AA/TTs and GCs offset by 5 bp. The
increase in nucleosome-forming ability over bulk nucleo-
somal DNA is only about 2-fold, a very small increase
when compared to the �1000-fold increase of the 601
sequence (Table 1, top of the list). In addition, sequence
2, which contains 20 perfectly periodic (period-10) TAs
and GCs, offset by 5 bp, exhibits no appreciable increase
in nucleosome-forming ability over bulk nucleosomal
DNA. These direct experimental measurements give
results that are inconsistent with the ‘established’
preferred DNA motifs for nucleosome formation.
It has also been proposed that the period-10 triplet

motifs non-T, A/T, G (VWG) and their complements
(CWB) preferentially form nucleosomes by having high
bending potentials of the in-phase triplets toward the
major groove (14). The triplet pair CAG/CTG was
proposed to have the highest bendability. Sequences 3–6
(Table 1) all contain 20 perfectly periodic (period-10)
CAG/CTG motifs, yet they do not form nucleosomes
more readily than bulk nucleosomal DNA. Sequences

Figure 1. Examples of the direct measurements of the nucleosome-
forming abilities of DNA sequences by competitive reconstitution. (A)
Three DNAs, each with high nucleosome-forming ability, were
reconstituted (separately) using a low core histone to bulk DNA
ratio. Lanes 1–3, respectively, show the 601 sequence, the p-10
CTACN6(mix) and the p-10 TAN8 (mix). PAGE autoradiogram (left)
and corresponding EtBr-stained gel (right) are shown. N and D denote
nucleosomes and free DNA, respectively. (B) PAGE autoradiogram
(AR) and EtBr-stained gel are shown for the p-10 AAn3GC
sequence, which had an average nucleosome-forming ability. This
sequence was reconstituted using a higher core histone to bulk DNA
ratio than used in (A).
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3–5 contain period-10 TA in addition to period-10
CAG/CTG. These two motifs, offset by 5 bp, should
have synergized, according to the expected minor groove
compression for TA and major groove compression for
CAG/CTG. Sequence 6 did not have TA or AA/TT
di-nucleotides, but it had AT every 10 bp. All of these
results (sequences 1–6) are inconsistent with the idea
that ‘established’ period-10 di-nucleotide motifs or
period-10 VWG/CWB motifs facilitate nucleosome
formation.

Some period-10 TA sequences form nucleosomes
very efficiently

Some period-10 TA sequences 7-13 (Table 1) form nucleo-
somes very efficiently. For example, sequences 8, 9 and 13
have affinities for core histones that approach that of the
601 sequence. It is interesting that only one of these seven
sequences (sequence 12) has period-10 GC offset by 5 bp
from TA. Thus, the period-10 GC motif offset by 5 bp
from TA does not generally increase nucleosome-forming
ability, going against the ‘established’ rule. Moreover,
sequence 7 has period-10 AA offset by 5 bp from TA,
which would be expected to interfere with DNA bending
by minor groove compression at AA/TT.

The period-10 TA sequence context for nucleosome
formation depends primarily on nearest-neighbor flanking
nucleotides

In our competitive reconstitution studies, we observed
that many period-10 CTAC sequences having various
combinations of nucleotides at the other six positions all
had very high nucleosome-forming abilities (see
Supplementary Table S3). These results suggested that
the other 6 nt in the repeating unit might not be important.
To test this idea, we prepared a mixture of different 200-bp
sequences that were all period-10 CTAC, but had
randomly chosen nucleotides (Ns) inserted at the other
positions (sequence 14). After competitive reconstitution,
we obtained a very high nucleosome-forming preference of
355±45 relative to bulk nucleosomal DNA, which is not
statistically different from the value of 447±63, obtained
for sequence 8 (P-value of 0.11 for two-tailed t-test). Thus,
the 2 nt immediately flanking TA (one on each side) are
major contributors to the nucleosome-forming ability of
the periodic DNA.

Determination of which nucleotide combinations flanking
TA are necessary for high nucleosome-forming ability

There are 16 possible pairs of nucleotides to flank TA with
one on the left and one on the right. In double-stranded
DNA, for each nucleotide pair on the top strand, the com-
plementary pair is present (flanking TA) on the bottom
strand. For example, ATAA provides TTAT. Therefore,
generally, two complementary pairs of TA-flanking nu-
cleotides are provided from each sequence. However, 4
of the 16 di-nucleotides (TA, AT, GC, CG) are
self-complementary, and these flanking di-nucleotides
therefore only provide one pair. Thus, there are 10
[(16 – 4)/2+4] sequences needed to provide all possible
TA-flanking nucleotide pairs. In Table 1, these sequences

are numbers 2–5 and 8–13; the tetra-nucleotides in
parentheses (Table 1, first column) show the left and
right nucleotide flanks of TA on the other strand. For
example, TTAC (GTAA), sequence number 9 in
Table 1, has (left, right) flanking nucleotides TC/GA,
denoting that T and C flank TA on one strand, while, G
and A flank TA on the other strand. It can be seen
from Table 1 that the six (left, right) TA-flanking nucleo-
tide (/complement) pairs, CC/GG, TC/GA, TA, CA/TG,
AC/GT and CG, confer high nucleosome-forming ability
to period-10 TA, whereas the four TA-flanking nucleotide
(/complement) pairs, GC, AG/CT, AT and TT/AA,
confer average or low nucleosome-forming ability to
period-10 TA. The structural reasons why these particular
flanking nucleotide pairs confer high or average/low
nucleosome-forming abilities are unknown. Sequence 15
(Table 1) was a mixture of different 195-bp sequences
that were all period-10 TA, but had randomly chosen nu-
cleotides (Ns) inserted at the other positions. Our
determined nucleosome-forming ability of 42±14 times
that of bulk nucleosomal DNA is consistent with the value
of 34 calculated for a hypothetical mixture of the 10 se-
quences (2–5, 8–13) listed in Table 1 with the individual
values listed.

An AA/TT located 10 nt from a TA can in part substitute
for a TA

We also investigated whether DNAs with periodic TAs
every 20 bp had high nucleosome-forming abilities. To
achieve this arrangement, we substituted every other
period-10 TA in sequence 8 with another di-nucleotide.
Substituting every other TA for either AT or GG
(Table 1, sequences 16 and 17, respectively) abolished
the high nucleosome-forming ability. This result suggests
that, generally, at least two TAs that are 10 bp apart may
be required. However, substitution of every other TA with
AA/TT (Table 1, sequence 18) maintained a high
nucleosome-forming ability, although it was approximate-
ly four times lower than that of the parent construct,
sequence 8. This result suggests that the AA/TT motif
can, under some circumstances, contribute to nucleosome
formation.

The number of consecutive period-10 TAs needed for
preferential nucleosome formation

Our synthetic DNA molecules that had high
nucleosome-forming abilities contained 20 perfectly
periodic TAs. Very few, if any, genomic DNA regions
contain 20 period-10 TAs. However, there is evidence
that <100 bp determines the histone octamer preference
(24), and it is expected that periodic anisotropically
flexible nucleotide motifs such as TA incrementally con-
tribute to the free energy of nucleosome formation, with a
roughly constant increase per TA (9). We therefore
examined how the free energy of nucleosome formation
depended upon the number of consecutive TAs present in
the center of a 200-bp DNA fragment.

Figure 2 shows the effect of increasing the number
of consecutive TAs from 0 (no TA) to 14 in competitive
reconstitutions versus bulk mononucleosome DNA, as in
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our other experiments. The sequence context was CTAC,
as in sequence 8 of Table 1. The consecutive period-10
TAs were located in the centers of 200-bp fragments; the
regions flanking the consecutive period-10 TAs did not
contain any period-10 TAs. Figure 2A shows the auto-
radiogram, while Figure 2B shows the ��G� value as a
function of the number of consecutive TAs, using the zero
TA construct as the reference (��G�=0). The ��G�

value becomes increasingly more negative in a linear
fashion until about eight consecutive TAs (80 bp); then
it approaches saturation. Table S4 reports the fold that
each of the sequences outcompetes the zero TA sequence
and the corresponding ��G� values. This experiment
confirms that the free energy increment is roughly
constant with the number of periodic TAs, and shows
that only four (consecutive) TAs is necessary to achieve
nearly 50% of the maximum free energy change possible.
This ��G� value (–1.7 kcal/mol), for four consecutive
TAs, corresponds to about a 12-fold preference for nu-
cleosome formation over the zero TA sequence. This
value is still appreciable.

We do not currently know to what extents the ��G�

values change when there are four or more TAs in a
100-bp window in different non-consecutive periodic ar-
rangements; however, 100-bp regions of genomic DNA
having four periodic TAs are fairly common (unpublished
data). Moreover, we have found (data not included) that a
mix of TA periods of 9 bp and 11 bp is almost as effective
as period 10, suggesting that there should be considerable
modulation of TA within this period range in genomic

DNA. It is very plausible that this degree of modulation
could influence nucleosome positioning on DNA.

The rotational orientation of period-10 TA in nucleosomes
and the preferred bending of TA in DNA

DNA sequences having period-10 motifs that exhibit a
high preference for nucleosome formation are expected
to bend anisotropically. The periodicity of the DNA
double helix is �10 bp, and sequence-dependent DNA dis-
tortions will be in phase, leading to DNA bending. The
current view is that A/T-rich regions prefer to compress
their minor grooves, which face in toward the histone
octamer, while G/C-rich regions prefer to have their
minor grooves widened and facing out (7,11,12). This
type of ‘rotational positioning’ is well documented in nu-
cleosomes, but usually it is not possible to separate the
effects of TA from those of the other A/T-rich
di-nucleotides (9,12). Moreover, there is evidence that
TA could preferentially compress its major groove
(12,25–36). We therefore, examined the rotational pos-
itioning of our sequence 8 (Table 1), which had a very
high nucleosome-forming ability, and for which the only
A/T-rich di-nucleotide was TA, existing every 10 bp.
Determining whether TA compressed its minor groove
or its major groove could be readily accomplished by
hydroxyl radical footprinting. Since hydroxyl radicals
attack the DNA via the minor groove, compressed
minor grooves should be cut less frequently, whereas
expanded minor grooves should be cut more frequently
than those of the (unbent) DNA in solution (37).
Figure 3 shows that the TAs are cut less frequently than

the other di-nucleotides both in the nucleosome and in the
naked DNA in solution. There is clearly a period-10
modulation in the cutting intensities for the synthetic
DNA that is not present in a non-periodic fragment
from pUC 19 DNA (lane 3). Lane scans are shown to
the right of the autoradiogram for two periods of the syn-
thetic DNA sequence. The hydroxyl radical cleavage
patterns of the periodic synthetic DNA free in solution
and in the nucleosome are very similar. On the one
hand, this result seems remarkable considering that the
minor groove accessibilities free in solution presumably
arise from transient local bending. There is no macroscop-
ic DNA curvature that we can detect by anomalously
mobility on a polyacrylamide gel (data not shown). In
the nucleosome, the TA minor grooves should be stably
bent or kinked inward toward the histone octamer. It has
been suggested that the TA step is highly flexible, and is
well suited for minor groove kinking through large
positive slide and negative roll (38). On the other hand,
the similarity between the hydroxyl radical cutting
patterns of the naked and the nucleosomal synthetic
DNA perhaps should not be that surprising, because it
has recently been shown that hydroxyl radical cleavage
patterns of naked human genomic DNA correlate with
chromatin function (39).
An alternative interpretation is that the TA steps, for

the sequence contexts determined here that enhance nu-
cleosome formation, simply have narrow minor grooves
without base pair roll bending into the minor groove (40).

Number of consecutive TAs

Number of consecutive TAs

B

A

Figure 2. Variation of the free energy of nucleosome formation with
the number of consecutive period-10 TAs. (A) PAGE autoradiogram of
different labeled 200-bp DNA fragments, having from 0 to14 period-10
TAs located in the center, reconstituted competitively using a low core
histone to bulk DNA ratio. (B) The x-axis is the number of consecutive
TAs in the center of each DNA fragment, and the y-axis is the
calculated value of –��G�, obtained from analysis of the data
shown in (A), as described in the text and Supplementary Data.
Error bars represent the SD from three independent experiments.
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It has recently been shown that the binding of arginine
residues to narrow minor grooves is a widely used mech-
anism for protein–DNA recognition (36). Therefore,
rather than ‘allowed’ TA steps preferentially flexing or
kinking to narrow their minor grooves, sequence-specific
contacts between histone arginine residues may occur peri-
odically at ‘allowed’ TAs in the nucleosome. Narrow
minor grooves have been suggested to enhance the stabil-
ity of arginine contacts through electrostatic effects (36).

How these results can be reconciled with other findings

We have shown directly that neither of the period-10
motifs AA/TT or VWG/CWB contributes to nucleosome
formation, whereas period-10 TA, in certain sequence
contexts, strongly promotes nucleosome formation
in vitro. Yet, the seemingly unrelated motifs period-10
motifs AA/TT/TA and VWG/CWB appear to correlate
with nucleosome positioning (11,13) and chromatin struc-
ture/function (15,16), respectively. How might these
findings be reconciled?

We suggest that period-10 AA/TT/TA di-nucleotides
are able to predict nucleosome positions to some extent
predominantly because of the TA (our result), and the fact
that DNA sequences containing period-10A-tracts (which
contain AA/TT/TA/AT di-nucleotides) generally have
high nucleosome-forming abilities (10). Recently, it has
been shown that yeast nucleosomes are enriched in
A-tracts of at least length of three (36). Taken together
with our finding that AA/TT is influential when it is 10 bp
away from a TA, these results suggest how period-10
AA/TT might have been mistaken for a high
nucleosome-forming motif based only upon the correla-
tive evidence obtained from the alignment of nucleosomal
DNAs (7) and of selected DNAs possessing high
nucleosome-forming abilities (22).

An explanation for the predictive power of period-10
VWG/CWB is provided by Figure 4, which shows that
VWG/CWB strongly anti-correlates with TA. Generally,
wherever the count of VWG/CWB in a 100-bp window is
high, the count of TA is low, and vice versa. Thus, in large

Figure 3. Hydroxyl radical cutting patterns of p-10 CTAC (GTAG)
nucleosomes and DNA in solution. The autoradiogram from a
sequencing gel is shown. Lane 1 shows the 0-time point for the p-10
CTAC (GTAG) DNA. Lane 2 shows a G/A chemical cleavage reaction
on p-10 CTAC (GTAG) DNA in solution. Lane 3 shows a 5-min
hydroxyl radical cutting reaction on a 240-bp pUC 19 DNA
fragment in solution. Lanes 4 and 5 show 5-min hydroxyl radical
cutting reactions of p-10 CTAC (GTAG) naked DNA in solution
and nucleosomal DNA, respectively. The TA di-nucleotides, occurring
every 10 bp, are indicated by pairs of arrows. The sequence of 23 nt of
p-10 CTAC (GTAG) from the bottom of the autoradiogram is shown.
Lane scans are shown to the right of the autoradiogram for two periods
of the synthetic p-10 CTAC (GTAG) DNA sequence: naked DNA
(lane 4, green), the nucleosomal DNA (lane 5, blue) and the pUC 19
naked DNA (lane 3, black).

Figure 4. Anti-correlation of the VWG/CWB and the TA signals in the
MADA gene DNA sequence. The oscillation of the total TA counts in
a sliding 100-bp window (gray curve) and the VWG/CWB counts
(black curve) are shown along the DNA sequence. The black arrows
indicate where high VWG/CWB counts anti-correlate with low TA
counts, and the gray arrows indicate where high TA counts
anti-correlate with low VWG/CWB counts.
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regions of DNA where period-10 VWG/CWB oscillated
regularly, shown to correlate with the formation of regular
nucleosome arrays (15), period-10 TA also oscillated
regularly.

Although it is likely that many different DNA sequence
motifs will be found that serve to facilitate nucleosome
formation as our understanding of DNA increases, we
suggest that periodic TA motifs, which are abundant in
genomic DNA, are major contributors to preferential nu-
cleosome formation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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