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A crystallographic approach to DNA bending: prediction of nucleosome 
formation by DNA triple repeats and other repetitive sequences 
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Abstract DNA bending is due to two main factors: the inherent 
curvature of the sequence and its flexibility. Most methods of 
analysis do not allow a differentiation between these two factors. 
In this paper I show that the flexibility of DNA sequences can be 
estimated from the standard deviation of roll values determined 
by X-ray crystallography for each base step. As an application of 
this approach, the nucleosome formation ability of triple repeat 
sequences has been determined and shown to be in agreement 
with the experimental results. Local variations in twist do not 
appear to have any influence on nucleosome formation. 
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1. Introduction 

Recently it has been shown [1] that one class of triple re-
peats, (CCG)n, prevents the formation of nucleosomes. On the 
other hand triple repeats such as (CTG)n form hyperstable 
nucleosomes [2]. Both repeats are involved in pathological 
situations. In this paper I want to show that this behavior 
may be derived from our current knowledge of the variability 
of DNA structure as established from crystallographic data of 
oligonucleotides. 

Any DNA with a strictly repetitive sequence cannot show in 
solution any tendency to bend in a definite direction. If we 
consider for example a sequence such as (XYZ)n, all 
(...Z)XYZ(X...) trinucleotides will show an average local bend 
which will depend on the roll/tilt/slide values of the three 
individual base steps. If we consider that the conformation 
of the whole sequence is frozen with each trinucleotide in its 
average conformation, we will obtain a DNA molecule with a 
helical axis that is not straight, but itself follows a helix or 
supercoil. In other words, the local intrinsic curvature due to 
the features of individual XYZ triplets will be canceled since 
consecutive trinucleotides will regularly change their orienta-
tions: no overall spatial bend will be favored. Of course 
Brownian motion will distort DNA molecules from the frozen 
conformation that we have considered, but without imposing 
any favored orientation in the random bends arising. 

Since repetitive sequences do not have a tendency to bend, 
what will happen when they encounter a histone core? This 
will depend on the stiffness of the sequence. If the individual 
base steps involved in a repetitive sequence are stiff, nucleo-
somes will form only with difficulty. If they bend easily, nu-
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cleosomes will form. Since bending in B-DNA is mainly due 
to changes in roll [3,4], the stiffness of a sequence towards 
bending can be estimated from the variability of the roll pa-
rameter. 

2. Materials and methods 

The statistical analysis of crystallographic data carried out by Gor-
in et al. [5] shows that the variability of roll for individual base steps 
in B-DNA is striking. A similar (but not identical) variability of roll 
has been reported [6], using a data set which includes A and B-DNA 
structures. For the purpose of this paper the values derived by Gorin 
et al. [5] appear to be more adequate, since nucleosomes have their 
DNA mainly in the B form. The values obtained by the latter authors 
show that the GC, AC, TA, CA and AG base steps have a standard 
deviation of roll in the range of 6.1-6.9° and can therefore be consid-
ered variable. On the other hand the AT, CG, GA, AA and GG base 
steps have a much smaller standard deviation (2.9-3.5°) and should be 
considered rigid. The tendency to form nucleosomes by repetitive 
sequences will only depend on the flexibility of the base steps in-
volved, which can be determined from the variability of roll calculated 
by Gorin et al. [5]. 

3. Results 

When the variability of roll values (standard deviation) de-
scribed above is applied to repetitive sequences, we find a 
striking agreement between the observed and predicted ten-
dency to form nucleosomes, as shown in Table 1. We con-
clude therefore that the local variability of roll detected in 
crystalline structures of DNA oligonucleotides has a predic-
tive value for the behavior of this molecule in biological sys-
tems. 

Changes in twist of the individual base steps do not appear 
to have any influence on nucleosome formation. The (AT),, 
sequence is known to show a strong alternation, with high 
twist in the AT step and low twist in the TA step [7]. Never-
theless this sequence can easily form nucleosomes, as shown in 
Table 1. In fact most repetitive sequences will tend to show 
alternations in twist. However, it is interesting to note that all 
repetitive sequences given in Table 1 will have between 10 and 
10.3 base pairs per helical turn, as calculated from the average 
values of twist found in oligonucleotide crystals [8]. Thus the 
average helical structure of all the triple repeats coincides with 
the average structure of mixed sequence DNA. 

It should be stressed that the nucleosome formation tenden-
cies given in Table 1 only refer to strictly repetitive sequences. 
In a non-repetitive sequence the nucleosome forming ability 
will depend both on the flexibility of the sequence and on the 
intrinsic bending of the individual sequences. Thus the trinu-
cleotide bending propensities determined from DNase cutting 
rates [9] are not directly related to the patterns presented in 
Table 1, since by the latter method it is not possible to deter-
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Table 1 
Nucleosome formation by DNA repeats 

DNA repeat sequence Roll variability (c) Nucleosome formation 

Predicted Found 

A/T 
G/C 

CG 
AT 
GA/TC 
GT/AC 

AAG/CTT 
GGA/TCC 
AGC/GCT 
AGT/ACT 
GAC/GTC 
GAT/ATC 
GGC/GCC 
GGT/ACC 
AAC/GTT 
AAT/ATT 

3.2 
2.9 

3.2/6.1 
3.5/6.4 
3.0/6.9 
6.7/6.3 

3.2/6.9/3.0 
2.9/3.0/6.9 
6.9/6.1/6.3 
6.9/6.7/6.4 
3.0/6.7/3.2 
3.0/3.5/6.3 
2.9/6.1/3.2 
2.9/6.7/6.3 
3.2/6.7/6.3 
3.2/3.5/6.4 

No 
No 

Yes 
Yes 
Yes 
Yes (easy) 

No 
No 
Yes (easy) 
Yes (easy) 
No 
No 
No 
Yes 
Yes 
No 

No [16,17] 
No [16,17] 

Yes [16,17] 
Yes [16,17] 

Yes (hyperstable) [2] 

No [1] 

The roll variability is measured by the standard deviation of the values found in ohgonucleotide crystalline structures [5]. It is assumed that 
nucleosome formation will be favored when at least 50% of the base steps in the sequence have a variable roll (a > 6°). In order to prevent 
nucleosome formation a sufficient length of the repeated sequence should be present. 

mine whether the base sequences analyzed are flexible or in-
herently bent. 

4. Discussion 

In order to validate the predictions based on Table 1 it 
would be of interest to determine experimentally the nucleo-
some forming ability of the other trinucleotide sequences and 
of longer repetitive sequences. Exceptions to the rules pre-
sented in Table 1 might be found, since nearest neighbors 
may have an effect on the central base step, in particular in 
pyrimidine/purine steps. For example, the CA step in the se-
quence CCAA/TTGG appears to be more variable than in 
GCAA/TTGC [8]. Unfortunately there are not enough crys-
tallographic data to introduce this effect in Table 1. Also some 
of the roll values determined by X-ray diffraction may be 
biased by packing effects in the crystal. Furthermore, if 
some triplet repeats have unusual helical structures [10], this 
would certainly have an influence on their nucleosome form-
ing ability. 

The approach presented in this paper is in general agree-
ment with the results obtained using other methods. 

1. The GAT(G) repeats have recently been found to be 
reluctant to form nucleosomes [11], as predicted by the 
values given in Table 1. 

2. The AGC repeat has been confirmed to be inherently 
flexible [12]. 

3. In the study of Satchwell et al. [13], the AAT, AAA and 
GGC triplets showed a strong positional preference on 
nucleosomes, which indicates that the two steps in these 
triplets should be rather rigid, in agreement with their 
low variability of roll. The only exception is the GC 
step, which has a variable roll. However, these results 
are not strictly comparable, since Satchwell et al. [13] 
studied sequences that are not repetitive. 

4. In a related study it was found [14] that the AAA, TGG 
and CGG trinucleotides prefer to lie outside of the nu-

cleosome cores, which may also indicate that the two 
base steps present in each triplet are not flexible. This 
result is also in agreement with the roll values deter-
mined by Gorin et al. [5], except for the TG/CA step 
which is predicted to be variable. In this case the influ-
ence of neighboring sequences may determine the behav-
ior of the TGG triplet. 

Finally it is interesting to note that an extended repeat of 
the dodecamer sequence CCCCGCCCCGCG is involved in 
progressive myoclonus epilepsy [15]. This sequence contains 
nine rigid base pairs and only three flexible ones, so that it 
should be expected to be rigid and not able to form nucleo-
somes. However, the relationship between DNA structure and 
pathological situations is not clear, as discussed by Lalioti et 
al. [15]. In fact, both AGC and GGC expanded repeats are 
known to be involved in pathological situations, whereas the 
results available show that these two sequences respectively do 
not form nucleosomes [1] or form very stable ones [2]. 
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