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Correlation of intrinsic DNA curvature with DNA property periodicity
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Abstract Twelve di- and trinucleotide parameter sets repre-
senting various structural, thermodynamic or bendability-related
properties of DNA were tested in the prediction of DNA
curvature applying Fourier analysis on curved and straight, A/T-
type or G/C-type DNA sequence motifs. The best predictions
were obtained with a new consensus bendability scale created by
combining a nucleosome-based and a deoxyribonuclease I-based
parameter set. Geometry calculations on the same sequences
showed that the helical parameters derived from NMR structures
can correctly predict curvature, as distinct from the parameters
derived from X-ray crystallographic analysis.
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1. Introduction

Sequence-dependent DNA bending plays a crucial role in
many biological events such as packaging, transcription, site-
specific recombination and DNA replication [1]. It is impor-
tant therefore to predict both intrinsically curved regions and
flexible, easy-to-bend sites in DNA sequences. There are a
number of models and algorithms available (see ¢.g. [2,3] for
references) but there is still no complete consensus on either
the nature of intrinsic DNA curvature or the sequence-de-
pendent parameters suitable for its prediction.

The central concept of intrinsic DNA curvature is helical
phasing [1}: Repeating a uniform structural deformation at
about every 10 or 10.5 basepairs in a sequence (i.e. ‘in phase’
with the helical repeat of B-DNA) can result in a macroscopic
curvature of the DNA trajectory. By far the best characterized
elements involved in curvature are phased A/T tracts. A/T-
tract-based curvature can be correctly predicted by most algo-
rithms [2,4], moreover it can be simply recognized by visual
inspection or by pattern recognition methods. Also, it was
shown that DNA curvature can be caused by the periodic
repeats of other motifs, such as GGGCCC [5), as well as by
such elements as nicks, gaps [6] and, to some extent, unpaired
loops [7]. These examples lead us to suppose that a helically
phased repetition of a certain property (such as those related
to stability or flexibility of DNA) and not only a given se-
quence pattern might be a sufficient basis for intrinsic curva-
ture.

The aim of the present work was to determine the correla-
tion of experimentally known curvature with the periodicity of
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various sequence-dependent properties of DNA. For this pur-
pose we chose 11 representative sets covering various structur-
al, thermodynamic and bendability-related properties. We
compare these parameters on a selected set of ‘difficult
DNA motifs” [5,8,9] that are known to cause problems in
predicting curvature from sequence. We show that helical
roll angles deduced from NMR measurements, but not the
ones based on X-ray crystallographic data, can correctly pre-
dict curvature in these examples, and present a consensus
bendability scale which is especially suitable for this purpose.

2. Materials and methods

2.1. Sequence-dependent parameters and calculation of property profiles

Twelve di- and trinucleotide property scales were used (Tables 1
and 2). Six of them are helical roll angles [10-15] that are known to
reflect the major deviations of the helix axis in DNA structures from
the ideal straight line [3]. Three scales are free energies (AG) that
characterize the relative stability of B-DNA with respect to the transi-
tions to A, Z or coil forms, respectively [16-18]. The two bendability
scales are based on fractional occurrences of trinucleotides in bent or
bendable regions, derived from deoxyribonuclease I (DNase I) cutting
[19] and nucleosome positioning experiments [2,20], respectively. All
scales were taken from the literature and applied in their original
form. A consensus bendability scale was calculated as the average
of the last two scales.

The property profiles were constructed by dividing the sequence
into overlapping di- or trinucleotides and assigning a corresponding
scale value from Table 1 or Table 2, respectively. For the uniformity
of the further calculations, we constructed test sequences of 210 nu-
cleotides from the short repeat sequences given in Table 3.

2.2. Fourier analysis

For the analysis of periodicity in a DNA parametric profile, we
used a sensitive and robust variant of the discrete Fourier transform
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Fig. 1. Examples of Fourier spectra. Fourier spectrum of the se-
quence AT3 (AAAATTTTGC), (continuous line) and of the se-
quence AT4 (TTTTAAAAGC), (dotted line) calculated according
to Eq. 1 using the consensus bendability scale (Table 2). The discri-
mination index D is calculated according to Eq. 3. The sequences
are taken from [9]. Representations of the DNA path were calcu-
lated from the helical roll, tilt and twist angles of Ulyanov and
James [10] using standard matrix transformation technique [14].
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Table 1
Dinucleotide parameter sets
AATT CGCG ACGT CCGG ATAT AGCT GATC GCGC CATG TATA
1 G(B—A), Aida [16], (kJ/mol) —0.96 —10.79 4.52 2.26 6.82 0.79 3.18 8.27 5.10 0.42
G(B—Z), Hartmann et al. [17], 16.30 16.70 5.40 10.00 10.00 14.20 10.50 2.90 19.20 24.70
(kJ/mol)
3 G(B—C), Breslauer et al. [18], 7.90 15.10 5.40 13.00 6.30 6.70 6.70 13.00 7.90 3.80
(kJ/mol)
4 Roll, Bolshoy et al. [13], (°) —6.50 6.70 —-0.90 1.20 2.60 8.40 —2.70 —5.00 1.60 0.90
5 Roll, De Santis et al. [14], (°) —5.40 4.60 —2.40 1.30 —7.30 1.00 2.00 —3.70 6.70 8.00
6 Roll, Calladine et al. [15], (°) 0.00 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 6.60
7 Roll, Bansal et al. [12], (°) 2.66 3.21 —0.70 5.82 —0.29 7.10 0.31 —6.40 —7.50 0.54
8 Roll, Gorin et al. [11], (°) 0.50 6.60 0.40 6.50 —0.60 2.90 —0.10 —7.00 1.10 2.60
9 Roll, Uljanov and James [10], (°) 1.40 11.10 0.90 6.20 —-2.10 3.10 3.40 5.70 12.10 4,00

[21]. By this method, the periodicity of any property along a sequence
can be detected by calculating a Fourier transform power spectrum:

L 2 L ?
P(w) = [kacos(km)] + {kasin(k(n)} 1)
k=1 k=1

where vy is a property values at the k-th sequence position, L is the
length of the sequence and o is the helical twist angle. This expression
is expected to give a maximum around the repeat length of B-DNA
(10.5 nucleotides per turn) if a sequence is curved and the property
scale is suitable for curvature detection. A quantitative index of per-
iodicity in the range of DNA helical repeat is:

1 1
D= 7 E Icurved,i_} E Istraightj (3)
i j

The discrimination index was calculated for all sequences as well as
for the groups of A/T-type and G/C-type motifs (Table 4). In fact, the
present form of discriminant index is quite arbitrary. Therefore, it
should be considered only as a coarse ranking indicator to highlight
the qualitative differences between parameter sets.

2.3. Geometry calculations
Curvature geometry of DNA was calculated with the BEND pro-
gram of Goodsell and Dickerson [2] kindly provided by the authors.

40 In this program, the normal vectors of successive basepairs are added

P() up vectorially and the angle between two averaged normal vectors 15

I= “}—?30———-100% (2) basepairs apart is used as the indicator of curvature as described [2].
)

Z Plw
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This formula expresses that portion of the whole Fourier spectrum
which is in the range corresponding to the periodicity of B-DNA. In
this study a range of 30-40° in twist angle (9-12 nucleotides per turn)
was used. It includes the dominant Fourier peak of all the curved
sequences analyzed in this work, since they all contain 10 or 10.5
nucleotide repeats. Small changes of this range do not alter the qual-
itative picture obtained with our examples of curved and straight
DNA. Cornette et al. [21] also describe a least-squares method for

3. Results and discussion

Fig. 1A shows typical Fourier power spectra calculated
using the consensus bendability parameters. The dominating
peak around 36° (10 nucleotides per helical turn) in the spec-
trum of the curved motif is much less pronounced in the
spectrum of the straight motif. These spectra illustrate that
a given feature (i.e. DNA bendability) is ‘in phase’ with the

helical repeat of B-DNA within the curved sequence, and is
‘out of phase’ (with a periodicity of 5 nucleotides, i.e. half of a
helical turn) in the opposite case. The rather obvious differ-
ence is quantitatively shown by the 7 indexes given in the
figure.

Table 4 shows a comparison of the various scales on 7 test

testing periodicities which is an alternative to the Fourier power spec-
trum. While the least-squares method may be preferable for very short
sequence segments [21], we did not find any appreciable difference
with our examples, so we based our study on Fourier analysis.

Given a set of i straight and j curved sequences one can define a
discrimination index D which is the quantitative difference between
the average of the I values calculated for the two groups:

Table 2
Trinucleotide parameter sets
Trinucleotide ~ Bendability Bendability (nu- Consensus bend- Trinucleotide Bendability Bendability (nu- Consensus bend-
(DNase I) [19]  cleosome) [20] ability scale (DNase 1) [19] cleosome) [20] ability scale
AAA/TTT 0.1 0.0 0.05 CAG/CTG 9.6 42 6.90
AAC/GTT 1.6 3.7 2.65 CCA/TGG 0.7 5.4 3.05
AAG/CTT 42 5.2 4.70 CCCIGGG 5.7 6.0 5.85
AAT/ATT 0.0 0.7 0.35 CCG/ICGG 3.0 4.7 3.85
ACA/TGT 5.8 5.2 5.50 CGA/TCG 5.8 8.3 7.05
ACCI/IGGT 5.2 54 5.30 CGCIGCG 4.3 7.5 5.90
ACG/CGT 5.2 5.4 5.30 CTA/TAG 7.8 22 5.00
ACT/AGT 2.0 5.8 7.80 CTC/IGAG 6.6 5.4 6.00
AGA/TCT 6.5 33 4.90 GAA/TTC 5.1 3.0 4,05
AGC/GCT 6.3 7.5 6.90 GAC/GTC 5.6 5.4 5.50
AGG/CCT 47 5.4 5.05 GCA/TGC 7.5 6.0 6.75
ATA/TAT 9.7 2.8 6.25 GCCIGGC 8.2 10.0 9.10
ATC/GAT 3.6 5.3 4.45 GGA/TCC 6.2 3.8 5.00
ATG/CAT 8.7 6.7 7.70 GTA/TAC 6.4 3.7 5.05
CAA/TTG 6.2 3.3 4.75 TAA/TTA 7.3 2.0 4.65
CACI/IGTG 6.8 6.5 6.65 TCA/TGA 10.0 5.4 7.70
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Table 3

DNA sequence motifs used for the comparison of parameter sets

Name Sequence Curvature Reference

AT1 (caaaattttg), curved Hagerman [9]
AT2 (cttttaaaag), straight Hagerman [9)]
AT3 (gaaaattttc), curved Hagerman [9]
AT4 (gttttaaaac), straight Hagerman [9)
GC1 (agggcectagaggggeee tag), curved Brukner et al. [5]
GC2 (aaaaactctctaaaaactctcgggcectagaggggccctaga), straight Brukner et al. [8]
GC3 (aaaaactctctaaaaactctcgaggggecctagagggeccta),, curved Brukner et al. [8]

sequences. Four of these are the A/T-type motifs of Hager-
man [9], in which a seemingly similar A/T periodicity gives
rise to a drastic difference in curvature, while the other three
are G/C-type motifs [5,8]. The performance of each scale can
be conveniently judged from the D value which will be high if
the scale can distinguish curved and straight sequences. The
higher the D value, the better the discriminative ability of a
scale. A negative D value, on the other hand, shows that, with
the given scale, the straight motifs appear to be more curved
than the curved ones. According to the results in Table 4,
none of the scales performed equally well on both the A/T-
type and G/C-type motifs. The best overall results were ob-
tained with the consensus bendability scale and with the
NMR-derived roll angles of Ulyanov and James [10]. Several
scales (Brukner’s bendability [19] and DeSantis’ roll angles
[14]) performed well on A/T sequences but not on G/C motifs.
On the other hand, the nucleosome bendability scale, calcu-
lated from the data of Satchwell et al. [20] by Goodsell and
Dickerson [2], which showed the highest D value on the G/C-
type motifs, could not distinguish curved and straight motifs
in the A/T-rich group.

The consensus bendability scale can be best pictured as an
attempt to get rid of the particular features of the experimen-
tal systems upon which the two scales are based (i.e. DNase [
cutting and nucleosome binding), and to emphasize their com-
mon properties. The consensus scale is a simple arithmetic
average of these two scales; no weighting was used to opti-
mize its predictive power on the present examples. Neverthe-

Table 4

less, as the results in Table 4 show, the consensus scale per-
forms quite well on both the A/T-type and G/C-type motifs
and can therefore be considered a suitable qualitative indica-
tor of DNA curvature. It is worth mentioning here that bend-
ability scales should not be used for quantitative curvature
calculations, since they cannot be rationally decomposed
into helical geometry parameters (such as roll, tilt, twist) nec-
essary for the reconstruction of the helical path of DNA.
Also, frequency statistics on bend/bendable sites will reflect
both the flexibility and the inherent geometry of these sites,
but will not in themselves allow one to distinguish between
these [19].

The performance of any given property is expected to be
better for trinucleotide or tetranucleotide scales than for a
dinucleotide scale, simply because the former incorporate a
larger sequence context. One should also take into account
that much larger experimental data sets are available for
building statistical bendability scales than the current set of
X-ray or NMR-based DNA structures. In this respect it is
interesting to mention that the dinucleotide scale of NMR-
based roll angles was one of the best predictors of curvature,
comparable to the trinucleotide-based consensus bendability
scale. It was unexpected, on the other hand, that roll angles
derived from the X-ray structures [11,12] did not perform very
well in distinguishing curved and straight motifs (Table 4).
Since this difference can be, in principle, related to the nature
of the technique we used to distinguish between curved and
straight motifs, we carried out an additional independent

Quantitative comparison of DNA parameter scales using Fourier analysis on selected sequences

Scale Periodicity index (%)* Discrimination index®
Curved motifs Straight motifs All motifs AT motifs  GC motifs
ATl AT3 GCI AT2 AT4 GC2
1 G(B—A), Aida et al. [16], (kJ/mol) 17.30 1515 3282 3092 2951 0.61 7.18 11.61 1.16 24.69
G(B—Z), Hartmann et al. [17], 049 251 49.14 4018 4969 4356 871 —1091 —45.13 35.95
(kJ/mol)
3  G(B—C), Breslauer et al. [18], 3196 1830 76.69 2147 2350 13.13 32.52 14.06 6.81 16.56
(kJ/mol)
4 Roll, Bolshoy et al. [13], (°) 448 10.10 21.17 528 20.12 21.47 2963 —13.48 —13.51 —16.41
5 Roll, De Santis et al. [14], (°) 4344 6840 2975 1325 0.18 0.18 3387 27.30 55.74 —12.37
6  Roll, Calladine et al. [15], (°) 20.80 22.90 32.64 3687 3503 5454 828 —431 -22.94 26.48
7 Roll, Bansal et al. [12], (®) 4988 018 344 080 025 853 301 9.65 20.64 —0.89
8 Roll, Gorin et al. {11}, (°) 1202 1680 031 080 1215 7.55 043 0.77 4.56 0.13
9 Roll, Uljanov and James [10], (°) 56.50 52.70 68.71 23.50 17.85 816 331 40.58 41.60 42.80
10 Bendability, Brukner et ai. 73.62 7830 485 2405 147 196 19.88 37.44 74.25 —543
[19], (aw)°
11 Bendability, Satchwell et al. 65.77 62.80 73.01 5288 5791 48.65 4.23 26.69 11.01 58.72
[20], Goodsell and Dickerson [2], (°)
12 Consensus bendability, this work (au)° 73.01 74.11 51.66 39.45 2233 632 3.56  48.82 59.24 42.00

2Calculated according to Eq. 2.
bCalculated according to Eq. 3.
au, arbitrary units.



68

Table 5
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Comparison of various geometric parameters in curvature calculation using the BEND program [2]

Scales (roll, tilt, twist angles)

Angle of curvature (°)?

Discrimination index

Curved motifs Straight motifs AT motifs GC motifs
ATI1 AT3 GCl1 GC3 AT2 AT4 GC2

1 Bolshoy et al. [13] 18.91 48.13 37.82 67.61 50.42 43.55 78.50 —13.47 —25.79

2 De Santis et al. [14] 62.46 57.87 12.03 44.69 8.60 20.06 48.13 45.84 —19.77

3 Calladine et al. [15] 15.47 15.47 9.74 19.48 5.73 5.73 22.92 9.74 —8.31

4 Bansal et al. [12] 88.81 29.80 10.89 31.52 29.80 18.34 20.06 35.24 1.15

5 Gorin et al. [11] 17.19 18.34 12.03 13.18 18.91 12.03 18.34 2.29 —-5.73

6 Ulyanov and James [10] 74.49 49.85 32.66 32.66 14.90 20.63 21.77 44 41 10.89

2The angle between the normal vectors of two basepairs situated 15 nucleotides apart [2]. The maximum value is given in those cases when the value

varied along the sequence motif.

comparison based a more rigorous geometry calculation using
the BEND program of Goodsell and Dickerson [2]. To calcu-
late helical curvature, this program employs, in addition to
roll angles, sequence-dependent tilt and twist helical angles.
This comparison (Table 5) confirms the results of the Fourier
periodicity analysis. We obtained the best results with the
helical parameters derived from NMR structures by Ulyanov
and James [10]. It is especially noteworthy that the NMR-
based scales gave by far the best discrimination for G/C mo-
tifs, while most other models gave negative D values, i.e.
showed curvature in straight motifs and vice versa. It thus
appears that, at least with the present examples, the helical
rotational parameters derived from X-ray crystallography are
less suitable for detecting curvature then are the NMR-based
rotational parameters. As the set of dinucleotide parameters
can be considered as abstracted generalized form of a struc-
tural database, the difference is noteworthy. The systematic
differences that may exist between DNA structure in solution
and in crystals warrant further interest in this field.
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