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Using our model for predicting DNA superstructures from the sequence, the average distribution of the phases of curvature along the
sequences of the set of the 177 nucleosomal DNAs investigated by Satchwell et al. (J. Mol. Biol. 191 (1986) 659) was calculated. The
diagram obtained shows very significant features which allow the visualization of the intrinsic nucleosomal superstructure
characterized by two quasi-parallel tracts of a flat left-handed superhelical turn connected by a lefi-handed inflection in a
perpendicular direction; such a superstructure appears to be closely related to the nucleosome model of Travers and Klug (Phil.
Trans. R. Soc. Lond. 317 (1987) 537). The nucleosomal curvature phase diagram was then adopted as a sensitive determinant for the
nucleosome virtual positioning in DNAs via correlation function, obtaining a good agreement with the experimental mapping of
SV40 regulatory region as recently investigated by Ambrose et al. (J. Mol. Biol. 209 (1989) 255). This analysis shows also the presence
of a constant phase relation between the virtual nucleosome positions which suggests its possible implication in the nucleosome

condensation in chromatin.

1. Introduction

The relevance of the sequence-dependent
curvature for the regulatory regions of DNAs is
becoming a basic concept in understanding gene
regulation.

Curved DNAs have in fact been found to be
associated with the binding sites of many regu-
latory proteins, and shown to be involved in the
mechanisms of recombination, replication and
transcription [1-10].

The nucleosome is the association complex of
DNA (~ 145 bp) with the histone octamer where
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the DNA axis is wrapped on the proteic core with
an average curvature radius of about 43 A. Whilst
reconstitution of nucleosomal structures can be
practically obtained with any DNA sequence, ex-
cept some such as poly (A)/poly (T), a number of
papers have shown the existence of preferential
sites for DNA-histone association as well as the
occurrence of nucleosome-free regions in chro-
matin [11-17].

The experimental evidence indicates in fact that
nucleosome positioning along DNA sequence oc-
curs with different affinity and that it is regulated
by cooperative and competitive effects. It is clear
that the histone octamer is capable of distorting
the DNA helical axis in a flat, more or less regular
supercoil and this ability is enhanced by certain
base sequences either because of specific interac-
tions between the amino acid residues and certain
base-pairs, or because those regions of DNA have
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an intrinsic propensity to wrap over the protein
core, due to a high bendability, as first suggested
by Trifonov [18,19] and /or to a degree of intrinsic
curvature.

Using our theoretical model for predicting DNA
superstructures from the sequence [20-25], this
paper investigates the relations between intrinsic
curvature and nucleosome positioning, starting
from the analysis of the 177 nucleosomal se-
quences obtained by Satchwell et al. [26]. The
main result of this analysis is that the phase distri-
bution of the curvature vector along the nucleo-
somal sequences is a sensitive determinant for
locating the virtual nucleosome sites on DNAs.

2. The curvature features of 177 nucleosomal DNAs

We have previously shown [20-25] that it is
possible to predict with a good approximation the
superstructure of DNA tracts by integrating the
theoretical deviations 4, as obtained by conforma-
tional energy calculations, of the 16 different di-
nucleotide steps from the canonical B-DNA struc-

ture; these are represented by the following hermi-
tian complex matrix (in degrees):

| A T G C
(8.0,00) (=54, -05) (68,04) (20-17)
(~54,05) (-73,00) (10,16 (-25,27)
(6.8, =0.4) (10, -16) (46,00) (1.3, —0.6)
(24,1.7) (=25, -27) (1.3,06) (3.7,0.0)

QoA

the real and imaginary parts being the roll (p) and
the tilt (changed in sign) (— ) angles, respectively,
of the dinucleotide step: d=p — it =(p,~— 7). [t is
worth noting the dominant role of the roll angles
which satisfactorily agree with the values that
characterize the crystal structures of the double-
helical dodecamers investigated by X-ray analysis
[23,24].

The curvature at the sequence number n is
given, per turn of B-DNA, in modulus and phase
by the complex function:

nt+g/2

C(n)=+"7g L

s=n—g/2

d(s) exp(2wis/»®)

where »° is the average periodicity of B-DNA

10.4, g the integration grid and d(s) the local
deviation pertinent to the dinucleotide step at the
sequence number s,

The modulus of curvature [C(n)- C*(n)]'/?
represents the change of the helical axis after a
turn of the double helix; it is equal to 34/R(n)
(A) where R(n) is the curvature radius in A.
The phase of curvature is given by tan™!
(Im(C(n))/Re(C(n))) and represents the direc-
tion of the curvature vector with respect to the
pseudo dyad axis of the first dinucleotide step of
the sequence; following the recent standard con-
vention the positive direction is that centrifugal.

We demonstrated in previous papers that this
formulation is equivalent to the Taylor series first
order of the matrix transformations representing
the angular changes of the local helical axes.

In order to reduce the noise it was found con-
venient to adopt a value of g corresponding to
three turns of B-DNA (31 bp; s changing accord-
ingly between n— 15 and n + 15 sequence num-
bers).

It is interesting to note that the same modulus
of curvature is obtained using the sequence of one
or the other strand in the correct 57-3” direction,
whereas the phase must be changed in sign in
order to have the same dyad axis as origin of the
phase angles.

Such a representation of the curvature satisfac-
torily accounted for the experimental evidence of
all the multimeric oligonucleotides as well as for
the tracts of natural DNAs investigated by differ-
ent authors as illustrated in our previous papers
(refs 2,3,6,10,27-34 and M. Plhol et al., personal
communication). A very critical test of the sensi-
tivity of the model is the good correlation ob-
tained in predicting the electrophoretic retardation
changes in a tract of SV40 subjected to point
mutations [35] as investigated by Milton et al. [36].

Recently we introduced slight changes in the
local periodicity of B-DNA [25] in order to im-
prove the correlation diagram between the theoret-
ical and experimental electrophoretic retardation
factors of 450 multimeric oligonucleotides differ-
ing in periodicity (9-21 bp), sequence and in
molecular complexity (50-200 bp). The following
symmetrical matrix £ reports the local twist an-
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gles for each dinucleotide step:

|lA T G ¢
346 359 345 358
359 350 356 34.6
34.5 356 337 330
358 346 330 333

Qay e

The formula of curvature now becomes:

n+g/2

C(n)=»"g %

s=n—g/2

d(s) exp(is2(s))

Using this model, the curvature diagrams of the
177 nucleosomal DNAs were evaluated and the
diagram of the average curvature modulus ob-
tained. This is shown in fig. 1, and is characterized
by a variability of only 20% along the sequence
and a large dispersion (o = 3.09), indicating that
the modulus of curvature is a rather weak determi-
nant for nucleosome positioning along a DNA
sequence.

In contrast, the average distribution of the
curvature phases along the sequence of the 177
nucleosomal DNA evaluated by assigning the
modulus of curvature as the statistical weight (in
fact the phase is better determined as greater than
the corresponding modulus) shows very significant
features, as can be seen in fig. 2. This diagram
was obtained from the corresponding histogram
after a smoothing procedure followed by the self-
consistent optimization of the phasing of the 177
sequences within the limited shift of +2 bp from
the original register of Satchwell et al. (see table
1). In particular, the Fourier transform of the
curvature-weighted phase histogram was calcu-
lated and multiplied with a Gaussian smoothing
function in order to obtain through the inverse
Fourier transform a resolution power of 2 bp
along the sequence and 40° along the phase angle.
Then the correlation of this function and each
curvature function (phase and modulus) of the 177
nucleosomal DNAs was calculated summing up
the products of the two functions for all the
sequence positions. The calculation was repeated
shufting the sequence of +1 and +2 bp. The
whole calculation was then iterated adopting the
phasing of the 177 nucleosomal DNA char-
acterized by the best correlations until achieving

self-consistence; it was obtained in four cycles.
The resulting diagram is shown in fig. 3; the range
of n is between 15 and 127 because of the integra-
tion grid of 31 bp used as already reported and
the tailoring of the bp number at 142, correspond-
ing to the minimum bp number of the set of
Satchwell et al. which ranges between 146 and
142. Finally, the origin of the phase angles was
shifted at the pseudo dyad axis of the central 71st
dinucleotide step by subtracting to the phase an-
gles 360° - 71 /v°.

The diagram is characterized by the presence of
a pseudo center of inversion located at half se-
quence and by a practical invariance of the phase
except for the central tract, where the phase splits
about 90°.

In order to take into account that both the
strands of DNA are involved in nucleosome for-
mation, the diagram of fig. 2 was correctly sym-
metrized with respect to its inversion center at the
T1st step (in fact the complementary strands have
the same modulus and the phase changed in sign).
This corresponds to the presence of a dyad axis in
the resulting DNA superstructure coincident to
the pseudo dyad of the 71st dinucleotide step (see
fig. 3). )

It is interesting to note that if only the contri-
bution of AA and TT is considered, a very similar
phase diagram will be obtained, as illustrated in
fig. 4. This diagram is identical to the angular
distribution of AA and TT steps around the DNA
axis in the nucleosomal DNAs; the dominant value
of approx. 0° of the curvature phase indicates that
the majority of AA and TT steps faces in the
opposite direction of the curvature vector (which
points in the centrifugal direction according to the
standard convention) given the negative sign of
the pertinent deviation vectors: thus, in the case of
AA and TT steps, the pseudo dyad axes of such
dinucleotides have the propensity to be coplanar
with the nucleosome dyad axis. This agrees with
the results reported by Satchwell et al. [26], which
indicated that the AA and TT sequences face in
towards the nucleosome core.

However, the curvature phase diagram of the
remnant sequences, calculated without the contri-
butions of the AA and TT dinucleotide steps, also
showed a similar pattern (see fig. 5). Thus, the
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Fig. 1. Average curvature modulus distribution of the set of the 177 nucleosomal sequences investigated by Satchwell et al. [26]
(standard deviation = 3.0).

diagram of the curvature phase distribution ob-
tained in this paper shows that not only AA and
TT steps, but also the majority of the dinucleotide
steps cooperates in determining the curvature of
the nucleosomal DNAs.

Adopting the maximum of the phase distribu-
tion for each dinucleotide step along the sequence
as the corresponding curvature vector and using
the pertinent matrix transformations, a model of

the intrinsic virtual superstructure of nucleosomal
DNA was obtained (fig. 6a and b); it is repre-
sented by the segmental chain of the local helical
axis of recurrent turns of double helix, calculated
using the values of the curvature phase distribu-
tion (the maximum value was set equal to 8°,
corresponding to the maximum deviation of a
dinucleotide step) as bond angles, the phase incre-
ments as torsional angles and a constant bond

T "“I""I"

1
-
N
o
| LRk L) LLL

|
—
o
o

W

N
o
M
o

TR R S A
60

1 1 I 1 1
80 100 120

sequence number

Fig. 2. Curvature phase distribution of the set of the 177 nucleosomal DNAs. Eight contour lines drawn at regular intervals from 20
to 100% of the whole range.
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Fig. 3. Curvature phase distribution of the set of the 177 nucleosomal sequences and their complementary ones. Contour lines as in

length of 3.4 A. Such an operation saves the
phases namely the directions of curvature but
enhances the values of curvature in proportion
with the phase distribution; it should mimic the
action of the histones in amplifying the intrinsic
curvature as experimentally found for DNA-bind-
g regulatory proteins [3,4,10,33,38-41]. In the
case of nucleosomal DNAs, the histone cohesive

fig. 2.

forces should also provide the reversible packing
of the two symmetric halves of the superstructure,
as suggested by Dieterich et al. [42].

The model shows some characteristic features
of that proposed by Travers and Klug [37] on the
basis of different kinds of considerations and ex-
perimental evidence. It is characterized in fact by
the presence of a dyad axis and three curved

N

sequence number

Fig. 4. Average phase distribution of AA and TT dinucleotide steps pseudo dyad axes of the set of the 177 nucleosomal sequences
and their complementary ones. Contour lines as in fig. 2.
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Fig. 5. Curvature phase distribution due to all but AA and TT dinucleotide steps of the set of the 177 nucleosomal sequences and
their complementary ones. Seven contour lines drawn at regular intervals from 25 to 100% of the whole range.

b

Fig. 6. Stereoprojections along (a) and perpendicular (b) to the dyad axis of the intrinsic nucleosomal DNA superstructure obtained
from the maximum pathway of the curvature phase diagram of fig. 3.
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regions: two quasi-coplanar with a slight left-
handed pitch and one central with a curvature in a
plane nearly perpendicular, characterized by a
left-handed inflection (the Travers ‘jog’ [37]).

On the basis of these results we can assume the
curvature phase diagram of fig. 3 as a good de-
terminant for the virtual nucleosome positioning
by localizing the maxima of its correlation func-
tion with the corresponding curvature diagrams of
DNAs, as depicted in fig. 7. Such a function is
easily calculated as the average product of the
phase curvature diagram with the corresponding
curvature diagram of an identically sized tract
recurrent along the DNA sequence. The value of
correlation is assigned to the central dinucleotide
step of the DNA tract; therefore, the maxima of
the correlation function indicate the virtual posi-
tions of the dyad axis of the nucleosome.

NUCLEOSOMAL PHASE CURVATURE DIAGRAM

3. Nucleosome positioning in SV40 regulatory re-
gion

Adopting as determinant function the nucleo-
somal curvature phase diagram of fig. 3, but shift-
ing the origin of the function at its average value
(~ 30% of the variability range), we calculated the
correlation factors (the covariance) of the single
sequences of the 177 nucleosomal DNAs. All the
177 nucleosomal DNA, except very few cases,
showed a positive correlation, as illustrated in fig.
8.

Thus, we tried to obtain the virtual positions of
the nucleosomes in the case of the SV40 regu-
latory region (-275,650 sequence number) recently
investigated by Ambrose et al. [43]; the diagram of
the modulus of curvature is shown in fig. 9 and
the resulting correlation diagram is shown in fig.

DNA CURVATURE DIAGRAM

i
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VIRTUAL NUCLEOSOME LOCATION

Fig. 7. Pictorial drawing of the derivation of the correlation function between the nucleosomal curvature phase distribution of fig. 3
and curvature diagram of a DNA fragment.
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Fig. 8. Correlation factors of the set of the 177 nucleosomal DNAs with the curvature phase diagram of fig. 3 with the origin shifted
at the average value.
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Fig. 9. Curvature modulus profile of SV40 regulatory region ( — 275,650): integration grid = 31 bp.
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Fig. 10. Correlation function and nucleosome positioning along the SV40 regulatory region (—275,650).
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Table 1

Sequence shifts for optimal phasing of the Satchwell et al.
nucleosomal DNAs

0 2 0 1 1 1 -2 1 -1 1 10
2 0 2 1 2 1 2 -2 0 -2 20
2 0 2 2 1 1 -1 2 1 -1 30
-1 0 -1 0 -2 1 -2 1 -2 0 40
2 1 -1 2 2 -2 =2 -2 0 2 50
0 2 -1 -2 2 -2 1 -1 =2 2 60
2 0 -1 1 1 1 -1 0 0 -2 70
2 0o -1 -1 -2 -2 0 -1 -2 -2 80
-2 2 2 -2 -2 1 1 0 -2 0 9
1 -2 1 1 1 -2 0 0 1 -1 100
-2 2 0 1 1 -2 -2 -2 =2 1 110
2 0 -2 1 0 -2 1 2 =2 1 120
1 2 1 -2 2 0 1 -2 2 0 130
0 2 2 2 -1 2 2 2 1 1 140
1 2 2 2 -2 1 1 -2 2 1 150
-2 0 0 2 1 -1 0 -2 0 0 160
-1 -1 0 2 2 -1 0 0 0 0 170
-1 2 2 -1 -2 -2 -2 177

10. In the correlation calculations the curvature
phase pattern of fig. 3 was nsed with the origin
shifted at its average value plus the standard devi-
ation (50% of the variability range), in order to
localize the nucleosome with the highest affinity.
As can be observed on comparison with the curva-
ture diagram of fig. 9, high curvature is not a
sufficient condition for nucleosome location.

The apparent feature of the correlation diagram

is the recurrent periodicity corresponding to the
helical symmetry of the B-DNA structure, which
indicates the possibility of a limited nucleosome
sliding along the same cylindrical sector of DNA.
The maxima represent possible locations of the
nucleosome dyad axis along the sequence and
satisfactorily account for the experimental
nucleosome map as obtained by smoothing, via
Fourier transform, the original clone distribution
of Ambrose et al. [43] (see fig. 11). In fact, the
highest group of maxima of correlation coincides
with the maximum of the clone abundance which
indicates the preferential occurrence of nucleo-
some in that DNA region.

It should be noted that the maxima of the
correlation function as well as of the experimental
map occur at intervals less than the extension of
nucleosomal DNA (> 145 bp) and then represent
only possible sites for histones. The actual
nucleosome distribution is therefore conditioned
by both saturation and exclusion effects. This can
explain the fact that certain regions such as the
origin of replication of SV40 appear nucleosome
free in some experiments when in others they seem
to be involved in nucleosome formation.

There are in fact different possible patterns of
nucleosome arrangements which are determined
by the number of nucleosomes, the exclusion of
nucleosome assemblies with distances less than
150-160 bp, and finally by the optimization of the
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Fig. 11. Experimental nucleosome map of SV40 regulatory region (—275,650) obtained by smoothing the Ambrose et al. [43] clone
frequencies.
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global correlation with nucleosomal curvature fea-
tures.

Finally, it could be of particular interest that
the strong periodicity of 10.26 bp (evaluated via
Fourier transform), which characterizes the corre-
lation function of the regulatory region of SV40 in
fig. 10, is strictly coherent over the whole range of
about 800 bp, indicating that the assembling
nucleosomes are in phase, which could be an
important feature for their condensation in chro-
matin.

4. Conclusions

The results obtained are very promising for
further applications of our model and eventually,
its refinement; it should be noted that they are
obtained by adopting the same successful model
used in previous papers [20-25] in predicting the
superstructures of DNAs and their experimental
manifestations (electron microscopy visualization,
gel electrophoresis, selective DNAse digestion,
point mutations and X-ray structures of double-
helical dodecamers).
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