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Abstract

A theoretical model for predicting intrinsic and induced DNA superstructures as well as their thermodynamic
properties is presented. Intrinsic sequence-dependent superstructures are evaluated by integrating local deviations from
the canonical B-DNA of the different dinucleotide steps. Induced superstructures are obtained by adopting the
principle of minimum deformation free energy, evaluated in the Fourier space, in the framework of first-order
elasticity. Finally dinucleotide stacking energies and melting temperatures are considered to account for local flexibility.
In fact the two scales are strongly correlated. The model works very satisfactorily in predicting the sequence-
dependent effects on the DNA experimental behavior, such as the gel electrophoresis retardation, the writhe transitions
in topologically constrained domains, the thermodynamic constants of circularization reactions as well as the
nucleosome thermodynamic stability constants.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reductionistic program of Molecular Biolo-
gy represents the attempt to explain the immense
variety of phenomena in living matter in terms of
the physical chemistry laws. Proteins and nucleic
acids are the most important basic elements of
biological systems. Proteins are involved in a wide
spectrum of biological functions as a result of their
structural polymorphism and conformational ver-
satility. This is due to the large chemical dispersion
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of the 20 different amino-acid side groups, which
strongly modulate the conformational features of
the polypeptide chain.
Many attempts have been made to predict the

tertiary structures of proteins from their amino-
acid sequence. In spite of the large progress in the
study on the nature of intermolecular forces and
the present power of computational systems and
techniques, the full solution to this problem is still
far from being found. On the contrary, the substan-
tial homogeneity and the consequent conforma-
tional degeneracy of the nucleotide residues along
DNA double helix, have recently allowed good
progress in the knowledge of the molecular mech-
anisms that control the functional organization of
the genome as well as the prediction of some
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Fig. 1. Orientational parameters of the base pair average plane
in a dinucleotide step.

biologically relevant structural properties in terms
of the sequence.
In fact, the perfect base pairing of the DNA

double helix restricts the structural variance in the
biological conditions to relatively slow modula-
tions of the B-DNA structure. These modulations
can produce superstructures when phased with the
DNA helical periodicity. They are relevant for
their physical–chemical properties and biological
functions. In fact, many DNAs were found to be
curved in biologically important tracts, such as
protein-binding regions, transcription loops or
nucleosomes. In addition, it is reasonable that the
differential flexibility of the DNA chain could
favor the structural deformations involved in these
processes. This suggests that sequence-dependent
curvature and flexibility play a relevant role in the
management of the complex physical–chemical
transformations in the living matter.
In the present paper some theoretical and exper-

imental aspects of a statistical–thermodynamic
model, advanced some years ago, are reported. It
allows the prediction of the sequence-dependent
DNA superstructures by integrating the local devi-
ations from the canonical B-DNA structure, pro-
duced by the differential interactions between the
16 different dinucleotide steps. The framework of
first-order elasticity theory is adopted to represent
the DNA response to perturbing forces arising, for
example, from protein binding, circularization,
and, generally, from the environment.

2. DNA intrinsic curvature

The curvature of a space line is defined as the
derivative, dtydl, of the tangent versor,t, along
the line, l w1x. Its modulus is the inverse of the
curvature radius and its direction is that of the
main normal to the curve. Namely, curvature rep-
resents the bend of the local helical axes while the
phase is its direction. Sequence-dependent DNA
curvature can be conveniently represented by a
complex function of the sequence number,n

1
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c(n,t) is the curvature of the double helix per bp,
calculated over recurrent turns and assigned to the
central base pair of thenth turn, at the timet;
d(s)s(ryit) is the intrinsic deviation from the
canonical B-DNA structure of thesth dinucleotide
step in terms of its roll,r and tilt, t, angles(Fig.
1); d(s,t) represents the local dynamic fluctuations
of sth base pair curvature at the timet; n is the
helical average periodicity at thenth turn, evalu-
ated from the local twist angles,V.
Summing up the local roll and tilt deviations

over a turn defines the curvature of the helical
axis that occurs only when a harmonic component
of the distribution of the local deviations exists
coherent with the helix periodicity. All the other
contributions affect locally the DNA structure, but
their effects cancel and do not produce superstruc-
tural modifications of the chain.

c(n,t) results equal to the sum of a static intrinsic
contribution, c(n), and a dynamic contribution,
x(n,t), whose time average is obviously zero.
Therefore the time average or the ensemble aver-
age curvature simply corresponds to the intrinsic
curvature of the DNA sequence.
Roll, tilt and twist angles were first obtained by

minimizing the conformational energy of the dif-
ferent dinucleotide steps and later refined to opti-
mize the agreement with experimental dataw2,3x.
They are reported in degrees in Table 1.
As curvature is a complex function, it is repre-

sented in modulus, which quantifies the local angle
of bending, and phase, namely the direction where
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Fig. 2. Diagrams representing the curvature modulus and phase
of the 217 bp DNA sequence containing the loop region ofC.
fasciculata. The modulus is reported in degrees per turn of
double helix. The phase is reported in degrees.

Table 1
Roll, r, tilt, t, and twist,V, angles in degrees for each dinucleotide step

r, t, V

A T G C

T 8.0, 0.0, 34.5 y5.4, 0.5, 36.0 6.8,y0.4, 34.1 2.0, 1.7, 34.6
A y5.4,y0.5, 36.0 y7.3, 0.0, 35.3 1.0,y1.6, 34.4 y2.5,y2.7, 33.7
C 6.8, 0.4, 34.1 1.0, 1.6, 34.4 4.6, 0.0, 33.5 1.3, 0.6, 33.1
G 2.0,y1.7, 34.6 y2.5, 2.7, 33.7 1.3,y0.6, 33.1 y3.7, 0.0, 33.3

the bending points. As an example, Fig. 2 illus-
trates the intrinsic curvature diagram in modulus
and phase of 423 bp tract of Kinetoplast DNA
from L. tarentolae. It represents the first DNA
where intrinsic curvature was experimentally
detected by polyacrylamide gel electrophoresis
retardationw4x. In agreement with the experimental
evidence the diagram shows a region of marked
curvature centered atns145, which results in a
rather sharp bend of the helical axis of approxi-
mately 908.

3. The dispersion of curvature and the predic-
tion of the gel electrophoresis retardation

At present, the most sensitive tool for detecting
curvature in DNA tracts or localizing the main
curvature sites, is represented by polyacrylamide
gel electrophoresis. Curved DNAs are character-
ized by a lower electrophoretic mobility than
straight DNAs with the same molecular mass. The
retardation factor quantifies this property as the
ratio between the apparent and the actual molecular
sizes.
Wu and Crothersw5x measured electrophoretic

mobility of a restriction fragment isolated fromL.
tarentolae. They localized bent regions along the
sequence corresponding to regions of repeated AØT
in phase with the B-DNA helix screw.
Later Koo et al. w6x studied the influence of

phasing AAØTT stretches in homopolymeric DNA
oligomers. They found that the phasing of the
sequences coherent with the helical repeat is a
sufficient condition to induce electrophoretic
anomalies, whereas DNA with AAØTT stretches
with different periodicities were not affected. They
concluded that AAØTT stretches with the proper

phasing are able to induce an intrinsic curvature
in DNA chains.
Hagerman studied the problem of phasing by

analyzing the gel retardation of several DNA
containing AAØTT stretches with different polarity.
He found that DNAs with sequences d(CA T G)4 4 n

or d(GA T C) show high retardation, whereas4 4 n

DNAs with sequences d(CT A G) or4 4 n

d(GT A C) have normal mobility. He concluded4 4 n

that also the dinucleotides different from AAØTT,
play a relevant role in determining intrinsic bend-
ing w7,8x.
Two models were advanced to explain the elec-

trophoretic anomalies in physical–chemical terms.
The first suggested the conformational transition
at the boundaries between the canonical B-DNA
and a different structure, characterizing AAØTT
repeated stretches, as the origin of the retardation
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w6,9x. This gives rise to bends, which integrate
effectively when in phase with DNA periodicity.
Following the wedge hypothesis suggested by

Trifonov w10x, an alternative model based on the
differential interactions between nearest-neighbor
base pairs was advanced, which introduces struc-
tural perturbations on the double helixw2,3x. When
coherent with the B-DNA helical symmetry, they
are amplified on a superstructural level. As a
matter of fact, the resulting curvature satisfactorily
correlated with the retardation factors of a number
of multimeric oligonucleotides.
Later, Bolshoy et al.w11x analyzed the gel

retardation data relative to 54 synthetic DNA
fragments not having AAØTT in their sequences,
and found that also DNA containing other types
of dinucleotides can show large electrophoretic
anomalies, in agreement with the previous proposal
w2,3x.
Several authors have tried to rationalize and

justify in terms of physical-chemical properties the
relation between curvature and electrophoretic
mobility. Most of the model can be considered
extensions of the reptation theoryw12x.
The expression for electrophoresis mobility,m,

was derived by Lumpkin et al.w13x. The most
interesting result was thatm appears to be propor-
tional to the component of the end-to-end vector
in the direction of the electric field and inversely
proportional to the squared DNA contour length.
The first term can be related to the persistence
length of the DNA chain. However, this model
does not account for electrophoretic anomalies.
The experimental evidence of curved DNAsw4x

has lead to reconsider the concept of persistence
length, trying to include not only the dynamical
effects due to the chain motion, but also the static
effect of intrinsic bents.
Actually, Trifonov et al. w14x introduced the

concept of apparent persistence length. They stated
that the presence of static wedges in the DNA
chain, due to the occurrence of the different dinu-
cleotides, reduces the measured value of the DNA
persistence length, with respect to the value rela-
tive to the dynamic flexibility of the chain. They
proposed that the apparent persistence length,
P , is related to the static and dynamic contri-app

butions as 1yP s1yP q1yP .app s d

Later, Schellman and Harveyw15x proposed a
mathematical method to analyze the static contri-
butions to the persistence length and the dynamic
contributions to curvature due to the DNA
sequence.
On the contrary, Levene and Zimmw16x tried to

explain DNA retardation including DNA elastic
free energy. They simulated the behavior of DNA
chain as it moves along the gel network and
studied the DNA conformations in term of the
first-order elastic free energy to distort the chain
from its intrinsic structure. The results they
obtained reproduced the dependence of the anom-
alous mobility of kinetoplast DNA fragments.
At present, it is clear that DNA gel retardation

is affected by sequence-dependent DNA curvature
and flexibility. Therefore a general model should
account for both effects.
The electrophoretic retardation is defined as the

ratio of the apparent and real molecular weights
of a DNA chain. In a first approximation, it
corresponds to the mobility ratio of a curved DNA
and a straight DNA with the same molecular
weight, indicated bym andm respectively. Ifstr cur

we adopt the simple thermodynamic hypothesis
that DNA mobility depends on the activation free
energy required to travel among the gel network,
the electrophoresis retardation should be exponen-
tially related to the activation free-energy differ-
ence necessary to distort the straight and curved
DNA, respectively

‡ ‡B Em DG yDGstr str curRs sexp y (2)C F
m D RT Gcur

Practically it depends on the average energy
necessary to straighten the curved DNA.
Consequently, the electrophoretic retardation

should be a manifestation of the longer relaxation
time required by the curved DNA to reach a
plausibly straight structure, more suitable to travel
among the gel network in the electric field
direction.
Following the Landau–Lifshitz model of an

elastic cylindrical bar deformationw1x and assum-
ing a simple first-order elasticity model of DNA
deformation, the straightening energy is propor-
tional tos , the second moment of the distribution2
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Fig. 3. Representation of the integral curvature on a sphere and
a complex plane. The local axes of a DNA chain are translated
at the center of the sphere so that their tips draw a curve on
the surface.h(1) andh(i) represent the first and theith local
axis. The modulus of the integral curvature,C(i), represents
the angle between theith local axis and the first. If DNA is
slightly bent, the distribution of the local axes around their
mean is narrow. They cover a small area of the spherical sur-
face, which can be projected onto a complex plane as a
consequence.

of the local axes of the DNA chain reported on a
sphere. It corresponds to the mean square deviation
along the sequence, in a certain time interval and
with respect to its average value, of the integral
curvatureC(n,t), namely the angle between the
first and thenth local helical axes

2
2 Ž . Ž .s s C n,t y C n,t (3)N M) )N M

In the case of little curvature, it is possible to
project the tips of the vectors representing the local
axes, lying on the surface of a sphere, on a plane
(Fig. 3). Adopting a complex plane representation
wsee Eq.(1)x, it follows

Ž . Ž . Ž .C n,t sC n qJ n,t (4)

where, at the limit of a continuous chain, when it
is possible to express terms as linear integrals
along the chain, instead of summations:

n

Ž . Ž .C n s c m dm (5)|
0

andJ(n,t) is

n

Ž . Ž .J n,t s x m,t dm (6)|
0

If we define static and dynamic contributions as
22 Ž . Ž . Ž .s s C n C n y C n) N MN M ) )s

and
22 Ž . Ž . N Ms s J n,t J n,t y J(n,t))N M ) )d

respectively,s becomes2

2 2 2 Ž . Ž .s ss qs q2Re C n J n,t)N Ms d µ
B E
C FŽ . Ž .y C n J n,t (7)N M N M) ∂D G

The terms containingNJ(n,t)M, which represents
the integral dynamic fluctuations time average,
equal to zero. Therefore, the mean square devia-
tion, in the absence of a significant covariance
between dynamic fluctuations and curvature, can
be written as , and the dynamic con-2 2 2s ss qss d

tribution becomes .2 Ž . Ž .s s J n,t = J n,t)N Md

The importance of the dynamic contribution on
DNA mechanical properties was first advanced by
Olson and coworkersw17x.
The straightening energies for a bent and a

standard straight DNA are respectively ‡DG scur

and , being the statics2 2 ‡ *2 2Ž . Ž .k s qs DG sk ss d str d

of a straight DNA equal to zero by definition.k is
a proportionality constant which depends on the
experimental conditions, such as the temperature,
the gel, the applied electric field as well as the
DNA flexibility.
As a result, electrophoretic retardation can be

represented as

S W
T Tk 2 2 *2U XŽ .Rsexp s q s ys (8)w xT Ts d dRTV Y

or, in the approximation of small curvatures

k 2 2 *2Ž .Rs1q s q s ys (9)w xs d dRT

In the case of bent DNAs the static term is
overwhelming. Fig. 4 illustrates the correlation
between the experimental retardation values and
s in the case of approximately 450 sequences,2

s

investigated by various authorsw6–9,18–21x. They
are multimeric double helical oligomers or natural
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Fig. 4. Values of experimental retardation,R , vs. the meanexp

square deviation values,s , for three groups of sequences. The2
s

one called ‘others’ contains data relative to sequences inves-
tigated by various authorsw6–9,18x. The two remaining groups
correspond to sequences studied by Chastain II et al.w20x and
Chastain and Sindenw21x, and by Milton et al.w19x.

DNAs, different for sequence, periodicity and size
(50–300 bp). We omitted some data corresponding
to DNAs which are expected to form more than
one superhelical turn, because they show devia-
tions from linearity, probably due to more compli-
cate interactions with the gel network, such as
possible entanglements.
The points segregate into three different groups,

probably due to the different experimental condi-
tions in which data have been obtained. Anyway
the correlation inside each group is very good.
Among them, data from Milton et al. represent the
most critical test of the model. In fact the results
obtained in predicting the gel electrophoresis retar-
dation changes due to extensive point mutations
in a tract of 174 bp DNA of the simian virus 40
w19x are striking, proving that it is possible to
evaluate the effect of only one base pair out 174
on the macroscopic behavior of the DNA
molecule.

In the case of straight DNAs, where the static
s is zero, it is important to evaluates . In the2 2

d

hypothesis that there is no correlation between
dynamic fluctuations along the sequence

N Dt12 Ž . Ž .s s J* n,t J n,t dn dtd | |NDt 0 0
N n Dt1 2Ž .s dn dm x m,t dt (10)) )| | |NDt 0 0 0

whereN is the number of base pair of the sequence
andDt is a time interval long enough to consider
statistical the behavior of the macromolecule.
Owing to the ergodic theorem, indicating

±x(m,t)± asx for simplicity, it results2 2

` B Eb2 2x exp y x xdxC F|
Dt D 2 RT G01 2x dts `| B EDt b0 2exp y x xdxC F|

D 2 RT G0

2RT
s (11)
b

where b is the apparent elastic force constant of
DNA. As a result,s can be written as2

d

NRT2s s (12)d b

Dynamic terms are generally small and become
relevant for straight DNAs only. It is worth noting
that flexible DNAs have largers than a standard2

d

DNA, whereas rigid DNAs have lower values.
This means that higher retardation should result
for flexible DNAs, whereas rigid DNAs have
higher mobility, in agreement with the reptation
theory w16x.

However, the question about DNA flexibility is
still controversial. As matter of fact, whilst the
main determinants of DNA curvature are generally
recognized, the evaluation of DNA flexibility in
terms of sequence still remains an open problem.
Thus the same dinucleotide steps are considered
either flexible or alternatively rigid. In fact the
dispersion of the orientational parameters of X-ray
crystal structures of double helix oligonucleotides
with different sequences, produces a scale of flex-
ibility where the AAØTT step belongs to the rigid
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Table 2
Rigidity parameters,f , for each dinucleotide step, expressedy1

in terms of the normalized melting temperaturesw26x and stack-
ing energiesw28x

Dinucleotide step T y *Tmelt melt E y *Estk stk

AAØTT 0.945 0.703
ACØGT 1.070 1.323
AGØCT 0.956 0.780
AT 0.952 0.854
CG 0.997 1.124
GAØTC 1.037 1.230
GC 1.180 1.792
GGØCC 1.036 0.984
TA 0.894 0.615
TGØCA 0.945 0.790

Fig. 5. Experimental data of electrophoretic retardation vs.
N(1yN f My1) for some of the sequences studied by Chastainy1

and Sindenw21x.

class while GGØCC and GCØGC dinucleotides
result to be more flexiblew22,23x.
In previous papersw24,25x we proposed a flex-

ibility scale based on the double helix thermody-
namic stabilityw26x. It shows predictive power for
sequence-dependent nucleosome binding affinity.
Recently, by analyzing images of DNA molecules,
obtained by scanning force microscopy(SFM)
w27x, we found that dynamic fluctuations correlate
to dinucleotide stacking energiesw28x. The two
scales, reported in Table 2, are correlated(Rs
0.96). This support the hypothesis that stacking
energies are the most important determinant in
stabilizing DNA double helixw29x.

Consequently, the apparent elastic force constant
of a dinucleotide,b, can be related to that of a
standard DNA,b*, by a rigidity parameter,N f M.y1

It corresponds to the ratio of the dinucleotide
stacking energies, averaged on the whole sequenc-
es, of the considered dinucleotide and that belong-
ing to a standard DNA(Table 2). As a resultbs
b*N f M, andy1

B ENRT 12 *2s ys s y1 (13)C Fd d * y1
N Mb fD G

Therefore, from Eq.(9), for straight chains

B Ek 1
Rs1q N y1 (14)C Fy1

N Mb* fD G

Fig. 5 illustrates experimental data of electro-
phoretic retardations vs.N(1yN f My1) for some-y1

straight sequences studied by Chastain and Sinden
w21x. It can be stated that there is an effective
dependence of electrophoretic retardations on flex-
ibility, here represented by the term 1yN f M. Thisy1

suggests the validity of both the described models
and the adopted flexibility scale.
It is interesting to note that the value of the

constantk obtained from Fig. 5 is 0.25, whereas
the corresponding value from Fig. 4 for the data
relative to Chastain’s data isks0.21. These values
are very similar. In addition to this, it should be
noted that the value fors in Eq. (12) was2

d

obtained considering fluctuations in a three-dimen-
sional space, whereas it is reasonable to consider
that the gel network partially decreases the dimen-
sionality of the problem, as the DNA is restrained
inside linear pathways. This corresponds to lower
values fors and could take into account for the2

d

small deviation between the two estimated values
of k.

4. Induced curvature as an elastic deformation
of the intrinsic curvature

The analysis of DNA-protein interactions is an
essential step towards a better understanding of
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molecular mechanisms of gene regulation. Proteins
are capable of recognizing and amplifying as well
as inducing curvature in biologically relevant DNA
tracts. As a consequence of the intrinsic curvature,
the relative amplitudes of the DNA grooves are
proportionally and periodically changed with
respect to the canonical B-DNA. This produces a
differential electrostatic field along the curved
DNA tracts, responsible for changes in hydration
and affinity towards proteins.
Therefore, curvature could mediate the first step

of the DNA-recognition process operated by pro-
teins. Afterwards, the cooperation between short-
range forces can result in an amplification of the
curvature, as revealed in several cases by the
permutation gel electrophoresis assays, performed
in the presence and in the absence of proteins.
A similar mechanism holds for the nucleosome

formation. It is noteworthy that binding of proteins
such as histones, involved in chromatin organiza-
tion, CAP and TBP, involved in the first step of
transcription mechanism, or resolvase, involved in
recombination, induces strong curvature on the
corresponding DNA targets. To investigate the
main determinants of the induced curvature, we
adopted the principle of minimum deformation
elastic free energy from the intrinsic curvature. On
this basis we predicted the superstructures induced
in DNA tracts by writhe transitions, circularization
and nucleosome formation in good agreement with
the experiments.

4.1. Catastrophic transition in topologically con-
strained DNA

Circular and looping DNAs are important in
many fundamental biological processes; they rep-
resent topological domains where the local events
and perturbations due to interactions with different
kinds of molecules are integrated and lead to
relevant superstructural transformations.
Since the DNA supercoiling discovery, great

effort has been devoted to theoretical studies on
circular and looping DNA represented as a deform-
able elastic filament, to investigate the superstruc-
tural changes that occur by increasing magnitude
of linking numbers. Both analytical and numerical
strategies were adopted to obtain the minimum

energy structures of small circular filaments as a
function of the linking difference. Several authors
investigated the transitions of twist and writhe in
topologically constrained circular DNAsw30–40x.
A general conclusion of these researches was

the existence of a catastrophic transition between
the relaxed and the supercoiled forms of a circular
DNA in response to twisting deformations; this
conclusion can be also extended to looping DNAs.
More recently, some criticism was raised against

mechanical models because the predicted transi-
tions could have a physical meaning only at low
temperature limits, where energy fluctuations and
related entropy can be neglected. In order to
overcome this problem, Gebe and Schurrw41x used
Monte Carlo simulations to investigate the first
transitions in writhe of a circular filament repre-
senting a 468 bp DNA. They adopted twisting and
bending elastic parameters and an appropriate
model of the Poisson–Boltzmann potential for the
electrostatic contributions of a cylindrical worm-
like DNA with a linear charge density. They
obtained the mean free energy and internal energy
changes as a function of writhe,W, for some fixed
linking number differences,DL, ranging from zero
to two turns. From these functions they easily
calculated theDL value that induces the transfor-
mation between the circular and figure-8 forms; it
resulted significantly lower and the transformation
smoother than that predicted by simple mechanical
models.
However, it is known that DNA circularization

is strongly dependent on the sequence even for a
DNA length of several hundreds of bp. Therefore,
it is plausible that also the transition between
relaxed and supercoiled forms, as a consequence
of torsional stress induced by bound proteins,
should be sequence directed. This can be relevant
for the control of the gene expression that often
depends upon bringing together DNA sequences
separated by considerable distance along the dou-
ble helix: e.g. supercoiled DNA template that
facilitates loop formation inlac andara repressors.
We successfully adopted a simple elastic model

to approach the problem of the sequence-depend-
ent writhe transformationsw42x.

Let c(n) be the curvature function of a circular
relaxed DNA along the sequence number,n,



31C. Anselmi et al. / Biophysical Chemistry 95 (2002) 23–47

Table 3
Values of the effective amplitudes as a function of the writhing
number for a hypothetical infinitely long DNA(the values for
negative writhes is symmetrically related)

Writhing
number

Moduli of the effective amplitudes(radyp)

A(yW) A(2yW) A(4yW)

0 2.000 – –
0.1 2.050 1.065 –
0.2 2.101 1.468 –
0.3 2.153 1.745 –
0.4 2.204 1.952 –
0.5 2.254 2.109 –
0.6 2.300 2.226 –
0.7 2.341 2.309 –
0.8 2.373 2.364 –
0.9 2.396 2.395 –
1 2.405 2.405 –
1.1 2.476 2.262 0.609
1.2 2.513 2.182 1.006
1.3 2.533 2.128 1.307
1.4 2.539 2.088 1.547
1.5 2.535 2.058 1.745
1.6 2.523 2.035 1.916
1.7 2.496 2.019 2.054
1.8 2.459 2.008 2.169
1.9 2.408 2.002 2.265
2 2.344 2.000 2.344

implicitly characterized by the linking numberL
and writhing numberWs0, (the twisting number
is obviously LyW w43x). It can be conveniently
given in terms of Fourier amplitudes, as:

B E1 2pijn
Ž . Ž .c n s A j exp y (15)C F8N D N Gj

whereN is the bp number and

B E2pijn
Ž . Ž .A j s c n exp (16)C F8

D N Gn

For the shift theoremw44x, the Fourier ampli-
tudes of the curvature function, representing the
circular DNA after a uniform twisting along its
axis are shifted in their frequencies by the twisting
number,DT

B E B Ew z2pinDT 2pijn
x |Ž . Ž .A9 j s c n exp expC F C F8

D N G D N Gy ~n

Ž .sA jqDT
(17)

In fact, in our curvature representation, twisting
around the local DNA axes is equivalent to mul-
tiply the curvature function by exp(2pinDTyN)
along the sequence number.
Therefore the series ofA(jqDT) represent a

DNA superstructure with the same curvature mod-
uli, but uniformly twisted along the sequence of
2pnDTyN radians.

Such a transformation does not generally ensure
the circularization integrity; nevertheless, to cor-
rectly seal the DNA strands it is sufficient to refine
the modulus of the Fourier amplitudes(this pre-
serves the twisting) that are directly involved in
circularization. Such procedure is obtained adopt-
ing a steepest-descent algorithm that ensures a fast
convergence.
At the end of this procedure we obtain a new

curvature function(by inverse Fourier transform)
which represents a circular DNA characterized by
a writhing numberyWsDT, as the linking num-
ber,L, is constant in the whole process.
This was verified by direct writhing number

calculation using the discretized form of Gauss’
integral w45x

1 l =l Øri j jiWs (18)8 34p rjii,j

where l and l represent the unit elements of thei j

DNA axis andr their vectorial distance. For sakeji

of clarity, in the whole paper we adopted the italic
fonts to represent the moduli of the complex
quantities indicated by bold fonts.
It is interesting that practically a few Fourier

modes are able to determine supercoiled structures
when the shift theorem is considered. In fact, it
should be noted that forWs0 the effective ampli-
tude is that with frequency zero, corresponding to
W. In the case ofWs1, the effective amplitudes
are those with frequencyy1 and 1, namelyyW
and 2yW. ForWs2, they are those with frequen-
cy y2, 0 and 2, that isyW, 2yW and 4yW.
In general, the effective amplitudes seem to be

those with frequencyjyW, whenj is even. On the
contrary, amplitudes with frequencyjyW, with j
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odd, perturb the symmetry of the structure and
should remain equal to zero.
For example, Table 3 reports the limit values

assumed by the effective amplitudes for a hypo-
thetical infinitely long DNA chain, for which
excluded volume effects are negligible.
It is worth noting that, following Parseval’s

equality w46x, we have to change the minimum
number of Fourier amplitudes to select the ground-
state conformation of a circular DNA for each
writhing number. It ensures the minimum square
average deviation between two functions in terms
of the sum of the corresponding squared Fourier
amplitude differences

12 2Ž . Ž .Dc n s DA jyW (19)N M 82N j

If we maintain all the amplitudes invariant,
namely equal to the values characterizing the
intrinsic curvature, except for the moduli of the
amplitudes necessary to the circularization at a
certain writhing number, we obtain the ground-
state bending(first order) elastic energy(the
condition of minimum energy requires in fact, the
invariance of the phases):

b bo 2 2Ž . Ž .E sN Dc n s DA kyW (20)N Mben 82 2N k

where the sum extends over thek amplitudes
determined by the geometrical constraints, as
already discussed.
Let B( j) be the Fourier amplitudes necessary to

represent the twist along the sequence andt the
apparent twisting force constant. The correspond-
ing twisting energy is

to 2Ž .E s DB j (21)tws 82N j

However, the only geometrically constrained
term isDB(0), because it corresponds to 2p times
the twisting number difference between the linear
and circular forms. BeingDTsDLyW, whereDL
is the linking number difference between the cir-
cular and the linear intrinsic form, it follows

2t 2p to 2 2Ž . Ž .E s 2pDT s DLyW (22)tws 2N N

All the remaining energy contributions arising
from water molecules and counterions interactions
are considered to be invariant for all the writhes.
This is justified by the fact that writhe transfor-
mations induce only slight changes at the local
molecular level, at least for a low supercoiling
density; therefore negligible energy contributions
are involved. This is not true for macro-counterions
as proteins, whose interactions extend over many
dinucleotide steps.
Consequently, in our model, writhe changes and

dynamic fluctuations practically occur in a con-
stant external force field and are driven only by
an internal elastic potential, at least for the first
transitions in writhe.
Adopting such a strategy we can easily calculate

the bending and twisting(first order) elastic energy
of the ground states for different writhes andDL.
Such calculations were first performed for a worm-
like 468 bp DNA, adopting the same bending and
twisting force constants of Gebe and Schurrw41x
in order to try a comparison with their Monte
Carlo simulations.
The results are very significant, as illustrated in

Fig. 6, where the Monte Carlo mean internal
energy is compared with the theoretical ground-
state elastic energy. The two sets of values differ
for a strictly constant energy contribution, that
clearly indicates a practical equivalence of both
the electrostatic and solvent interactions vs. the
writhing number as well as of the energy
fluctuations.
In addition, the good agreement between the

two sets of data proves the validity of our model
in finding the ground-state curvature for a given
DNA at a certain writhing. This is necessary to
study superstructural transformations toward cir-
cular forms, as will be shown below.

4.2. Sequence-dependent circularization propensity

Circularization of a DNA tract is the result of
stochastic and deterministic motions of the double
helix, so that DNAs characterized by in phase
bends have a higher probability of circularization
than straight DNAs.
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Fig. 6. Ground-state first order elastic energy,E8, (solid lines)
of a uniform 468 bp DNA vs. the writhing number,W. Num-
bers close to the lines indicates the different linking number
differences,DL. The same bending and twisting force constants
of Gebe and Schurrw41x (corresponding to a persistence length
Ps500 A and a torsional rigidityCs2.0=10 erg cm) werey19˚
adopted for an immediate comparison with the mean internal
energy, NEM (different symbols) of their Monte Carlo
simulations.

The ring closure probability is conveniently
represented by theJ factor. First defined by Jacob-
son and Stockmayerw47x, it corresponds to the
ratio of the equilibrium constant for cyclization,
K , and that for bimolecular association,K ,circ dim

expressed as

w xC
L°C K s (23)circ w xL

and

w xD
2L°D K s (24)dim 2w xL

wherewCx, wLx andwDx indicate the concentrations
of the linear, circular and dimeric DNAs. It follows
that

w xw xC LKcircJs s (25)
w xK Ddim

According to Jacobson and Stockmayer, in the
case of a long and flexible DNA molecule with
complementary cohesive ends, where the orienta-
tions of the terminal chain elements are not cor-
related, the Gibbs free-energy variation for
circularization, DG8 , simply depends oncirc

W(0)dV, which represents the probability of find-
ing both the chain terminals in the same infinites-
imal volumedV.

( Ž .DG sDG*yRTln W 0 dV (26)Ž .circ

In the same way, the free-energy variation for
dimerization can be expressed as

( Ž .DG sDG*yRTln ¡dV (27)dim

where¡ is Avogadro’s number.
The termDG* accounts for all the interactions

among chain terminal elements and it is the same
for both the equations. Therefore, it is possible to
obtain the ring closure probability as

( (B E Ž .W 0DG yDGcirc dimJsexp y s (28)C F
D RT G ¡

R is the gas constant, whereasW(0) corresponds
to the spatial probability density,W(r), wherer is
the end-to-end distance of the chain, evaluated at
rs0.
Assuming that the DNA can be modeled as a

Gaussian chain, composed byN elements of length
l, W(0) can be easily calculated as

3y2B E1 3N
Js (29)C F2¡D2p Nl G

The Jacobson–Stockmayer theory well agrees
with experiments performed on long DNA mole-
cules, as demonstrated by the experiments of Wang
and Davidsonw48,49x. On the contrary, in the case
of short and stiff fragments, the assumptions of
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Gaussian statistics and no correlation between the
orientations of the ends of the chain do not hold.
In this case, they would seem to be more similar
to ‘rod-like’ than to ‘freely-jointed’ chainsw50x.

It would be useful to follow Kratky and Porod
w51x and to model DNA as a worm-like chain, as
proposed by Yamakawa and Stockmayerw52x.
They also accounted for excluded volume effects,
which become important for short chains.
Later, Flory and co-workers expressed the cycli-

zation and dimerization probabilities in an elabo-
rated form of the Jacobson-Stockmayer theory
w53x.
They considered the probability that a DNA will

cyclize depending on the simultaneous fulfillment
of three conditions:(1) the ends of the chain must
be located at a distance such that the new bond
can be formed;(2) the angle between the helix
axes at the ends of the chain must be within the
range allowed by the bendability of the DNA;(3)
the torsion angle between the ends must be such
that the helix backbone is continuous at the newly
created bond.
It is possible to defineG (g) as the conditionalr

probability density for the scalar productg of the
vectors parallel to the helix axes at the chain
termini, at a specified value of the end-to-end
distance r. Similarly, F (t) is the conditionalr,g

probability density for the torsional anglet,
between the vectors which define the helical ori-
entation of the chain ends, withr andg, specified.
Therefore,J can be written as follows:

Ž . Ž . Ž .4pW 0 G 1 F t0 0,1 0
Js (30)

¡

where the spatial probability density is evaluated
at rs0, G (g) is evaluated whenrs0 andr

cos(g)s1 (parallel ends) andF (t) is evaluatedr,g

when rs0, cos(g)s1 and tst8, the angle cor-
responding to the perfect torsional alignment of
the chain.
For a worm-like chain, an exact closed form for

the probability density in Eq.(30) has not been
derived. Some approximate distributions have been
proposedw54,55x, but they are not generally appli-

cable to systematically bent molecules. In order to
overcome these limitations, some authors used
Monte Carlo simulations to calculate ring closure
probabilitiesw56–60x.

In this paper, a statistical-mechanical model is
used to calculate circularization probability. We
have modeled the circularization process of a DNA
tract constraining the ends of the two strands to a
correct ring closure. Therefore, circularization
probability will also depend on the required defor-
mation energy and Eq.(26) becomes

Ž .DG8 sDG*yRTln W 0 dV qDE (31)Ž .circ circ

The spatial probability density,W(0), has been
evaluated assuming a Gaussian distribution of end-
to-end distances calculated following Kratky and
Porod w51x. As a consequence, theJ factor
becomes

3y2B E B E1 3 DEcircJs exp y (32)C FC F2
N M¡ 2p r D RT GD GKP

Nr M is the average value of the squared end-to-2
KP

end distance: it depends mainly on the persistence
length and could be sensitive to the flexibility
distribution along the chain. However, changing
the persistence length in the range of"10% seems
to have only slight effects on the pre-exponential
term.
The termDE includes contributions due tocirc

both the ground-state elastic energy and the ther-
mic fluctuation differences. They have been eval-
uated by calculating the Fourier amplitudes
necessary to fulfil the geometrical properties of
the circular form.
However, there are some fluctuations that cause

changes in the writhing number. It is worthy of
noting that this requires a simultaneous variation
of two or three amplitudes(see Table 3) and the
relative deformation energy strongly depends on
the intrinsic curvaturew42x.
Therefore, the presence of all the possible struc-

tures with different writhing number is considered
as a result of a series of parallel circularization
reactions and the total thermodynamic circulariza-
tion constant is
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w xC W8
W Ž .K s s K Wcirc circ8w xL W

B EDGcircs exp y (33)C F8
D RT GWW

where the subscriptW represents the writhing
number of each circular structure considered in
Eq. (33). Circularization free energy relative to
each equilibrium is

Ž .DG sDG*Wcirc

Ž . Ž .yRTln W 0 dV q DE (34)Ž . Wcirc

As a result, deformation energy,DE , in Eq.circ

(31) can be simply expressed as

B EDEcirc
DE s yRTln exp y (35)C Fcirc 8

D RT GWW

Each term(DE ) , contains the two contri-circ W

butions due to ground-state(DE8 ) , and fluc-circ W

tuationsNDE M . The first, can be defined withcirc W

the simple harmonic approximation, as the sum of
the energies required by the bending and twisting
transformations. They are evaluated according to
Eqs.(20) and (22), following Parseval’s theorem
w46x.
Calculating the thermodynamic equilibrium con-

stant between two DNA forms requires also the
estimate of those thermal fluctuations which do
not cause changes in the writhing number. Fixing
the linking and the writhing numbers, we can
define a superstructure ensemble characterized by
an average energy and entropy. Therefore, by
definition, the termNDE M , iscirc W

.≠lnŽq yq WC L
2

N MDE sRT (36)circ W
≠T

whereq andq are the partition functions for theC L

circular and linear forms, respectively. In the
hypothesis that the bending and twisting contri-
butions are independent, for fixed linking and
writhing number, the partition functions can be
written asq(W, DL)sq (W) q (W, DL), whereben tws

q and q refer to the bending and twistingben tws

contributions respectively. The first one can be
calculated as follows, recalling Eq.(20),

B EDEbenŽ . Ž .q W s g W exp -C Fben 8
D RT G

B Eb 2Ž .s g W exp y DA (37)C Fj8 82NRTD Gj

whereg(W) accounts for energy states degenera-
tion andDA refers to amplitude fluctuations. Asj

amplitudes vary continuously in the complex plane
MDAj

Ž .q W s expben |2j
0

B Eb 2y DA dDAC Fj
D 2NRT G

2pNRT
s2j b

B Ew zb 2Mx |= 1yexp - DA (38)C F j
D 2NRTGy ~

whereDA is the maximum modulus fluctuationM
j

of the amplitude with frequencyj. If fluctuations
are large, as in the linear form, the values of
DA are high enough to let the correspondingM

j

bending integrals in Eq.(38) be 2pNRTyb. As a
result, the ratio of the bending partition functions
for the circular and the linear forms at a certain
writhing number,W, becomes

B E B Ew zq bC 2Mx |s 1yexp y DAC F C Fj2jDq G D 2NRT Gy ~L ben,W C

(39)

which only depends on the terms relative to the
circular form. Therefore the corresponding contri-
bution toNDE M , iscirc W

B E≠ln qC2
N MDE sRT C Fcirc ben,W

≠T Dq GL ben,W

w zb M2y DAj2N
s 8 B Ex |b 2j Mexp DA y1C Fj

D2NRT Gy ~C

(40)
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Fig. 7. Gradient components of the end-to-end distance,r, nor-
malized with the contour length,L, for 10 degree increments
of theA( j) amplitudes. The symbols refer to some forms with
different writhing numbers; the solid line is the Gaussian
fitting.

Actually, evaluation ofDA is easier than oneM
j

could expect, as the effect of amplitude fluctua-
tions on structure do not depend on its writhing
number.
Fig. 7 shows the derivative of the end-to-end

distance with respect to the amplitude perturbation,
vs. the frequency: a Gaussian-like curve interpo-
lates all the points corresponding to structures with
different writhing numbers. It is worth noting that
only the fluctuations of the amplitudes with low
frequencies can distort the structure. As a conse-
quence, to preserve the closed circular structure,
their modulus can change only within limits. On
the contrary, amplitudes with higher frequencies
are unconstrained and can assume any value. As a
result, the corresponding bending contributions in
Eq. (40) tend toyRT.
Consequently we chose to representDA sNAM

j

yG( j), where A is a parameter that takes into
account for the fluctuations per base pair andG( j)
is the normalized Gaussian from Fig. 7, which
contains the dependence on the frequencyj. When
G( j) is small, for high frequencies,DA is large,M

j

whereas for lower frequencies, the maximum fluc-
tuations are restrained by the value assumed byA.
As a result, the summation in Eq.(40) can be
conveniently substituted by the integral

2Ž .ybN AyG( j)1
N MDE s dj (41)circ | B Es bN 2Ž .exp AyG( j) y1C F

2RTD G

wheres is the integration factor. It is worth noting
that whenN is small, the circular form becomes
rigid enough to avoid effective fluctuations. There-
fore s should be chosen to haveNDE M sycirc ben

3RT, corresponding to fix in modulus and phase
the Fourier modes corresponding to the frequencies
0, 1 andy1, necessary to obtain the circular form
with Ws0. On the contrary, whenN is large,
NDE M tends to zero, as the fluctuations of thecirc ben

circular and linear forms are practically equivalent.
The parameterA modulates the rate at which
NDE M changes as a function ofN.circ ben

Analogously, taking into account for Eq.(22),

the twisting contribution is evaluated as

t
2M y DBDBj j

2NRTŽ .q W,DL s e dDBtws j|2j
0

w

2pNRTxs2j ty
1y2B E zw zt

M2y DBC Fjx |D 2NRT G |= 1ye (42)y ~
~

The exponent— takes into account the twisting1
2

is a real function. The only constrained amplitude
in the circular form is that with frequency equal
to zero, because it is proportional to the twisting
number, as discussed beforewsee Eq.(22)x. All
the other amplitudes are unconstrained and the
corresponding integrals tend to(2pNRTy t) .1y2

However, it can be stated that in the framework
of the energy equipartition, each torsional degree
of freedom contributes in equal measure with
respect to the bending ones and could be calculated
accordingly. Namely,s could be chosen to have
NDE Msy3.5 RT whenN is small(for examplecirc

Ns100).
Applying these results to Eq.(32), the J factor

becomes
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Fig. 8. Theoretical values of circularization free energy vs.J-
factor experimental data relative to sequences characterized by
the presence of the CAP binding-sitew58x. Lines connect points
referring to the same sequences in the presence(�) or absence
(s) of the protein.

Fig. 9. Correlation betweenJ-factor theoretical values and the
corresponding experimental data obtained by different authors
w58,61–64x.

B E
3y2B E N MDEcirc1 3 y3y22 C FN MJs r exp yC F KP¡D2pG RTD G

(B EDEcirc
=exp y (43)C F

D RT G

where the numerical term 1y ¡(3y2p) is3y2

assumed equal to 5.5=10 when J is given in11

nM andNr M in Angstroms.2
KP

˚
The described model for calculating the circu-

larization probability was applied to a set of
experimental data obtained by several authors
w58,61–64x.
Bending force constantb, has been obtained

according to the relationbsRTPy l, whereP, the
persistence length, andl, the helix rise per base
pair, are 450 A and 3.4 A, respectively. Therefore˚ ˚
b is equal to 78.4 kcal mol rad . Twistingy1 y2

force constantt is 88.8 kcal mol rad . They1 y2

values adopted for those force constants corre-
spond to averaging those found in the literature.
As for theA value in Eq.(41), we assumed a

tentative value equal to 1.0=10 rad.y3

In Fig. 8 are reported theoretical values of
circularization free energy vs.J-factor experimen-
tal data relative to the sequences studied by Kahn
and Crothersw58x characterized by the presence of
the binding-site for CAP protein. Therefore, for
such sequences it was necessary to calculate cir-
cularization probability for the bound and free
DNA molecule.
We evaluated theJ-factor in presence of CAP

protein by imposing a curvature of approximately
908 to the binding site, according to the crystallo-
graphic structurew65x.

Fig. 8, shows a good correlation between the
two sets of data: the model we developed works
satisfactorily in predicting circularization probabil-
ity also in the presence of a protein that influences
intrinsic curvature.
Finally, Fig. 9 shows the correlation betweenJ-

factor theoretical values and the corresponding
experimental data obtained by different authors
w58,61–64x. There is a good agreement especially
for those sequences with an high circularization
probability. It is interesting that all the values
spread in a range of approximately six orders of
magnitude, even if most sequences have practically
the same length(approx. 150–160 bp). This is a
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Fig. 10. Schematic drawing of competitive nucleosome recon-
stitution for a certain DNA, long enough to form more than
one nucleosome. Each nucleosome positioning is characterized
by an equilibrium constant(K , K , « K ). An ideal straight1 2 n

random-sequence of a DNA of 144 bp with a uniform average
flexibility is adopted as a standard. Adopting a different stan-
dard corresponds to adding a constant term to the free-energy
difference; consequently, it does not affect relative nucleosome
stability and positioning.

demonstration thatJ-factor values strongly depend
on curvature effects.
Very recently, Roychoudhury et al.w60x, pub-

lished a set of circularization probabilities data
relative to some sequences characterized by the
nucleosome positioning site(NPS). In this case
the model does not allow theoretical values to be
obtained which are in agreement with the experi-
mental values. Anyway, this could be justified by
the particular mechanical properties of the binding
site, according to the conclusions drawn by the
authors, andyor by the non-uniform distribution of
the flexibility along the DNA chain, which influ-
ences the average value of the end-to-end distance.
However, this effect is at present under
investigation.

4.3. A simple elastic model for predicting the
nucleosome positioning

Nucleosome is the association complex of DNA
(145 bp) with the histone octamer; it is the
elemental unit of chromatin. The first model of
nucleosome was proposed by Kornbergw66x, while
its structure was later determined at low resolution
by Klug et al. w67x by means of electron micros-
copy and by Richmond et al.w68x by x-ray
diffraction techniques. It is characterized by a flat
solenoid-like structure where the DNA axis is

wrapped on the proteic core of the histone octamer
with a pseudo-dyad symmetry. Recently, a 2.8 A˚
resolution electron density map was obtained by
Luger et al. w69x which confirms the previous
structure and contains relevant details of both DNA
and protein core.
The experimental evidence indicates that the

reconstitution of nucleosome can be practically
obtained with any DNA sequence, although a
number of papers have shown the existence of
preferential positioning of nucleosomes along
DNA as well as the occurrence of nucleosome-
free regions in chromatin. Therefore, the ability to
form nucleosomes appears to be enhanced or
decreased by some base sequences.
Competitive nucleosome reconstitution experi-

ments(Fig. 10) provide a quantitative estimate of
differential thermodynamic nucleosome stability,
indicating that nucleosome positioning along a
DNA sequence occurs with different affinity;
therefore, a large set of experimental data of
nucleosome reconstitution free energy has been
accumulated in literature.
Attempts to find the sequence features control-

ling the stability of nucleosomes, were made in
different laboratories with the aim to identify the
genomic location of such sequences in the organ-
ization of chromatinw70–81x.

The experimental results show that the affinity
of the histone octamer to DNAs with different
sequences, curvature and length, appears to be
restricted within only a few kcal per mole of
nucleosome. This could suggest that the DNA-
histones recognition could be driven by simple
elastic energy differences resulting from the DNA
intrinsic curvature andyor flexibility.
By adopting the same approach described

before, in the framework of first-order elasticity,
we calculated the canonical ensemble free energy
to transform the DNA intrinsic superstructure into
the nucleosomal structure, and evaluated the ther-
modynamic equilibrium of the competitive nucle-
osome reconstitution experiments.
If DG represents the nucleosome reconstitutionk

free-energy difference from a standard nucleosome
of the kth DNA tract of ls144 bp along a
sequence, the free energy per mole of nucleosome,
DG, pertinent to the whole DNA chain withN bp
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is

w zNyly2 Ž .DG kx |DGsyRTln exp y (44)8 RTy ~ksly2

The relation with the pertinent canonical parti-
tion functions allows us to write the nucleosome
reconstitution free energy difference as:

Ž . Ž . Ž .DG k Q k Q kn f
y sln yln (45)* *RT Q Qn f

where is the config-Ž . Ž .Q k s expŽyDE k yRT.n j8
urational canonical partition function of thekth
nucleosomal DNA tract along the sequence;Qf

(k) is that of the corresponding free DNA; and*Qn

are those pertinent to a standard intrinsically*Qf

straight DNA with a random sequence. The parti-
tion functions of the flanking DNA tracts are
considered unaffected by the nucleosome forma-
tion and cancel in the ratio.
The partition functions were first evaluated tak-

ing into account the elastic terms, namely the sum
of the bending,DE (k), and twisting,DE (k),ben tws

energies necessary to distort thekth 144 bp DNA
tract in the nucleosomal form.
The elastic twisting contribution can be

expressed, as in Eq.(22)

22p t 2Ž . Ž .DE k s DT k (46)w xtws l

where t is the twisting force constant andDT(k)
represents twisting number difference between the
nucleosome and the freekth DNA tract. The latter
term was evaluated imposing a DNA periodicity
of 10.2 bp per turn according to the experimental
evidence.
Owing to Parseval’s theoremw46x, the only

necessary condition to have the nucleosome-like
curvature, suggested by the crystallographic struc-
ture w69x, is to constrain the Fourier term with
periodicity msy0.18 to assume the value 10.9
rad leaving the maximum of the intrinsic curvature
features invariant in order to minimize the elastic
energy.
The elastic bending energy contribution can be

expressed as Eq.(20)

b b 22Ž . Ž . Ž .DE k sl Dc n s DA m (47)w xN Mben k2 2l

where b refers to the apparent isotropic bending
force. Bothb and t can be expressed asbsb*N f

M and tst*N f M, where N f M is a rigidityy1 y1 y1

parameter that allows accounting for sequence-
dependent flexibility andb* andt* are the bending
and twisting force constants for a standard DNA.
Let A (m) and A8 (m) be the Fourier termsn f

pertinent to nucleosome and free DNA,
respectively.
Setting A sA (m), A8 sA8 (m) and Bs(byn n f f

lRT) N f M for the sake of clarityy1

w zŽ .DE k wtws B 2x | xŽ . ŽQ k sexp y exp y An nRT 2y ~ y
z

2 |. Ž .qA8 expBA A8 cosf df (48)f n f|
~

wheref is the relative phase angle between A(m)n

and A8 (m). The last integral becomes equal to 2pf

timesJ (iZ), the zero-order Bessel function of the0

imaginary argumentZsBA A8 . Thereforen f

w zŽ .DE8 kx |Ž . Ž . Ž .Q k s2pexp y expyZ J iZn 0RTy ~
(49)

whereDE8(k) contains both the ground-state bend-
ing and twisting energy contributions. For the
standard nucleosome,A8 s0 and thereforef

Ž . Ž . Ž .exp y DE8 k yRT expyZ J iZw xŽ . 0Q kn
s* w xQ expy DE8*yRTn

(50)

It should be stressed that only the ground states
are represented in the partition function ratio of
nucleosomal DNA because the association with
the histone core is considered to freeze the DNA
superstructure in the minimum elastic energy state.
The ratio of the canonical partition functions of

the free DNAs is equal to the ratio of the bending
and twisting fluctuation terms, analogous to those
in Eqs.(38) and(42) for the linear DNA. In fact,
the free DNA fluctuates around the ground-state
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Fig. 11. Theoretical vs. experimental nucleosome reconstitution
free energies of synthetic and natural DNA fragmentsw70–81x.
The experimental data are related to the TG pentamer as a
standardw70,71x.

superstructure, which corresponds to the intrinsic
curvature. Therefore, asbsb*N f M and tst*N fy1

M and since for the standard nucleosomeN fy1

Ms1, the ratio of the pertinent canonical parti-y1

tion functions becomes practically equal to:

Ž .Q kf Ž .y 3y2 ly1
N Ms f (51)

Q* f

where 3y2 l corresponds to the sum of the number
of degrees of freedom of the bending and twisting
modes. Consequently:

Ž . Ž .DG k DE8 kel
s

RT RT
3 y1 Ž .N My l ln f qZylnJ iZ (52)02

DE8(k) corresponds to the minimum elastic energy
required to distort thekth tract in the nucleosomal
form. A8 represents the effective curvature, namelyf

the Fourier term of the free DNA curvature func-
tion, which coherently contributes to the nucleo-
somal structure; whereas fixingA is a necessaryn

condition to ensure that DNA assumes a nucleo-
some-like form. The termy3y2l lnN f M repre-y1

sents the free DNA loss of degrees of freedom
during nucleosome formation. It has effect on
elastic free energy according to the flexibility of
the considered sequences: if a DNA is more
flexible than a standard DNA, it experiments a
higher decrease of the accessible states during
nucleosome formation. As a consequence,DGel

raises. On the contrary, elastic free-energy differ-
ence is more negative for rigid DNAs. However,
this corresponds to the assumption that nucleosom-
al DNA is completely frozen. We considered the
rigidity parameter,N f M, as corresponding to they1

ratio NTyT* M, whereT is the dinucleotide empir-
ical melting temperaturew26x and T* the relative
mean value assumed as a standard. This ratio,
averaged along thekth nucleosomal DNA, modu-
lates the force constant producing a sequence-
dependent flexibilityw24,25x. Anyway, we found
that dynamic fluctuations are also correlated to the
ratio between stacking energiesw28x wand paper in
progressx, and that there is a correlation between

flexibility scales based on melting temperatures
and on stacking energies(Table 2). This suggests
the possibility of using the two scales, indifferently.
Therefore, we evaluated the elastic free energy

difference,DG (k), of the competitive nucleosomeel

reconstitution for a large set of DNAs, different
for sequence and length investigated in several
laboratoriesw70–81x.
Surprisingly, the differences between the exper-

imental and theoretical(elastic) nucleosome recon-
stitution free energies are not constant with respect
to the square of the intrinsic effective curvature of
the free DNA as expected(they are related to the
choice of the standard DNA, Crothers TGw70,71x,
in the case of experimental data and an ideal
straight DNA in our model), but appear to be a
parabolic function of the DNA curvaturew24,25x.
This would suggest the existence of a free energy
contribution directly related to the intrinsic curva-
ture, namely to a property of the free DNA, which
destabilizes the nucleosome formation.
The strikingly significant correlation with the

average DNA effective curvature strongly supports
the hypothesis that DNA curvature could play two
opposite roles in nucleosome stability: one favor-
ing the nucleosome formation by reducing the
elastic free energy required to distort a given DNA
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tract in the nucleosomal structure; the other, related
to the curvature of the DNA free form, reducing
the DNA affinity for histonic octamer. The latter
curvature effect can be plausibly related to the
small-groove narrowing and to the sequence-
dependent DNA hydration.
This problem has been investigated by several

authors in relation to its role in protein binding
and specificity w82–89x. All the investigations
provide evidence of differential hydration and
stability of DNA sequences related to the minor
groove width in agreement with the Drew and
Dickerson model of the ‘spine of water’w90x.

Therefore it is reasonable to consider a further
energy cost to the nucleosome formation. This
corresponds to the free energy that DNA spends
to release a part of the ‘spine of water’(and
counterions) displaced by the histone interactions.
This additive contribution is characterized by an

inverse quadratic dependence on minor groove
contraction from the straight DNA, to represent
the water dipole energy difference in the electro-
static field of phosphates. Consequently it is pos-
sible to evaluate it as a function of the average
DNA effective curvaturew25x.

Fig. 11 shows the comparison between experi-
mental and theoretical nucleosome reconstitution
free energies of synthetic and natural DNA frag-
ments of different length, intrinsic curvature and
flexibility.
The accord is straightforward proving the gen-

eral validity of the model.
On the basis of the reported results, we can

advance the conclusion that DNA intrinsic curva-
ture is the main factor which controls nucleosome
stability, and as a consequence nucleosome posi-
tioning. DNA curvature plays a dual role: by
decreasing the distortion free energy of the DNA
tract, when it assumes the nucleosomal shape, and
by increasing the energy cost which the corre-
sponding DNA free form spends to release a part
of the ‘spine of water’(and counterions) which is
displaced by histone interactions. Other factors
concerning chemical recognition arising from spe-
cific interactions between base pairs and aminoac-
idic residues, play probably a minor role, which
requires further investigations.

Also the flexibility (bendability and twistability)
appears to play a dual role: by decreasing the
distortion energy necessary for nucleosome for-
mation, but in contrast by increasing the entropy
difference between the flexible free form and the
final rigid nucleosomal structure.
Furthermore, it is important to note that the

DNAs investigated have different length, which
obviously increases the number of virtual positions
and therefore the histone affinity in competitive
nucleosome reconstitution.
Finally, it is interesting that a general feature of

curved DNAs is the recurrence of repeated AAØTT
sequences, in phase with the double helix perio-
dicity, faced in the bending direction of the free
form, as well as toward the histone core in the
nucleosome. The presence of AØT base pair adds
further stability to the ‘spine of water’ as first
shown by x-ray crystallographic studiesw90x and
further validated by thermodynamic and NMR data
from aqueous solutionsw82–89x. A significant part
of such water molecules(and counterions) is
displaced by the histone minor groove binding,
thus increasing the energy cost of nucleosome
formation. Therefore AAØTT stretches appear to
control the equilibrium, stabilizing and limiting
the nucleosome stability.

5. Mapping sequence-dependent DNA curvature
and flexibility from scanning force microscopy
images

Electron microscopy(EM) and scanning force
microscopy(SFM) are unique techniques, which
provide information on both the contour of indi-
vidual molecules and a population of such contours
w91,92x.
The data coming from these techniques were

explained by using either static or dynamic models
of the behavior of DNA in solution. The former
models are focused on time-averaged conforma-
tions, i.e. on static intrinsic curvature, the latter on
dynamic contributions, i.e. on the flexibility that
characterizes the deformability about those aver-
aged structuresw14,15,93–95x.

Attempts to characterize and separate the effects
of static curvatures from those we can ascribe to
the flexibility, were so far made only on peculiar
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Fig. 12. Plot of the averaged experimental curvature(solid
line) superimposed to the theoretical curvature(dashed line).
The base pair resolution theoretical curvature has been
smoothed to facilitate the comparison with the experimental
data. All data refer toms26 bp.

Fig. 13. Comparison between the experimental(solid line) and
theoretical(dashed line) curvature standard deviation(S.D.).
The theoretical S.D. was calculated modulating the average
bending force constant,b*, by multiplying it by the localN f

M valuewsee Eq.(54)x, evaluated from the ratioTyT* (Tabley1

2) and averaged overms26 bp.

DNA constructs with anomalous flexibility
w93,96–101x. Therefore the problem is still open
for a ‘natural’ randomly sequenced DNA.
The possibility to estimate both intrinsic curva-

ture and differential flexibility along the chain, as
discussed before, can be considered a sound basis
to approach this problem.
Recalling Eq.(1), the time average value of the

curvature at thenth dinucleotide step is

Ž . Ž . Ž . Ž . Ž .c n,t s c8 n qx n,t sc8 n q x n,tN M N M N M

(53)

where the superscript8 is used here to indicate the
intrinsic curvature. If the fluctuations under ther-
mal perturbations are considered to follow first-
order elasticity due to the relatively high rigidity
of DNA, their average value vanishes for all the
sequence positions. As a consequence the observed
average curvature profile must be equal to the
intrinsic curvature. This conclusion is obviously
true for both three- and two-dimensional structures.
However, SFM makes it possible to image the

conformations of a DNA molecule deposited from
a buffer solution on a mica substratew102–104x.
These single molecule observations can give a
deeper insight on the way the base sequence
determines the local intrinsic curvatures and drives
the elastic responses to thermal energy, provided
that the base-sequence of the imaged DNA can be

assigned at any position along the chain in all
images.
Therefore, it is possible to introduce a vector

c(n,m), which represents the modulus and direction
of the DNA curvature at thenth position, when it
is sampled at intervals ofm bp, wherem depends
on the resolution of the SFM images. However, it
is possible to introduce the vectorx(n,m) to
represent the DNA fluctuation at thenth position.
Assuming isotropicity of the elastic tensor, we can
write:

22Ž . Ž . Ž .x n,m s c n,m y c n,mN M N M) )N M

RT
sm (54)y1

N M2b* f

The results are analogous to that of Eq.(11),
expressing the apparent bending force constant as
in Eq. (13) and taking into account the sampling
of the curvature everym base pair and for the
two-dimensionality of the system. Eq.(54) repre-
sents the curvature dispersion at thenth sequence
position, whereas its square root is the correspond-
ing standard deviation of the distribution of the
curvature around its mean(intrinsic) value in the
plane.
In general, when measuring the curvature of a

DNA molecule in a micrograph, we never know
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which end we start with. In order to remove this
uncertainty, Zuccheri et al.w27x studied a palindro-
mic dimer of the DNA plasmid pBR322. In fact,
in palindromic molecules, the sequence is the same
reading from either end to the other and no
uncertainty on the sequence orientation can exist.
Furthermore, the curvature profile of a population
of a palindromic DNA molecule should reflect the
binary symmetry of the sequence, if the number
of analyzed molecules is big enough, and the
equilibration conditions are good enough.
Therefore, both the theoretical DNA average

curvature and its standard deviation were compared
with the corresponding experimental values cal-
culated from SFM images of the pBR322 dimer
w27x.
Fig. 12 reports the theoretical intrinsic vs. the

experimental average curvature. It is evident that
not only the dyad symmetry, but also the location
of the most significant curvature peaks is similar
between the two profiles.
Fig. 13 shows the theoretical and experimental

differential flexibility along the sequence, repre-
sented by the standard deviation of the curvature
distribution. The correspondence between the pro-
files of this plot is an additional evidence of the
validity of the flexibility scale we adopted(Table
2).

6. Conclusions

The implication of DNA curvature and flexibil-
ity in mechanisms which govern biological proc-
esses such as replication, transcription and
chromatin organization, appears to be a complex
problem involving static and large scale dynamic
effects and certainly requires further investigations.
In this sense, a large number of different

approaches have been proposed in the literature to
model DNA behavior.
It could be stated that each approach has its

own advantages and disadvantages which justify
the development of the method and constitute its
limitations.
However, the increasing amount of the experi-

mental data in the literature continuously requires
the development of the old models andyor pro-
posal of new points of view.

Given the overwhelming complexity of the sys-
tems, it is interesting to compare the results from
different researches. In fact, the development of
proper interpreting models is necessary to under-
stand the main features of DNA behavior, avoiding
the false conclusions that could driven through the
‘common sense’.
The models we developed are all based on a

sound evaluation of the sequence-dependent DNA
curvature. We have shown that curvature can be
related to thermodynamic functions such as Gibbs
free energy, internal energy and entropy, if it is
possible to express the variations of the DNA
superstructures in Fourier space.
This method has demonstrated great flexibility

and capacity of predicting equilibrium constants
of many biological processes in which DNA is
involved.
Starting from this sound basis, we have proposed

a new point of view in the interpretation of the
different experimental data concerning sequence-
dependent DNA flexibility. We have advanced a
set of dinucleotide parameters that modulated the
ground-state DNA distortion energy as well as
fluctuations along the DNA chain. Also in this
case, the same approach seems to be able to justify
the experimental data from different techniques,
available in the literature.
It casts light that DNA curvature and, in same

cases, flexibility are the main determinant of DNA
macroscopic behavior, whereas all the other
effects, such as interactions with the solution and
the counterions, seem to play a secondary role.
This advanced the hypothesis that in molecular

systems with such a large degree of complexity,
the average molecular properties dominate over
the local features, as in a statistical ensemble.
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