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ABSTRACT

We develop a simple elastic model to study the
conformation of DNA in the nucleosome core
particle. In this model, the changes in the energy
of the covalent bonds that connect the base pairs
of each strand of the DNA double helix, as well as
the lateral displacements and the rotation of
adjacent base pairs are considered. We show that
because of the rigidity of the covalent bonds in the
sugar-phosphate backbones, the base pair param-
eters are highly correlated, especially, strong
twist-roll-slide correlation in the conformation of
the nucleosomal DNA is vividly observed in the
calculated results. This simple model succeeds to
account for the detailed features of the structure
of the nucleosomal DNA, particularly, its more im-
portant base pair parameters, roll and slide, in good
agreement with the experimental results.

INTRODUCTION

The DNA double helix in eukaryotes is packed into nu-
cleosomes, which are composed of repeating array of
DNA–protein complexes called the nucleosome core par-
ticles, which are connected via linker DNA. DNA deforms
significantly to create the nucleosome core particle; the
147 base pair DNA is wrapped in 1.84 left-handed turns
around a core particle of histone proteins (1,2). The
wrapped DNA–histone octamer complex is essentially
ubiquitous in nature and has a major role in many vital
processes in the cell (3). The tightly wrapped conformation
of the nucleosomal DNA seems to hinder the accessibility
of its genetic information needed for fundamental life
processes such as transcription and DNA replication. In
fact, nucleosome is highly dynamic (4); experiments show

spontaneous conformational transitions where thermal
fluctuations make part of DNA unwrap (5). ‘Sliding’ of
the histone octamer along DNA is another strongly tem-
perature-dependent mechanism that has been observed
and modeled both experimentally, and theoretically (6).
Therefore, as in many vital processes, the highly com-
pacted conformation of the nucleosomal DNA should
change to expose its genetic information to proteins
involved in these processes; studying nucleosomal DNA
structure and formation energies are very important.

The conformation of the 147 base pair nucleosomal
DNA has been determined in a high precision experiment
by Richmond and Davey (7). Mohammad-Rafiee and
Golestanian (8) studied the structure of DNA in the nu-
cleosome core particle using an elastic model that incorp-
orates anisotropy in the bending energies and twist-bend
coupling. Although their simple model can account to a
good degree for the observed structure of the nucleosomal
DNA, obtaining other structural properties of the nucleo-
somal DNA, such as shift and slide, is beyond it.
Tolstorukov et al. (9) recently showed the importance of
the lateral displacements of adjacent base pairs of the nu-
cleosomal DNA, especially, the slide in nucleosome struc-
ture. In other more recent numerical analysis, Morozov
et al. (10) have developed a sequence-dependent nucleo-
some model, and obtained all of the base pair parameters.
Although their results show overall correlation with the
experimental results, they find significant discrepancies.
Particularly, they underestimate the magnitude of the
slide peaks that are very important in the nucleosome
structure.

Considering the elastic and geometrical properties of
the nucleosomal DNA, we introduce a simple model to
obtain its base pair parameters, roll, tilt, shift, slide and
rise, so, the lateral displacements of the adjacent base pairs
of DNA are considered besides the bending and twisting
deformations, which are mostly studied in the previous
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theoretical works and simulations. The DNA–protein
interactions in the nucleosome core particle are taken
into account by directly reading off the twist angles
from the experimental results of Richmond and Davey.
Since adjacent base pair are coupled through the DNA
sugar-phosphate backbones, the base pair parameters
are not independent, and they are correlated. In this
model, the covalent bonds between the adjacent base
pairs of the two strands of DNA are considered deform-
able, and simply modeled by two stiff springs. We show
that the stiffness of these covalent bonds results in strong
correlations between the base pair parameters, particu-
larly, the strong roll-slide-twist coupling. The elastic
energy of the molecule consists of two terms: one shows
the changes in the covalent bond energies, and the other
shows the energy cost of the rotation of the base pairs.
By using this simple model, we can find all of the 21 dif-
ferent elastic constants of DNA molecule as a function of
the covalent bonds stiffness. We simply consider no
sequence effect explicitly in writing the elastic energy of
DNA, and without any tuning parameter, the base pair
parameters of the 147 bp steps, especially, the most im-
portant ones, roll and slide, are obtained in an overall
good agreement with the experimental results. In particu-
lar, the peaks of the slide values are close to the experi-
mental ones. As we consider no sequence effect directly,
these encouraging results show the important role of the
rigidity of the sugar-phosphate backbones of DNA in its
conformation.

MATERIALS AND METHODS

DNA geometry and the covalent bond energy

The base pairs are considered as rectangular solids of half
length and width of l=1nm and w=1/3 nm (11). As a
result of deformation and changes in the base pair param-
eters values, the lengths of two strands of DNA can
change. These changes result in the elastic energy of
deformed covalent bonds between the monomers of each
strand. DNA is an anisotropic chiral molecule, so the
changes in the length of the two strands can differ. The
covalent bonds between the bases of each strand are
modeled by springs of stiffness of about kc.104 pN/nm
(12). These springs connect the middle of the width of
one base pair to that of the adjacent base pair. At each
base pair, we can affix a localized Cartesian coordinate
system, so that its x and y axes lie along the width and
length of the rectangular solid, respectively (Figure 1). The
orientation of these localized coordinates can change from
one base pair to the other and we have:

1

�

dê�ðnÞ

dn
¼ ~!ðnÞ � ê�ðnÞ, ð1Þ

where a=1,2,3 labels the three axes of the localized co-
ordinates, n is a dimensionless parameter, which labels the
base pair, d is the z component of the displacement vector
between the middle of the adjacent base pairs and ~! shows
the rate of the change in the orientation of the adjacent
rectangular solids, and can be written in terms of the

angular base pair parameters; roll, R, tilt, T and twist, �,
as:

~! ¼
T

�
ê1+

R

�
ê2+

�

�
ê3: ð2Þ

The length of each spring can be written as lcðjÞ ¼ j ~dðjÞj
(j=1, 2), where

~dðjÞ ¼ �xðjÞê1+�yðjÞê2+�zðjÞê3, ð3Þ

is the displacement vector between the two ends of each
spring. To find j ~dðjÞj, we should solve Equation (1) and
obtain the coordinates of the points of each rectangu-
lar solid in the localized coordinate system of its
adjacent rectangular solid. We assume that the changes
in the orientation of the adjacent base pairs are small,
and estimate the coefficients of the displacement
vector of the strand attached at y= l, �x(1), �y(1) and
�z(1) as:

�xð1Þ ’ �ðl+DÞ sin � cosT+S cosR

�yð1Þ ’ ðl+DÞ cos � cosT� l

�zð1Þ ’ bð1+eÞ+S sinR+ðl+DÞ sinT:

ð4Þ

In the above equations, b denotes the base pair step for
B-DNA, e shows the relative changes in rise and S and D
correspond to the shift and slide parameters, respectively.
To obtain the above equations, we successively apply
slide, tilt, twist, shift, roll and rise to the rectangular
solids. Note that for small base pair parameters, consider-
ing different orders makes no difference. The coefficients
of the displacement vector of the other strand, �x(2),

twist roll tilt

rise slide shift

Figure 1. The six base pair parameters; twist, roll, tilt, rise, shift
and slide. DNA base pairs are shown by rectangular solids (top).
Schematic view of the adjacent base pairs, and the covalent bonds
along the backbones, which are simply modeled by two springs
(bottom). The half of the length and width of of the base pairs are
shown by l and w, respectively, and b equals to the rise of undeformed
DNA. At each base pair, we consider a localized Cartesian coordinate
system xyz.
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�y(2) and �z(2), are obtained by substituting l!�l in
the above equation as:

�xð2Þ ’ ðl�DÞ sin � cosT+S cosR

�yð2Þ ’ �ðl�DÞ cos � cosT+l

�zð2Þ ’ bð1+eÞ+S sinR� ðl�DÞ sinT:

ð5Þ

For undeformed DNA, R=T=0, D=S=0, e=0 and
�= �0=2p/10, so the arc length of the backbone between
the two adjacent base pairs of each strand of undeformed
DNA is lc0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2+2l2ð1� cos �0Þ

p
. The total energy

counts the deformation energy of the covalent bonds,
Ec is found to be

Ec ¼
kc
2

XN
i¼ 1

xið1Þ
2+xið2Þ

2
� �

, ð6Þ

where x(1)= lc(1)�lc0, and x(2)= lc(2)�lc0 show the
changes in the arc length of the backbone between the
two adjacent base pairs of each strand, i and N denote
the label of base pair and the total number of the base
pairs of the nucleosomal DNA, respectively.

The rotational elastic energy

Besides Ec, we consider the energy cost of the rotation of
the base pairs, Erot, in the total elastic energy of the nu-
cleosomal DNA, Eel, so we have:

Eel ¼ Erot+Ec: ð7Þ

In this model, the strains are considered as the amount of
rotation of the localized coordinates per length of the
molecule around each of the three axes of the localized
coordinate of the adjacent base pairs, the components of ~!
(13). Note that, as a result of deformation, d is no longer
equals to the base pair step of B-DNA, b, and for small
deformations can be written as: � ’ bð1+eÞ+S sinR+D sin
T. For small strains, we write the energy of the chain of
nucleosomal DNA as a Taylor expansion of the strains as:

Erot

kBT
¼

1

2

XN
i¼ 1
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i

b
+A2

R2
i

b

�
+Cb

�0ð1+�iÞ

b 1+eið Þ
� !0

� �2

+2G
�0ð1+�iÞ

b 1+eið Þ
� !0

� �
Ri

�
:

ð8Þ

Here, we consider terms up to the second order of the
strains to simply have linear equations after energy mini-
mization. Because of the anisotropy of the DNA molecule,
which has two distinguishable grooves (minor and major),
the asymmetric last term in the above energy equation
appears (twist-bend coupling) (14). In the above
equation, A1, and A2 are bending rigidities corresponding
to tilt and roll, respectively, C is the twist rigidity, G
denotes the twist-bend coupling and o0=1.85 nm�1 is
the spontaneous twist of the helix. Considering the aniso-
tropic bending rigidities is important as it has been shown
that the anisotropic bending elasticity can cause the curva-
ture modulation with the period of 5 bp (8,15,16). Note
that in this energy equation, we consider the elastic coef-
ficients to be constant, and independent of the base pair

steps. We estimate the values of these elastic constants by
using the known values of the average rigidities of DNA
defined in the previous continuous elastic rod models
(14,17,18), and consider A1=75 nm, A2=37 nm (19),
C=100 nm (20), and G=25nm (8) for the elastic
rigidities.

Nucleosomal DNA wrapping constraint

As mentioned before, DNA is wrapped by 1.84 turns
around the protein octamer, so to find the shape of
DNA, we should consider a global constraint. To write
this constraint, first, we recall the differential geometry of
an ideal superhelix, which can be considered as an ap-
proximation of the nucleosomal DNA; at each point of
an ideal superhelix, we can define orthonormal Frenet unit
vectors as:

t̂ðsÞ � @s~rðsÞ

n̂ðsÞ �
@st̂ðsÞ

j@st̂ðsÞj

b̂ðsÞ � t̂ðsÞ � n̂ðsÞ,

ð9Þ

where s is the arc length, ~rðsÞ is the position vector at each
point and t̂ðsÞ, n̂ðsÞ and b̂ðsÞ are tangent, normal and
binormal vectors at point s, respectively. The notation qs
means the derivative with respect to s. The rate of changes
of these unit vectors can be written as:

@st̂ðsÞ ¼ �ðsÞn̂ðsÞ ð10Þ

@sn̂ðsÞ ¼ ��ðsÞt̂ðsÞ+�ðsÞb̂ðsÞ ð11Þ

@sb̂ðsÞ ¼ �ðsÞn̂ðsÞ, ð12Þ

where k(s) and t(s) are curvature and torsion at each
point. We keep writing s in order to emphasize that the
mentioned quantities have their local values.

Now, we can estimate the global constraint of the nu-
cleosomal DNA as

PN
i¼ 1 �i�i ’ 2�� 1:84, where ki is the

curvature of the superhelix of the nucleosomal DNA in
segment i. Here, we neglect torsion, t, with respect to
curvature; it can be shown that the mean curvature and
torsion of the nucleosomal DNA (considered to be ap-
proximately equal to those of an ideal superhelix) with
radius R.41.9 Å and pitch of 2pn.25.9Å are kav=R/
(R2 + n2) and tav=�n/(R2 + n2). Therefore, we have
tav/kav=0.098, which justifies the above approximation.
Moreover, localized coordinate unit vectors can be written
in the Frenet frame as:

ê1ðsÞ ¼ � sin ðsÞb̂ðsÞ+cos ðsÞn̂ðsÞ

ê2ðsÞ ¼ � cos ðsÞb̂ðsÞ � sin ðsÞn̂ðsÞ

ê3ðsÞ ¼ t̂ðsÞ,

ð13Þ

where c(s) is the accumulated twist angle (the angle
between the localized coordinate and orthonormal
Frenet vectors at the plane of each base pair).
Considering Equations (1, 2 and 10), we can write:

�ê3i
�i
’

Ri

�i
ê1i �

Ti

�i
ê2i, ð14Þ
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where i denotes the label of the base pair. From
Equations (13 and 14) for an ideal superhelix, we have:
Ti cos i ¼ Ri sin i, and �i�i ¼ Ri cos i+Ti sin i. In
other words, we have Ri ¼ �i�i cos i and Ti ¼ �i�i sin
 i for an ideal superhelix. Using these relations, the con-
straint can be written as a function of the local roll, tilt
and twist angle as:

XN
i¼ 1

Ri cos i+Ti sin ið Þ ’ 2�� 1:84: ð15Þ

In order to find the local conformation of the nucleo-
somal DNA, one should take account of the specific local
DNA–histone interactions in the nucleosome core
particle, which is denoted by VDNA-histone. Due to these
interactions, the total energy of the nucleosome core
particle can be written as Etotal=Eel + VDNA-histone. In
principle, one should consider this total energy Etotal,
and minimize it respect to the local variables subject to
the constraint, and find the local conformation of the
DNA.

There are fourteen binding sites, where the nucleosomal
DNA contacts the histone octamer (21). In these regions,
the minor grooves of the DNA face to the nucleosome
core, where at each contact region, there are several
hydrogen bonds between the histone proteins and the
sugar-phosphate groups of the DNA backbone (2). The
interactions between DNA and the histones in the binding
sites are quite specific (6,22). We assume that the twist
degree of freedom is mostly governed by these local inter-
actions. Therefore, the local potential is considered as a
solely function of c as VDNA-histone(c) (8). As far as there
is no reliable quantitative model for this local potential
VDNA-histone, for the sake of simplicity, we implicitly
consider the effect of these local interactions in our
model: we read off the twist angle of the DNA from the
experimental data from Reference (7). It also gives us
some information about the sequence effects, which are
not explicitly taken into account in this simple model.
We now minimize the energy with respect to R, T, S, D
and e subject to the wrapping constraint. So, we can find
the local conformation parameters, roll, tilt, shift, slide
and rise at each base pair step. We note that considering
the symmetry of the nucleosome core particle with respect
to its pseudo 2-fold axis, and following Reference (7), the
calculations are performed for half of the DNA length
corresponding to m ¼ n

2 ¼ 73 base pairs.

RESULTS

After minimizing the energy of the Equation (8), with con-
sidering the wrapping constraint, Equation (15) and
reading off the twist values from the experimental data
of Richmond and Davey, the calculated values of the
roll (R), tilt (T), shift (S), Slide (D) and rise are found.
We have shown the results in Figures 2 and 3. As one can
see, the calculated values of the base pair parameters are
significantly correlated with the experimental results of
Reference (7), especially, for the roll and slide.

One way to make a quantitative comparison with the
experimental results is to calculate the linear correlation
coefficients between the calculated results and the experi-
mental data. The correlation coefficient, r, of two vari-
ables X and Y is equal to

r ¼
hXYi � hXihYiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hX2i � hXi2
	 


hY2i � hYi2
	 
q , ð16Þ

where hAi shows the average of the variable A. The cor-
relation coefficients between the calculation and the ex-
periment for the roll, slide, tilt and shift are 0.840, 0.774,
0.127 and 0.016, respectively. We can see that there is a
clear coupling between the twist, roll and slide at kinked
steps (i=36, 48 and 58) correspond to flexible CA=TG
base pairs. The slide values are also large at these steps,
which are one of the most overwound base pair steps. It is
worth to emphasize that the slide peaks are in good agree-
ment with the experiment. We can see the importance of
this result when we note that positive slides have a signifi-
cant contribution to the structure of nucleosome.
In our model, the values of the peaks of the roll are also

obtained in very good agreement with the experimental
results, and around twice the ones for an ideal superhelix
(4.53�). For the calculated values of the tilt and shift, in
spite of overall agreement with the experimental results,
the magnitude of the observed oscillations is generally
underestimated. In fact, the calculated results for the
values of the roll and slide are in more agreement with
the experimental data than the ones of shift and tilt, which
is also a consequence of the more correlation between the
roll and slide with the twist angles that are reading off
from the experiment directly. The correlation coefficients
between twist and roll, as well as, twist and slide are
obtained to be �0.951 and 0.768, respectively. The correl-
ation coefficients between shift and tilt as well as roll and
slide are 0.813 and �0.917, respectively. The negative cor-
relation coefficient between roll and slide means that as
the value of the slide increases, the value of the roll de-
creases. In fact, the parameters are correlated so that as a
result of their changes, the arc length of the backbone does
not change significantly. As shown in Figure 3, the
stretching of the molecule is also negatively correlated
with twist and it has large peaks at the base pair steps
that the molecule is highly undertwisted.
To make a more refined quantitative comparison

with the experiment, we take the Fourier transform
of each base pair parameter, X, defined as
Xq ¼

1ffiffiffi
m
p
Pm

s¼ 1 Xse
2�iðs�1Þðq�1Þ=m, for a list Xs of length m,

to better resolve its feature (Figure 4). We know that the
absolute value of the Fourier transform is symmetric with
respect to the transformation q! m� q; therefore, it is
sufficient to show the first half of the plots. As one can see,
there is a distinct peak in the Fourier transform of the base
pair parameters at q ¼ 73

10+1 ¼ 8:3, which is correspond-
ing to the periodicity of 10 bp, which is equal to the helical
repeat of DNA. We can also see a peak at q=31 in the
Fourier transform of the shift, which is equal to a period
of about 2 bp, which is in consistence with the alternations
observed experimentally in the shift values. Note that in
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spite of small obtained linear correlation coefficient
between the calculated and experimental values of the
shift, the Fourier transform of the calculated shift values
is in encouraging agreement with that of the Experimental
Data.
Using Equations (3)–(5) and the proper relations for the

changes in the length of the covalent bonds between the
adjacent base pairs of the two strands of DNA, one can
determine the overall stretching of each strand of the nu-
cleosomal DNA. The relative changes in the length of the
covalent bonds between the adjacent base pairs of the two
strands of DNA are shown in Figure 5. We see that the
mentioned relative changes are less than 10 % for most of
the base pair steps. As is expected, because of the rigidity
of the covalent bonds, the arc length of the backbones
does not vary significantly during the deformation. We
note that, since DNA is an anisotropic molecule, the

changes in the length of the springs of the two strands
are not necessarily the same. In few base pairs,
the length of the spring of one strand extends while the
length of the spring of the other one decreases. In the base
pair steps that the relative changes in the length of the
springs are >10%, the relative changes in the twist are
also large, which could be a consequence of DNA–
protein interactions and sequence effects.

DISCUSSION AND CONCLUSION

Our simple model shows that the main features of the
nucleosomal DNA can be determined using a proper
elastic model that incorporates some correlations that
come from the geometry of the molecule. We see that in
this model, without considering the explicit effect of the
DNA sequence, and without any tunning parameters, we
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find the structure of the nucleosomal DNA in an
encouraging good agreement with high precision experi-
mental results. In the above treatment, the effect of the
sequence is not considered explicitly in the elastic coeffi-
cients. Since we read off the twist of the nucleosomal
DNA from the experiment, the effect of the sequence of
DNA appears implicitly in the conformation of the nu-
cleosomal DNA. Therefore, we can see the sequence
effects in the behaviour of the calculated base pair param-
eters. For example, at steps corresponding to flexible
CA=TG base pair steps, the values of roll and slide are
relatively large. In fact, at these base pair steps, roll and
slide are more significantly coupled with twist of the
molecule. Since we read off the twist of the nucleosomal
DNA from the experimental data, one may wonder what
happens if the DNA twist is not determined with the ex-
periment. In principle, the local DNA–histone potential
determines the local twist of DNA. One can assume that
this local potential causes the local torque and force on the
DNA in such a way that the DNA is sharply bent and
wrapped around the histone octamer. It has been shown
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that in the similar situations, the DNA twist changes very
slightly (<2%) (15,16,19). It is worth to check the effect of
the twist values on the other base pair parameters. For this
purpose, we assume that the twist of the bent DNA is not
changed from its natural twist. In Figure 6, we have
plotted the calculated base pair parameters as functions
of the base pair steps, considering a constant twist angle
equal to that of the undeformed B-DNA (�= �0 and
ci= ibo0), together with the experimental data. As one
can see, in this case, the calculated and experimental
data are poorly correlated and the values of the base
pair parameters at each base pair are mostly different
from their experimental values. These results show that
the histone-DNA local interactions have a crucial effect
on the DNA twist.
The geometry of the nucleosomal DNA, and the rigidity

of the covalent bonds in its structure, result in a significant
coupling between its base pair parameters. Our sequence
independent model, which uses experimental twist values
as input, finds the values of roll and slide more signifi-
cantly correlated with the experimental ones than the
model of Reference (10), which uses nucleosomal DNA
sequences as input. This can show the importance of the
correlations between the base pair parameters, which
come from the geometry and the elasticity of the DNA
molecule. It also means that we can show the structure of
the nucleosomal DNA with reduced number of the base
pair parameters because of the strong coupling between
them. Therefore, as we have shown here, instead of con-
sidering three independent base pair parameters, twist, roll
and slide, we can only consider the twist of the base pairs,
and obtain the other two parameters by taking into
account the correlations that come from the geometry of
the molecule.
As can be seen from Equation (7), in this model, we

consider the elastic constants of DNA molecule as sum

of two terms; the elastic constants introduced in the
previous elastic rod models for DNA, and another term
which is proportional to the covalent bond stiffness, kc,
and the square of the changes in the covalent bond
lengths. Actually, the elastic energy of the molecule can
change as a result of deformation even if the covalent
bond lengths of the two springs do not vary. In fact, if
we want to estimate the total changes in the elastic
energy of the molecule by solely the covalent bond
term, we should consider more than two springs. In our
model, the elastic constants corresponding to the lateral
displacements have only the covalent bond term, and so,
they are obtained to be a function of the geometrical
properties of DNA as well as the stiffness of the
covalent bonds. These elastic constants are provided in
the Appendix A. We also find that after considering
the effects of the two springs up to the second-order
terms of the base pair parameters, the elastic constants
showing the coupling terms between R and D, R and T,
T and e, S and e and D and e are found to be zero, while
other elastic constants have non-zero values. In fact, by
using this simple model, we find all the 21 different elas-
tic constants of DNA molecule as a function of the
covalent bonds stiffness (see Appendix A for details).
We can also reverse the procedure by using the previously
estimated values for the elastic constants of the differ-
ent 10 bp step of DNA molecule (23) to estimate the
stiffness of the covalent bonds at individual base pair
steps.

It is worth to discuss about the values of the elastic
constants that we have used in the text. There is still no
direct experimental measurements for the anisotropy
bending rigidities and twist-bend coupling. Simulation
results estimate the values of these elastic coefficients for
each of the 10 different sequences of nucleotides, and
suggest a range of values for them as A1=47–79 nm,
A2=25–52 nm (23). In this article, for the bending
rigidities, we use A1=75 nm, A2=37 nm (19) (note that
we choose A1 and A2 so that the effective bending rigidity,
A ¼ 1

2 ðA
�1
1 +A�12 Þ

�1, equals the bending persistence length
of the molecule, measured to be 50 nm). For the twist-
bend coupling, we use the suggested value G=25nm in
Reference (8). The simulation works suggest that the
twist-bend coupling is about G=6–17 nm (23). We have
also examined these values for the twist-bend coupling and
found no significant effect. Recent direct determination of
twist rigidity gives a value of C=100±7nm (20), and we
use C=100 nm.

Here, we simply estimate the interaction energy between
DNA and histone as only a function of the accumulated
angle because the experimental results show that the
twist angle mostly changes, and has large positive values
at all of the contact regions (2). Moreover, there are
also large alternation of shift values at some contact
regions, so, it is more accurate to consider the interaction
energy as a function of the two less correlated base pair
parameters, twist and shift rather than solely a function
of twist.

Our approach can be used in the future elastic models
for the nucleosome and other DNA–protein complexes,
especially, to obtain the correlations between the base
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pair parameters. To show the more generality of our
model, we have applied it to other sequence of DNA and
studied the results: Ong et al. (24) have determined the
crystal structure of a nucleosome core particle containing
145 bp of DNA (NCP145) and found its base pair param-
eters. The base pairs ±3 of the 147 base pair nucleosomal
DNA on eider side of the dyad axis are absent in the
NCP145. The same as before, we directly read off the
twist angles from the ones obtained by Ong et al. and
find other base pair parameters using our simple model.
The results are shown in Figure 7 together with the experi-
mental data of Ong et al. (The same as before, the results
are shown for half of the DNA length, in this case, corres-
ponding to 72 bp and the average base pair parameters of
the base pairs on either side of the dyad axis are shown.)
We can see that there is an overall good agreement between
the experimental and calculated results especially for the
values of roll and slide. The peaks of the slide are also in

good agreement with the experimental data and there is a
large roll-slide-twist correlation. Thus, our simple model
can successfully obtain the results of another DNA–
protein structure and its predictive power is more
general. Note that these important quantitative predictions
come out naturally from the theory without having to
choose a single fitting parameter. We finally note that the
present model can also be applied to other protein–DNA
complexes. As mentioned in the text, if the local potential
of the interactions is known, one should consider this po-
tential explicitly in the total energy Etotal and minimize it
with respect to the variables subject to the constraint and
find the local conformation of the DNA.
In conclusion, by introducing a simple elastic model, we

study the role of the rigidity of the sugar-phosphate back-
bones in the structure of the nucleosomal DNA. By this
new approach, all the different correlations between the six
base pair parameters are obtained as a function of the
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stiffness of the springs, which simply represent the covalent
bonds between the adjacent base pairs. Our simple model
succeeds to obtain some of the main detailed features of the
nucleosomal DNA; in fact, we show that some of the im-
portant features of the DNA molecule can be obtained by
just considering the changes in the covalent bond energies
in the elastic model. The results, especially, for the roll and
slide, are in encouraging quantitative agreement with the
experimental results, and show obviously the two signifi-
cant base pair parameter correlations, roll-slide-twist as
well as tilt-shift.

ACKNOWLEDGEMENTS

We dedicate this article to the Founder of the Institute for
Advanced Studies in Basic Sciences (IASBS), Professor

Yousef Sobouti, for being an incredible inspiration in
our academic life. We are very thankful to R. Bruinsma
and R. Golestanian for introducing this field to us. We
thank G. Zocchi, D. Norouzi and M.A. Charsooghi for
very helpful discussions.

FUNDING

Institute for Advanced Studies in Basic Sciences
(IASBS) Research Council (grant No. G2009IASBS105
to F.M.-R.). Funding for open access charge:
Department of Physics and the Department of
Biological Sciences of Institute for Advanced Studies in
Basic Sciences (IASBS).

Conflict of interest statement. None declared.

10 20 30 40 50 60 70

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5
experiment
calculation

10 20 30 40 50 60 70

-15

-10

-5

0

5

10

15

20

25

30
experiment
calculation

10 20 30 40 50 60 70

-1

0

1

2

3

4
experiment
calculation

10 20 30 40 50 60 70
-50

-40

-30

-20

-10

0

10

20

30 experiment
calculation

T
il
t 
(d

eg
re

es
)

R
ol

l (
d
eg

re
es

)

Base-pair stepBase-pair step

S
h
if
t 
(Å

)

S
li
d
e 

(Å
)

Base-pair stepBase-pair step

Figure 7. The calculated and the experimentally observed roll, tilt, shift and slide of the NCP145. The filled circles correspond to the experimental
data taken from Reference (24), and the hollow squares show the calculated results using A1 = 75 nm, A2 = 37 nm, C ¼ 100nm and G = 25 nm. In
the calculation process, the twist angles are directly read off from the experimental data of Ong et al. We can see a strong coupling between twist, roll
and slide. The negative values of the roll and positive values of the slide are in good agreement with the experimental results. The correlation
coefficients between the calculation and experiment for the roll, slide, tilt and shift are 0.702, 0.623, 0.165 and 0.104, respectively.

1228 Nucleic Acids Research, 2011, Vol. 39, No. 4



REFERENCES

1. Alberts,B., Johnson,A., Lewis,J., Raff,M., Roberts,K. and
Walter,P. (2002) Molecular Biology of the Cell, 4th edn. Garland,
New York.

2. Luger,K., Mader,A.W., Richmond,R.K., Sargent,D.F. and
Richmond,T.J. (1997) Crystal structure of the nucleosome core
particle at 2.8 A resolution. Nature, 389, 251–260.

3. Saecker,R.M. and Record,M.T. (2002) Protein surface salt bridges
and paths for DNA wrapping. Curr. Opin. Struct. Biol., 12,
311–319.

4. Luger,K. and Hansen,J.C. (2005) Nucleosome and chromatin
fiber dynamics. Curr. Opin. Struct. Biol., 15, 188–196.

5. Tomschik,M., Zheng,H., Van Holde,K., Zlatanova,J. and
Leuba,S. (2005) Fast, Long-range, reversible conformational
fluctuations in nucleosomes revealed by single-pair fluorescence
resonance energy transfer. Proc. Natl Acad. Sci. USA, 102,
3278–3283.

6. Schiessel,H. (2003) The physics of chromatin. J. Phys. Condens.
Matter, 15, R699–R774.

7. Richmond,T.J. and Davey,C.A. (2003) The structure of DNA in
the nucleosome core. Nature, 423, 145–150.

8. Mohammad-Rafiee,F. and Golestanian,R. (2005) Elastic
correlation in nucleosomal DNA structure Phys. Rev. Lett., 94,
238102.

9. Tolstorukov,M.Y., Colasanti,A.V., McCandlish,D.M., Olson,W.K.
and Zhurkin,V.B. (2007) A novel roll-and-slide mechanism of
DNA folding in chromatin: implication for nucleosome
positioning. J. Mol. Biol., 371, 725–738.

10. Morozov,A.V., Fortney,K., Gaykalova,D.A., Studitsky,V.M.,
Widom,J. and Siggia,E.D. (2009) Using DNA mechanics to
predict in vitro nucleosome positions and formation energies.
Nucleic Acids Res., 37, 4707–4722.

11. Bloomfield,V.A., Crothers,D.M. and Tinoco,I. (2000) Nucleic
Acids: Structures, Properties, and Functions. University Science
Books, Sausalito, California.

12. Berg,J.M., Tymoczko,J.L. and Stryer,L. (2002) Biochemistry,
5th edn. W. H. Freeman & Co Ltd, New York.

13. Ghorbani,M. and Mohammad-Rafiee,F. (2008) Twist-stretch
correlation of DNA. Phys. Rev. E, 78, 060901 (R).

14. Marko,J.F. and Siggia,E.D. (1994) Bending and twisting elasticity
of DNA. Macromolecules, 27, 981–988.

15. Mohammad-Rafiee,F. and Golestanian,R. (2003) Nonlinear
mechanical response of DNA due to anisotropic bending
elasticity. Eur. Phys. J. E, 12, 599–604.

16. Mohammad-Rafiee,F. and Golestanian,R. (2005) The effect of
anisotropic bending elasticity on the structure of bent DNA.
J. Phys. Condens. Matter, 17, S1165–S1170.

17. O’Hern,C.S., Kamien,R.D., Lubensky,T.C. and Nelson,P. (1998)
Elasticity theory of a twisted stack of plates. Eur. Phys. J. B, 1,
95–102.

18. Kamien,R.D., Lubensky,T.C., Nelson,P. and O’Hern,C.S. (1997)
Direct determination of DNA twist-stretch coupling. Europhys.
Lett., 38, 237–242.

19. Norouzi,D., Mohammad-Rafiee,F. and Golestanian,R. (2008)
Effect of bending anisotropy on the 3D conformation of short
DNA loops. Phys. Rev. Lett., 101, 168103.

20. Bryant,Z., Stone,M.D., Gore,J., Smith,S.B., Cozzarelli,N.R. and
Bustamante,C. (2003) Structural transitions and elasticity from
torque measurements on DNA. Nature, 424, 338–341.

21. Davey,C.A., Sargent,D.F., Luger,K., Maeder,A.W. and
Richmond,T.J. (2002) Solvent mediated interactions in the
structure of the nucleosome core particle at 1.9 A resolution.
J. Mol. Biol., 319, 1097–1113.

22. Schiessel,H. (2006) The nucleosome: A transparent, slippery,
sticky and yet stable DNA-protein complex. Eur. Phys. J. E, 19,
251–262.

23. Lankas,F., Sponer,J., Langowski,J. and Cheatham,T.E. (2003)
DNA basepair step deformability inferred from molecular
dynamics simulations. Biophys. J., 85, 2872–2883.

24. Ong,M.S., Timothy,J.R. and Davey,C.A. (2007) DNA stretching
and extreme kinking in the nucleosome core. J. Mol. Biol., 368,
1067–1074.

APPENDIX A: ELASTIC CONSTANTS OF DNA AS A
FUNCTION OF THE COVALENT BONDS STIFFNESS

Here, we obtain the elastic constants of DNA molecule
corresponding to different couplings of R, T, e, S and D,
as explicit functions of the geometrical properties as well
as the stiffness of the covalent bonds. First, we find the
total energy counts the deformation energy of the covalent
bonds, Ec, given by Equation (6), as an explicit function of
the base pair parameters considering terms up to the
second order of R, T, e, S and D. The length of each
spring is equal to:

lcðjÞ ¼ �xðjÞ2+�yðjÞ2+�zðjÞ2
� �1

2

’ l0+
1

2l0
l1ðjÞ+l2ðjÞ½ � �

l1ðjÞ
2

8l30
,

ðA:1Þ

where j=1,2 shows the label of the springs, l1(j) and l2(j)
are the first and second order terms of R, T, e, S and D,
respectively and l0 is the term that is independent of these
base pair parameters and from Equations (4 and 5), we
have:

l0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l2ð1� cos �Þ+b2

p
l1ð1Þ ¼ 2lDð1� cos �Þ+2blT� 2lS sin �+2b2e

l1ð2Þ ¼ � 2lDð1� cos �Þ � 2blT+2lS sin �+2b2e

l2ð1Þ ¼ S2+D2 � 2SD sin �+l2T2 cos �+b2e2

+2bSR+2bDT+2bleT

l2ð2Þ ¼ S2+D2 � 2SD sin �+l2T2 cos �+b2e2

+2bSR+2bDT� 2bleT:

ðA:2Þ

Note that for simplicity, we do not write the label of each
base-pair in the equations. The square of the changes in
the arc length of the backbone between the two adjacent
base pair of each strand, x( j), up to the second-order
terms of the strains is equal to:

xðjÞ2 ¼ lcðjÞ � lc0½ �
2
’ ðl0 � lc0Þ

2

+
lc0

4l30
l1ðjÞ

2+ð1�
lc0
l0
Þ l1ðjÞ+l2ðjÞ½ �:

ðA:3Þ

Considering the above equation and Equations (6 and
A.2), we have Ec as an explicit functions of the base pair
parameters up to the second-order terms of R, T, e, S and
D, as:

Ec’kc
XN
i¼1

ðl0� lc0Þ
2+

lc0

l30
l2 b2T2+

b4

l2
e2+sin2 �S2

��

+ð1� cos�Þ2D2+2bð1� cos�ÞDT�2sin�ð1� cos�ÞSD

�2bsin�TS�+ð1�
lc0
l0
Þ l2 cos�T2+b2e2+S2+D2
	

�2sin�SD+2bSR+2bDT+2b2e

�
:

ðA:4Þ

Now, if Aab shows the elastic constant corresponding to
the coefficient of a � b in the elastic energy, where
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a,b2fR,T,e,s,S,D}, from Equations (7), we can consider
these elastic constants as summation of rotational and
covalent bond terms as:

A�	 ¼ Arot
�	+Ac

�	: ðA:5Þ

From Equations (8), it is obvious that the values of Arot
�	

are given by A1,A2,C and G that are the elastic constants
introduced in the previous elastic rod models for DNA.
Note that the elastic constants corresponding to the lateral
displacements have only the covalent bond term. The non-
zero values of Ac

�	 for different couplings of R,T,e,S and D
can be obtained easily from Equations (A.4) and are given
by these functions:

Ac
TT ¼ kc

lc0

l30
l2b2+ 1�

lc0
l0

� 

l2 cos �

� �

Ac
ee ¼ kc

lc0

l30
b4+ 1�

lc0
l0

� 

b2

� �

Ac
SS ¼ kc

lc0

l30
l2 sin2 �+ 1�

lc0
l0

� 
� �

Ac
DD ¼ kc

lc0

l30
l2ð1� cos �Þ2+ 1�

lc0
l0

� 
� �

Ac
SR ¼ 2kc 1�

lc0
l0

� 

b

Ac
TS ¼ � 2kc

lc0

l30
l2b sin �

Ac
DT ¼ 2kc

lc0

l30
l2bð1� cos �Þ+ 1�

lc0
l0

� 

b

� �

Ac
SD ¼ � 2kc

lc0

l30
l2 sin �ð1� cos �Þ+ 1�

lc0
l0

� 

sin �

� �
:

ðA:6Þ

Note that as we read off the twist angles directly from the
experiment, up to now, we do not treat the twist as a
variable and so do not expand the covalent energy with
respect to s. Thus, our elastic constants are functions of s
and the elastic constants showing the coupling of the twist
to other base pair parameters are not obtained, but in
general, we can easily expand Equation (A.4) with
respect to s and find all of the elastic constants independ-
ent of the changes in the twist.
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