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Nanoscale mechanical and dynamical properties of DNA single molecules
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Abstract

Experimental evidence suggests DNA mechanical properties, in particular intrinsic curvature and flexibility, have a role in many relevant

biological processes. Systematic investigations about the origin of DNA curvature and flexibility have been carried out; however, most of the

applied experimental techniques need simplifying models to interpret the data, which can affect the results.

Progress in the direct visualization of macromolecules allows the analysis of morphological properties and structural changes of DNAs

directly from the digitised micrographs of single molecules. In addition, the statistical analysis of a large number of molecules gives

information both on the local intrinsic curvature and the flexibility of DNA tracts at nanometric scale in relatively long sequences.

However, it is necessary to extend the classical worm-like chain model (WLC) for describing conformations of intrinsically straight

homogeneous polymers to DNA. This review describes the various methodologies proposed by different authors.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the present postgenomic era, DNA sequences with

billions of informational elements are currently accumu-
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lating in the data banks. Consequently, the need of

translating the linear information of the base sequences

into functional elements is becoming more and more

crucial.

In a recent past, the DNA chain was considered to be

substantially homogeneous in its canonical structure and

acting as a simple repository of the genic information. This

homogeneity appeared to hinder reading the information

encoded in the base sequence. Therefore, DNA expression
113 (2005) 209–221
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and control were supposed to be fully delegated to

proteins.

On the contrary, DNA is now being recognised more and

more extensively as a complex polymorphic macromole-

cule, which plays a relevant part in the management of the

gene information it contains.

In fact, the present concept of gene includes the control

regions preceding and following the coding region as well

as the introns. Moreover, the intergenic regions could have a

role in driving, e.g., in eukaryotic genomes, the complex

architecture of chromatin as well as other structural and

regulative functions.

Every function of DNA, including transcription, repli-

cation and recombination, is guided by deviations from the

monotonous regularity of the straight canonical B-DNA

structure and dynamics. Such structural deviations are an

intrinsic property of the sequence and are recognized and

amplified by protein binding. This requires a free-energy

balance that is paid by the protein interactions, but

minimized by suitable intrinsic structural properties of the

DNA tract involved in the recognition. This is particularly

evident in the case of sequence-dependent DNA-histone

octamer association, the nucleosome, which governs the

packaging and the superstructural organization of the

genome as well as the gene regulation [1].

In conclusion, an important part of the DNA information

content is not localized on the codogenic regions but

appears to be related to the nanoscale DNA mechanical

properties.

Several authors have focused their attention to the static

and dynamic superstructural effects produced by the local

distortions from the canonical B-DNA structure.

Historically, the first hypothesis about bent DNAs was

proposed as the cause of the aberrant electrophoretic

behaviour of some DNA sequences in the 1970s [2–4].

Analyzing the nucleotide sequence of eukaryotic DNAs,

Trifonov and Sussman [5] found a weak periodicity of some

dinucleotide steps along the sequence with a period close to

the DNA helical repeat. They suggested that the angles

between base-pair planes (the bwedge angleQ) are sequence

dependent and that the observed periodicity reflects the

anisotropic flexibility of the DNA molecule. As Trifonov

and Sussman pointed out, even small structure variations

(for example, due to wedge angles) could have a consid-

erable influence on the global DNA bendability when they

are phased with the DNA helical turn.

Two years later, Marini et al. [6] advanced the concept of

the static bend as a sequence-dependent DNA property, as a

result of their investigations on the electrophoretic anoma-

lies of a Kinetoplast DNA tract of Leishmania tarentolae.

Afterwards, Wu and Crothers [7] localized the bend in that

DNA tract introducing the electrophoresis gel permutation

assay. It consists in localizing the minimum of the

retardation plot of cyclically permuted DNA tracts, obtained

by single restrictions on the tandem dimer of the tract

considered.
Systematic investigations about the origin of DNA

curvature were carried out by Hagerman [8] and Koo et al.

[9] using the anomalies of polyacrylamide gel electro-

phoresis, quantified by the retardation factors, the ratio

between the apparent and actual bp numbers, associated to

biosynthetic multimeric oligomers. Crothers et al.

advanced the hypothesis that deviations from linearity

should occur at the boundary between the normal B-DNA

structure and AAdTT repeating stretches longer than three

base pairs.

Later, several authors proposed models to describe the

curvature in terms of the dinucleotide unit structure. The

wedge angle between consecutive base pairs is assumed to

be different for each dinucleotide step. Wedge angles in

phase with the helix periodicity can produce an effective

curvature, which could be large enough to be macroscopi-

cally detected. These models generally assume that the

wedge angles are only dependent upon nearest-neighbour

interactions and they are therefore called nearest-neighbour

models [10–14]. They were recently reviewed by Crothers

[15], who verified their effectiveness in predicting intrinsic

DNA curvature in good agreement with the experiments.

One of these models has been developed by our group

[10,11] and will be described in more details in the next

sections.

In addition, Olson et al. [14] have performed a systematic

analysis of the dispersion of base-pair parameters in DNA

crystal structure to have an estimate, in the framework of

first-order elasticity, of the dinucleotide sequence-dependent

deformability, as well as the correlation between fluctua-

tions of different parameters. Indeed, all dinucleotide steps

show concerted variations of roll, tilt, twist, shift and slide

parameters, probably in order to relieve the close steric

contacts between bases, whereas the rise varies almost

independently of all the other parameters [14].

More recently, we proposed a set of dinucleotide rigidity

parameters, expressed in terms of the normalized melting

temperatures, as a measure of the DNA differential

flexibility along the sequence. These parameters can predict

free energies of competitive nucleosome reconstitution

experiments in good agreement with the experimental

results [16,17].

Moreover, since the first evidence of DNA anomalous

electrophoretic mobility, large amounts of other experimen-

tal data have shown that many DNAs are curved or exhibit

tracts with preferential bendability. Many different exper-

imental methods have been used to this aim, such as light

scattering [18,19], ligase-catalyzed cyclizations [20], flow

dichroism [21], transient electric birefringence [22,23] and

transient electric dichroism [24,25]. However, all these

methods need simplifying models to interpret the data,

which can affect the results.

On the contrary, progress in the direct visualization of

macromolecules allows the analysis of morphological

properties and structural changes of DNAs directly from

the digitised micrographs of single molecules (Fig. 1).



Fig. 1. (A) Example of SFM images of intrinsically bent DNA molecules. (B) The same molecules in panel (A) after digitalization. When it was not possible to

extrapolate the correct 2-D path, such as for incomplete, fragmented or superimposed molecules, the images were skipped. Panel (C) report as example the

magnification of the two molecules in panel (B), indicated by the arrows (images and data are a courtesy of Sabrina Pisano).
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The statistical analysis of a large number of molecules,

in order to get more reliable results, could bring

information both on the local intrinsic curvature and the

flexibility of DNA tracts at nanometric scale in relatively

long sequences.

The next section will describe the various methodologies

proposed by different authors.

Alternatively, for a more specific discussion about

manipulation of single molecules and DNA mechanics

under stretching by external forces, we refer to other recent

reviews [26–29].
2. The worm-like chain model

The classical theory for describing DNA conformations

at nanometric scale is the worm-like chain model (WLC),

initially proposed by Kratky and Porod [30] and later

revisited by various authors [31–34]. In this model, the

stiffness of the chain is represented by its persistence length

(P), which can be interpreted either as the projection of the

whole polymer chain onto its starting direction or the
distance over which the memory of an initial orientation of

the polymer persists. It is the correlation integral between

the direction of pairs of tangent unit vectors, u(s) and u(sV),
to the profile of the curved DNA tract separated by the

curvilinear distance l:

hu sð Þu sVð Þi ¼ exp � l=Pð Þ ð1Þ

A limitation of the initial WLC model was the

assumption of intrinsically straight homogeneous poly-

mers whose thermal fluctuations are quantified as

deviations from the straight line. However, DNA almost

always contains curved regions, which can strongly affect

the persistence length. The intrinsic bent regions contrib-

ute to the experimentally measured persistence length

(Pa) with a term denoted as the static persistence length

(Ps), whereas thermal fluctuations contribute with the

dynamic persistence lengths (Pd). The three contributions

are related by

1=Pa ¼ 1=Pd þ 1=Ps ð2Þ

as initially proposed by Trifonov et al. [35] and later

checked by Schellman and Harvey [36]. Such relation
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can be obtained as the sum of the angular dispersions of

the unit vectors along the curvilinear DNA profile due to

both the static curvature and dynamic fluctuations under

the hypothesis of their mutual independence [37].

As aforementioned, scanning force microscopy (SFM),

electron microscopy (EM) and cryoelectron microscopy,

wheremolecules are absorbed onto supporting films, have the

advantage of directly observing the DNA path. However, the

preparation of specimens exposes DNA to strong perturba-

tions, which can introduce artefacts in the measurements of

the persistence length. First of all, during adsorption, DNA

molecules are transformed from a three-dimensional (3-D)

into a two-dimensional (2-D) object. EM techniques need the

drying and staining of the samples. In addition, the finite size

of the tip used in SFM experiments and the image processing

make difficult to determine high-curvature features within the

range of the experimental resolution.

As regards the first point, two extreme cases can be

described [38]: the molecules freely equilibrate on the

surface, before being trapped in a particular conformation,

or the molecules adhere without having equilibrated on the

substrate, resembling the actual 3-D conformations. In the

latter case, the conformations of the molecules reflect the

history of their approach to the surface and it is therefore

difficult to distinguish between intrinsic conformations and

those induced upon adsorption. However, Bednar et al. [39]

pointed out that cryoelectron microscopy experiments need

no adsorption of the molecules on a surface and, contrary to

classical EM, need no staining or drying of the samples.

Molecules are suspended in a thin layer of a cryo-vitrified

buffer. Although this confinement can cause some changes

in the preferred DNA shapes, the high speed of cooling

leaves only few possibilities to DNA to change its

conformations. In addition, the actual 3-D DNA structures

can be reconstructed from the combined use of two stereo

micrographs [39].

In the case of the molecules that freely equilibrate

on the surface, it is possible to have an ensemble of

2-D conformations, which can be related to the actual

3-D DNA structures, as will be described in the next

section.
3. DNA persistence length in two dimensions

Given a polymer chain with a persistence length, P, in the

framework of first-order elasticity, the energy required to

bend by an angle h, two segments located at a certain

distance l, is [40]:

E ¼ RTP

2l
h2 ¼ 1

2
bh2 ð3Þ

where R is the ideal gas constant and T is the absolute

temperature, whereas b=RTP/l is the apparent bending

force constant. Therefore, in two dimensions, the proba-
bility of having a certain bend angle follows a Gaussian

distribution

p hð Þ2D ¼
ffiffiffiffiffiffiffi
P

2pl

r
exp � P

2l
h2
��

ð4Þ

The hypothesis of Gaussian distribution is generally

considered sound. To test if the molecules ensemble is

statistically valid, some authors [38,41] have proposed the

measurement of the ratio hh4i2D/hh2i2D2 or hh6i2D/hh2i2D3 ,

which should be equal to 3 and 15, respectively, for

Gaussian distributions. The values found by Frontali et al.

[41] in EM experiments and Rivetti et al. [38] in SFM

experiments were generally very close to the expected

values, even if Rivetti et al. found some deviations for very

short l, probably due to the SFM limit resolution, and for l

close to the DNA contour length.

Following Eq. (4), Rivetti et al. obtained the average

cosine of the angle between segments separated by a

distance, l, as a function of the persistence length, P:

hcos hð Þi2D ¼
Z l

�l
p hð Þ2Dcos hð Þdh ¼ exp � 1

2P

��
ð5Þ

Eq. (5) was therefore used to calculate the mean square

end-to-end distance of the polymer:

hR2i2D ¼
Z L

0

Z L

0

hu sð Þu sVð ÞidsdsV

¼
Z L

0

Z L

0

hcos hð ÞidsdsV ð6Þ

where u(s) and u(sV) are the unit tangent to the chain at the

positions s and sV respectively, and L is the DNA contour

length. Resolving Eq. (6) gives

hR2i2D ¼ 4PL 1� 2P

L
1� exp � L

2P

�� �� ��
ð7Þ

Following Kratky and Porod [30], in three dimensions,

the mean square end-to-end distance of the polymer is:

hR2i3D ¼ 2PL 1� P

L
1� exp � L

P

�� �� ��
ð8Þ

This means that a molecule, which freely equilibrates on

the surface, has an apparent persistence length, which is twice

than that found for the 3-D structure. On the contrary,

projecting a 3-D state onto a flat surface, results in having a

mean square end-to-end distance equal to 2/3 hR2i3D.
Rivetti et al. [38] proposed the differences between hR2i

values to be able to discriminate between molecules that have

equilibrated on the surface from those which have not. The

authors found that some molecules deposited on glow-

discarded mica or water-treated mica have hR2i values very
close to the expected values for trapped molecules; on the
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other hand, molecules deposited onto untreated freshly

cleaved mica were able to equilibrate on the surface. They

found that the DNA persistence length was 52 nm, in good

agreement with the data found with other techniques.

Another reason that in principle could affect the

measured persistence length is the excluded volume effects,

which can increase the measured rigidity of the chains [38].

However, Monte Carlo simulations showed that these

effects could be neglected for contour lengths shorter than

1000 nm (~20 persistence lengths).

Eqs. (4)–(8) can be used to obtain a number of

statistically relevant parameters for intrinsically straight

DNAs.

However, DNA almost always contains curved regions

or tracts with different flexibility, depending on the

sequence, which can strongly affects the persistence length.

It was therefore necessary to extend the WLC model to

these cases.

The first attempt was proposed by Muzard et al. [42].

Assuming a static angle between two segments along a chain,

reflecting the local curvature, the cosine of the angle between

the two segments at a certain curvilinear distance, s, is

hcos hð Þi ¼ exp � s=Pð Þcos jsð Þ ð9Þ

where j is the inverse of the local radius of curvature of the

chain (assuming that curvature does not vary within small

regions of the molecule).

In two dimensions, given a certain DNA tract, the local

curvature can be simply characterized by the ratio, SD, of

the curvilinear distance to the linear end-to-end distance of

the tract (Fig. 2A). Therefore, SD is close to 1 for straight
Fig. 2. (A) Schematic representation of a DNA tract characterized by the

ratio, SD, of the curvilinear distance, S , to the linear end-to-end distance

of the tract, R. W is the wedge angle between the tangent vectors at both

the ends of the DNA tract. (B) Schematic representation of a polymer

chain, with a contour length L, including a static bend, b, at a certain

position S . R represents the end-to-end distance, whereas u(s) and u(sV)
are the tangents to the chain at the positions s and sV, respectively.

(Adapted from Ref. [46]).
chains and is higher than 1 for curved regions. It should be

noted that SD actually corresponds to (h/2)/sin(h/2), which
converges to 1+h2/4! for real DNA chains (when h is

expressed in radians).

Given h, (w in the original paper) the experimental mean

dinucleotide wedge angle for an N-bp DNA tract, h=W/N,

where W is the wedge angle between the tangent vectors at

both the ends of the DNA tract. h is inversely proportional to

the mean radius of curvature (h/j=s/N) and can be directly

deduced from the experimental value of SD [42]. Therefore,

measuring SD for different DNA tracts along the chain

eventually results in an estimate of the local curvature. The

authors produced by EM several images of linearized

pBR322 DNA molecules, obtained by different restriction

enzymes and labelled by streptavidin–ferritin–biotin com-

plex [43]. Secondly, they proceeded to evaluate the map of

both the wedge curvature (h) and the parameter kappa (j)
along the DNA chains. The authors underlined how

curvature maps, when superimposed two at a time, showed

many similarities in valleys and peaks, proving that, despite

dynamic fluctuations of the single molecules and the

deformations effects, due to the adsorption on a 2-D surface,

the intrinsic features of the DNA sequence were largely

conserved. Similar results were found for the j maps,

although they showed lower sensibility.

Finally, the authors compared the experimental average

curvature maps with the results from four different

theoretical models [9,10,44,45]. They found all the

theoretical sets of data show very comparable features,

correctly predicting the principal curved regions along the

pBR322 tracts.

Rivetti et al. [46] proposed a quite different approach.

Eq. (1) is valid for every couple of segments along a chain,

independently of the distance l=s�sV. Therefore, in three

dimensions, considering a static bend, b, located at a certain

distance, S , from one end of a polymer (Fig. 2B), it is

possible to write:

hu sð Þu sVð Þi ¼ hu sð Þu Sð Þcos bhu Sð Þu sVð Þi
¼ cos b exp � l=Pð Þ ð10Þ

which is practically equivalent to Eq. (9). Eq. (10) is

independent of the location of the bend angle between the

position s and sV and could be used for a generalization of

Eq. (7). In fact, Eq. (6) becomes

hR2
bi2D ¼

Z S

0

Z S

0

hu sð Þ � u sVð ÞidsdsV

þ 2

Z S

0

Z L

S
hu sð Þ � u sVð ÞidsdsV

þ
Z L

S

Z L

S
hcos u sð Þ � u sVð Þð ÞidsdsV ð11Þ
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The first and third terms are practically equivalent to Eq.

(6). The second term can be integrated introducing Eq. (10).

Therefore,

hR2
bi ¼ 2PL

�
1� P

L
1� exp � S

P

� ��� �

þ 1� exp � L� S

P

� �� �

þ � cosb 1� exp � S

2P

� �� �

� 1� exp � L� S

2P

� �� ��	
ð12Þ

which could be approximated, when both S and L�S are

greater than 2P, to

hR2
bic2PL 1� P

L
2� cosbð Þ

��
ð13Þ

In general, real DNA chains possess more than one bend,

and several tracts with different flexibility, depending on the

sequence. Eq. (12) can be extended to the case when N

coplanar bends are present, separated by N+1 polymer

sections of length S n, with different flexibility. The final

formulation is quite complex [46]

hR2
b1 N bN ;P1 N PNþ1

i2D ¼ 2
XNþ1

n¼1

PnS n 1� Pn

S n

X
n

""(

� 1� exp � S n
Pn

� �� �#

þ
XN
n¼1

PnPnþ1cosbn

�
�
1� exp � S nþ1

Pnþ1

� ��

�
�
1� exp � S n

Pn

�� �

þ
XN�1

n¼1

XNþ1

m¼nþ2

PnPmcos
Xm�1

i¼n

bi

 !

� j
m�1

j¼nþ1
exp � S j

Pj

� �� �

� 1� exp � S n
Pn

� �� �

� 1� exp � S m
Pm

� �� �
ð14Þ

Eqs. (12)–(14) are valid in three dimensions, but

could be easily extended in two dimensions by multi-
plying the persistence length values by a factor 2. The

authors tested Eq. (14) by using SFM imaging DNA

fragments containing from two to eight phased A-tracts;

this corresponds to introducing an increasing bent angle in

the DNA molecules.

Analogously, to test Eq. (14) for tracts with different

flexibility, Rivetti et al. [46] studied DNA fragments with

single-stranded region with different lengths by SFM. Also

in this case, the fitting of the mean square end-to-end

distance was quite good, at least for short gap sizes, leading

to the value of 1.3 nm for the single-stranded DNA.

More recently, Cognet et al. [47] proposed a different

method to quantify the average values of the intrinsic bends

and the local flexibility from SFM images. When a static

bend is present, Eq. (4) assumes a slightly different

formulation:

p hð Þ ¼
ffiffiffiffiffiffiffi
P

2pl

r
exp � P

2l
h � hhið Þ2

��
ð15Þ

Therefore, in the framework of first-order elasticity, the

bend angle, h, is distributed around the mean value, hhi,
with a standard deviation r=(l/P)1/2. Considering the DNA

profile as a chain of rods with the same length m forming

angles, the total angle standard deviation can be expressed

as

r2 ¼ 2m

3
þ 1

3m

�
r2
0

�
ð16Þ

where r0
2 is the standard deviation of the bend angles at the

junction of the two DNA tracts [47].

As the authors considered only three points each time on

the DNA molecules, if the segments are short enough, the

standard deviation of the angle formed by the three points

follows Eq. (16). Analysis of simulated EM images of 139-

bp and 300-bp DNA molecules, as well as real EM images

of 139-bp DNA molecules, showed that the values of r2

were in satisfactorily agreement with Eq. (16), if DNA tracts

shorter than 70 bp were considered. Some deviations were

also found in the case of real DNAs for tracts shorter than 20

bp.

A different and general model for DNA in three and two

dimensions was recently introduced [48–51], on the basis of

the statistical thermodynamics of the canonical ensemble of

the WLC model, characterized by continuous variations of

the dynamic and static curvature along the DNA sequence.

The model is capable of deriving the curvature and

flexibility profile along the DNA sequence from SFM or

EM images, as well as discriminating the static and dynamic

contributions to the persistence length at a nanometric scale.

In addition, within the limit of the ergodic hypothesis, the

model consistently explains the slow dynamics of DNA

single molecules in their 2-D thermal fluctuations on crystal

surfaces. This model will be extensively described in the

next paragraph.



Fig. 3. Schematic representation of the segmental curvature, Cm(n), at the

nth sequence position. It corresponds to the angle between the two virtual

segments linking the (n�m)th nucleotide step with the nth, and the nth

nucleotide step with the (n+m)th, respectively. Cm(n) is half of the

curvature C(n,2m), which represents the angular deviation of the local

helical axes pertinent to nucleotide steps separated by 2m bp. (Adapted

from Ref. [50]).
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4. Sequence-dependent persistence length

In previous works [48–51], we proposed a method to

compare the DNA intrinsic curvature and local flexibility,

measured by SFM, to the corresponding values evaluated by

our theoretical model [16,17,49].

According to the classical formulation by Landau and

Lifshitz [40], the curvature of a space line is more

correctly defined as the derivative C=du/dl of the tangent

unit vector, u, along the line, l. Its modulus is the inverse

of the curvature radius and its direction is that of the main

normal to the curve. In the case of DNA, the line

corresponds to the helical axis and the curvature is a

vectorial function of the sequence. It represents the angular

deviation between the local helical axes of the nth and

(n+1)th helix turns centred on the nth and (n+1)th

dinucleotide step, respectively.

The DNA curvature is a sequence-dependent super-

structural property, which is continuously changed by the

thermal energy of environment. Assuming first-order

elasticity corresponding to a linear response of the DNA

to such energy exchanges, the ensemble average value of

the curvature is:

hC nð Þi ¼ hC0 nð Þ þ � nð Þi ¼ C0 nð Þ þ h� n; tð Þi ð17Þ

where C(n) is the curvature at nth position, C0(n) is the

corresponding intrinsic curvature, and C(n,t) represents the

dynamic fluctuation at a certain time, t. The latter term in

Eq. (17), which corresponds to the dynamic contribution to

the curvature, is obviously zero. Therefore, the intrinsic

curvature, C0(n), is the statistical average of the curvature at

the nth sequence position or alternatively, the time average

of the DNA superstructure.

Therefore, in the framework of the first-order elasticity,

the curvature is distributed around the average intrinsic

curvature, C0(n), with a standard deviation r(C(n))=
hc2(n)i1/2.

As a consequence, assuming a statistical thermodynamic

canonical ensemble, the curvature dispersion at the nth

position becomes

hv2 nð Þi ¼ 1

Q nð Þ

Z
v2 nð Þexp � b nð Þ

2RT
v2 nð Þ

� �
dv nð Þ

¼ RT

b nð Þ ð18Þ

where b(n) represents the apparent bending force constant

per bp at the nth position and where

Q nð Þ ¼
Z

exp � b nð Þ
2RT

�2 nð Þ
�
d� nð Þ

�
ð19Þ

where the curvature dispersion is obtained by integrating

Eqs. (18) and (19) in the complex plane [49]. The result of

Eq. (18) is well known in solution [34].

However, when DNA is forced on a 2-D surface, the

curvature becomes a real quantity and the phase information
is reduced to the sign of the curvature. In this case, due to

SFM resolution limits, a DNA molecule should be repre-

sented as a segmental chain of nanometric virtual bonds.

Therefore, SFM or EM experiments permit to measure the

curvature corresponding to the angle between the m-bp

virtual segments at the nth sequence position, Cm(n), as well

as the corresponding dynamic contribution, vm(n). The

segmental curvature, Cm(n), is however half of the curvature

C(n,2m), which represents the angular deviation of the local

helical axes of two nucleotide steps separated by 2m bp

(Fig. 3). The latter term can be calculated from the

theoretical intrinsic DNA curvature [52,53]:

C n; 2mð Þ ¼ F

�����
Xnþm

n�m

sC0 sð Þ
����� ð20Þ

where the sign is chosen negative or positive if curvature

produces clockwise or counterclockwise rotations of the

segments along the chain, with respect to the average plane

of the curved tracts [48–50].

Therefore, the 2m-bp squared curvature deviation,

v2(n,2m) = |C(n,2m)�C0(n)|
2, on average is

hv2 n; 2mð Þi ¼ 1

Q n; 2mð Þ

Z l

�l
v2 n; 2mð Þexp

� � b nð Þ
4mRT

v2 n; 2mð Þ
� �

dv n; 2mð Þ

¼ 2mRT

b nð Þ ð21Þ

where

Q n; 2mð Þ ¼
Z l

�l
exp

�
� b nð Þ

4mRT
v2 n; 2mð Þ

�
dv n; 2mð Þ

ð22Þ

The experimentally measured vm
2(n) is v2(n,2m)/4, since

dependent on the curvature thermal fluctuations of 2m bp.
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Its square root corresponds to the standard deviation of

Cm(n) around its mean, r(Cm(n))=[mRT/(2b(n))]
1/2. There-

fore, it only depends on the differential flexibility along

DNA sequence, expressed by b(n).

On the contrary, as aforementioned, some authors

[38,39,42,46,47] used approximate evaluation of the curva-

ture as related to the ratio between the chain contour length

and the corresponding cord, which, actually, corresponds to

h/2sin(h/2) for real DNA chains. Nevertheless, in the

investigated cases, an apparent qualitative agreement was

found with the theoretical predictions of DNA intrinsic

curvature [42].

However, the average curvature modulus, h|Cm(n)|i,
contains both the static and the dynamic curvature con-

tributions, i.e., it is related to both the intrinsic curvature and

the curvature fluctuations involving 2m bp.

As a suitable approximation for curvatures of interest, the

following compact formulation is obtained for h|Cm(n)|i
[49,50]:

hjCm nð Þji ¼ hjC n; 2mð Þji
2

¼
"
2

p

 
hCm nð Þi2 þ mRT

2b nð Þ

!#1
2

ð23Þ

This result clearly points out that the average curvature

modulus depends on two terms: one is the intrinsic

curvature and the other represents the sequence-dependent

flexibility of the chain. The standard deviation of curvature

modulus is [49,50]

r jCm nð Þjð Þ ¼
"�

p � 2

p

��
hCm nð Þi2 þ mRT

2b nð Þ

�#1
2

ð24Þ

Unexpectedly, both the average curvature modulus and

the relative standard deviation have the same dependence on

the intrinsic curvature and flexibility. They are proportional

and their ratio is [2/(p�2)]1/2, contrary to the general feeling

that associates the flexibility to the curvature modulus

dispersions. Such a concept is correct only when the

curvature phases are taken into account.
Fig. 4. Comparison between the profiles of the experimental average

curvature modulus and the corresponding standard deviation along the

DNA chains of the dimer of the EcoRV/PstI pBR322 fragment (m=31 bp).

(Adapted from Ref. [49]).
5. Mapping DNA curvature and flexibility from SFM

images

In recent papers, we showed the profiles of the average

curvature modulus and the corresponding standard deviation

along the chain obtained from the SFM images of the 1878-

bp dimer of the EcoRV/PstI fragment of pBR322 DNA [49]

and of the 898-bp PvuII fragment and 1010-bp NheI

fragment from the plasmid pPK201/CAT [51]. The distri-

bution of the pixel file, which interpolates the DNA chain,

was normalized via Fourier transform operations. These

convert the nonuniform pixel sequence of the DNA images

in a uniform coordinate distribution along the contour
length. After this transformation, the number of points,

which interpolate the DNA traces, remains practically

invariant and corresponds to the average value of pixels

per molecule.

The profiles of the curvature modulus and the relative

standard deviation show very similar trends, and a nearly

constant ratio close to the theoretical value, in good

agreement with Eqs. (23) and (24) (Fig. 4).

Furthermore, as this result was obtained assuming the

canonical ensemble distribution, the existence of a strict

relation between the average curvature modulus and the

related standard deviation corresponds to fulfilling the

condition of local thermodynamic equilibrium of the DNA

tracts on 2-D surfaces.

An evaluation of hb(n)i led to the value of 85 kcal/bp

rad�2, corresponding to a rather standard persistence length

of 48 nm in the 3-D state.

A satisfactory agreement was found between the

experimental data of the average curvature modulus and

their standard deviation along the chain and their theoretical

values, adopting for b(n) the average value of 85 kcal/bp

rad�2, supporting the hypothesis that the statistically

averaged curvature modulus is a quantity dependent on

the intrinsic DNA curvature and flexibility and does not

allow the separation of the two contributions. Only in the

case of an intrinsically straight DNA, when the intrinsic

curvature vanishes, the standard deviation of the curvature

modulus represents the differential flexibility along the

sequence. Otherwise, the differential flexibility could be

obtained only if the curvature with its relative phases is

taken into account. Therefore, the persistence length

obtained from measurements of end-to-end distance repre-

sents the average DNA stiffness only for intrinsically

straight sequences; otherwise, it is affected by the effects

connected to the intrinsic curvature integrated over the

whole DNA tract considered.

Moreover, some authors [41,54] pointed out that the limit

resolution implicit in the EM and SFM techniques makes it

difficult to determine high-curvature features within the

range of the experimental resolution and could affect the



Fig. 5. Time-averaged curvature modulus, |Cm(n)|, and the relative standard

deviation, r(|Cm(n)|), for different DNA segment lengths, m, averaged for

the two linearized pBR322 molecules of Ref. [50] (blue: m=17; green:

m=34; red: m=51; purple: m=68; cyan: m=85; gray: m=102). As shown in

the figure, the values ratio taken at regular intervals along the sequence

monitor the ergodicity of the DNA dynamics. When the length, m, of the

considered DNA segments increases, the ratios deviate from the theoretical

value of (2/(p�2))1/2, and their dispersion increases as well. (Adapted from

Ref. [50]).

Fig. 6. (A) Comparison between the profiles of the experimental

curvature standard deviation for a 898-bp palindromic PvuII fragment

from the plasmid pPK201/CAT [51] (m=21 bp) and the DNA

differential flexibility, expressed as the normalized dinucleotide stacking

energy [49] and as the normalized volumes of conformational space

[14]. (B) Comparison between the experimental standard deviation of

the curvature with the frequency of ATdAT+AAdTT+TAdTA (Ad T-rich)

and GCd GC+GGd CC+CGd CG (Gd C-rich) dinucleotide steps along the

DNA chain.
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persistence length measured by the local curvature analysis.

This limit is both due to the finite size of the tip in SFM

experiments and to the processing of the images to track the

DNA path on the surface. van Noort et al. generated an

ensemble of simulated SFM images of DNA molecules with

different flexibility. They found the measured persistence

length was overestimated with respect to that obtained from

the end-to-end distance. However, the authors did not take

into account the intrinsic flexibility of the adopted segmen-

tal chain for DNA images, as already discussed in the

previous paragraph.

The ergodic theory allows the extension of Eqs. (23) and

(24) to the time averages. Conversely, the experimental

validation of these equations can be assumed as a proof of

the thermodynamic reversibility of the local motions of

DNA, because they were obtained adopting the canonical

distribution.

We monitored the slow dynamics of two differently

linearized pBR322 molecules by time-resolved SFM [50].

DNA curvature, considered with its modulus and direction

on the mica surface, permitted the determination of its static

and dynamic contributions. Therefore, the obtained

sequence-dependent DNA static curvature and flexibility

were in satisfactory agreement with the predictions. The

large-scale dynamics of the two DNA molecules appeared to

be far from the equilibrium and retained memory of the

starting structure for hours. On the contrary, the local

dynamics well represented the equilibrium time fluctua-

tions, according to the principle of microscopic reversi-

bility (Fig. 5).
6. Comparison between theoretical and experimental

DNA curvature and flexibility

It is worth noting that the experimental resolution limits

the quality of the information one can obtain from micro-

scopy images, as it is necessarily an average of the local

features over a distance characteristic of the resolution.

As an example, Fig. 6A reports the experimental profile

of the curvature standard deviation along the chain for a

898-bp palindromic PvuII fragment from the plasmid

pPK201/CAT [51], obtained for recurrent 21-bp DNA tracts

from the SFM images.

The profile of the standard deviation of the curvature

obtained by the SFM images correlates both with the profile

of the normalized local bpremeltingQ temperature, previ-

ously proposed as a measure of the DNA differential

flexibility along the sequence [48,49], as well as with the

normalized volumes of conformational space, proposed as

representative of the dinucleotide deformability by Olson et

al. [14], despite the fact that the two initial sets of data are

poorly correlated.

This means that different sets of dinucleotide deform-

ability parameters can reproduce the experimental data with
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similar reliability when averaged over a significant number

of base pair, in a way that is similar to that of the

dinucleotide roll and tilt parameter sets proposed in the

literature, which are scarcely correlated between each

others, but which are nevertheless able to predict curvature

in similar ways [10–15].

However, in general, the experimental standard deviation

of the curvature seems to correlate better with the frequency

of ATdAT+AAdTT+TAdTA dinucleotide steps along the

DNA sequences than with the frequency of GCd GC+

GGd CC+CGd CG dinucleotide steps (Fig. 6B). This sug-

gests that the sequence determinants of the DNA flexibility

are strictly correlated with those of DNA curvature; namely,

the static and dynamic curvature are monotonous functions

of the sequence.
7. Recognition effects by the crystal surface

As aforementioned, when scanning force microscopy

(SFM) is used to obtain the sequence-dependent mechan-

ical properties of DNA, molecules are absorbed onto

crystal surfaces, which have the advantage of directly

observing the DNA path molecules but transformed from

a three-dimensional (3-D) into a two-dimensional (2-D)

object. This could modify both the static and dynamic

curvature. The experimental evidence shows that the latter

effect can practically be explained by the reduction of degree

of freedom in the chain dynamics with a consequent apparent

doubling of bending force constant and related persistence

length. Therefore, the thermal fluctuations seem to be
Fig. 7. (A and B) CPK representation of a curved DNA fragment from C. fascicula

were generated by means of VMD 1.8.2 program [78]. Red is for A, blue for T, gre

the observer. If the structure is rotated by 1808, the bases are interchanged with th

point toward the observer, are the thymines.
influenced by the adsorption from crystal surfaces only for

what they concern the time scales but not their amplitudes.

However, the influence of the crystal surface on the static

curvature is still an open problem. It depends on the ionic

strength and the specific nature of cations as well as on the

kind of pretreatments of crystal surface.

In recent investigations, dealing with this problem,

indications of a preferential adsorption of one of the

alternative prochiral faces of curved DNA tracts on the

mica surface were reported [48,49].

Curved DNA gives rise to planar or quasi-planar

superstructure, when the sequence is characterized by

periodic recurrence of A-tracts phased with the B-DNA

periodicity. It is worth noting that, when short AAdTT

stretches are positioned on the same strand, the adenine

bases tend to be preferentially oriented on one side of the

curvature plane, while the complementary TTdAA

stretches will be found on the other side. When deposited

on a flat surface, these curved DNA tracts will therefore

interact with the surface with either an A- or T-rich face

(Fig. 7A and B).

To cast light on a possible recognition by the crystal

surface, a highly curved DNA fragment from the kinetoplast

DNA of Crithidia fasciculata [55] was recently investigated

by analysing a large pool of SFM images deposited on the

mica surface. However, to remove the uncertainty on the

sequence orientation in the SFM images, the strategy of

constructing palindromic DNA molecules was followed, as

suggested in the literature [56].

The sequence of the two curved tracts in a palindromic

construct is characterized by periodical recurrence of
ta [55]. The 3-D structure was generated by WebDNA program [53] Images

en for G, and yellow for C. In panel (A), most of the thymines point toward

ose complementary. Therefore, in panel (B), the bases, which preferentially
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repeated AAdTT in the first tract followed by TTdAA

steps in the other, and, conversely, TTdAA followed by

AAdTT steps in the other palindromic construct. The

intrinsic dyad symmetry is also reflected in the stereo-

chemistry of the molecules but, in the 2-D case, only two

alternative directions of the dyad axis are allowed, parallel

or perpendicular to the surface plane. These symmetry

species where called C- and S-like shapes, respectively (or

C*- and S*-like shapes, the asterisk indicating the mirror

image), because the curves are isomorphous with these

letters.

These two possibilities are the result of the adhesion

of the curved DNA tracts with either one of the two

opposite A- or T-rich faces. As a result, C- and C*-

shaped molecules expose equivalent faces to the surface.

Instead, S- and S*-shaped molecules expose different

faces (Fig. 8).

A large pool of SFM images were collected (about 1,500)

of both head-to-head and tail-to-tail palindromic dimers of

the Crithidia fragment. The measured average curvature

profiles are interpreted as an evidence of the preferential

binding of the surface with the T-rich face of the curved

DNA tracts. In fact, for the tail-to-tail palindrome, the

molecules with an S shape were five times as numerous as

those in the S* class. Conversely, for the head-to-head

dimer, the S* class is much more populated than the S class

(nine times as much).

Such sequence-dependent differential interaction of

curved DNAs with inorganic crystal surfaces was

speculated to be implicated in prebiotic steps of DNA

evolution [57] as well as to be useful in DNA-based

nanotechnology.
Fig. 8. Scheme of the tail-to-tail and head-to-head dimers on mica

surface: S-shaped dimers in one case and S*-shaped dimers in the other

expose the same faces to the surface. The C- and C*-shaped dimers

expose both the types of faces (A- and T-rich) to the surface. (Adapted

from Ref. [57]).
8. The effects of cationic metals on the persistence length

Several papers report that the fraction of bent molecules

seen by EM or SFM was higher in the presence of cationic

metals. This is not surprising, since it is known that Mg2+

can induce or enhance curvature in DNA fragments

[58,59] and helps stabilize several types of DNA structures

[60,61].

A few studies have shown that Mg2+ in the presence of

uranyl acetate helps stabilize end-to-end interactions in

cohesive ends DNA fragments [56,62]. In addition, divalent

cations have been shown to favour right- to left-handed

DNA transitions [63].

Frontali et al. [41] collected EM images of DNA

fragments at different ionic forces (from 0.03 M to 0.5 M

NH4-acetate) showing that the measured persistence

length varied from about 55 nm at high ionic force, to

about 140 nm at lower ionic force. However, many

papers have pointed out the effects of divalent cations on

DNA curvature and flexibility, as these ions interact with

DNA bases and phosphates. Laundon and Griffith [64]

studied a 890-bp DNA containing the well-known C.

fasciculata kinetoplast DNA fragment [55]. They found

that the number of molecules that contained steep bend

or loop in EM images was higher after treatment with

metal ions. In particular, when the 890 bp was incubated

in 10 nm Tris, pH 7.5, and 0.1 mM EDTA, the

percentage of looped molecules was only 2–3%. On the

contrary, when DNA molecules were incubated in the

presence of cationic metals, the percentage of looped

molecules increased up to 60% of the total. The type and

the concentration of the ions were effective in inducing

loops: Cu2+, Co2+, Ni2+ and Zn2+ ions were maximally

effective at concentrations of 5–10 mM, Mn2+ and Ba2+

at 50–100 nM, and finally, Mg2+ and Ca2+ at 0.5–1.0 M.

In general, the fraction of looped or highly bent

molecules in the case of Mg2+ (or Ca2+) was lower than

that found for the other cations.

More recently, Zn2+ ions were shown to kink DNA at

low concentrations. SFM images of 168-bp DNA circles in

1 mM Zn2+ appear very different from their counterparts in

1 mM Mg2+ [65]. In the first case, the authors observed 184

kinks in 204 molecules, whereas 621 kinks in 162

molecules were observed in Zn2+, namely, an increase from

0.9 to 3.8 kinks per molecule. The authors underlined that

the action of Zn2+ is not inhibited by increasing Mg2+

concentration, a result that is consistent with different

binding sites for the two ions. However, they pointed out

the activity of the ions could be different on the mica with

respect to the solution.
9. DNA-based nanoarchitectures and nanomotors

The large progress of biotechnology, have recently

provided the inspiration for the use of DNAs as building
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blocks for increasing level of complexity of self-assembling

architectures, in the recent explosive development of

nanotechnology and nanoscience. The precise self-comple-

mentary strand recognition and the high variety of

informational content associated to the sequence offer a

wide panorama of perspectives for nanotechnological

devices and nanomotors inspired by the biological mech-

anisms involving DNA. The complex 2-D and 3-D DNA

molecular architectures based on the blocked Holliday

junction, first designed and realised by Seeman [66],

represent impressive examples of the high power of auto-

assembly coded in the DNA sequence. In addition, such

superstructures are sensitive to the environment and can

undergo structural transitions under appropriate conditions

acting as nanomachines, changing the distance of separa-

tion of object in space [67], or nanomotors, in response of

cyclic environment changes. Other authors recently

reported examples where different conformational transi-

tions of DNA constructs have been exploited to move

objects around. [68–77].
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