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Summary

Scanning force microscopy was used to study in fluid
the conformational fluctuations of two double-stranded
DNA molecules resulting from differently cut pBR322
circular DNAs. A new approach was conceived to mon-
itor the thermodynamic equilibrium of the chain dy-
namics on different scale lengths. This method made
it possible to demonstrate that both the observed DNA
molecules were allowed to equilibrate only on their
local small-scale dynamics during the time of the ex-
periment. This capability of monitoring the length scale
and the time scale of the equilibration processes in
the dynamics of a DNA chain is relevant to give an
insight in the thermodynamics of the DNA binding with
proteins and synthetic ligands. It was also shown that
the small-scale equilibration of the DNA chain during
surface-restricted dynamics is enough to allow a valid
measurement of the local sequence-dependent cur-
vature.

Introduction

DNA can be represented as a topologically conditioned
elastic chain continuously fluctuating in solution under
the thermal perturbations of the molecular environment.
Its superstructural properties such as the sequence-
dependent static and dynamic curvature are important
for the management of the informational content, e.g., in
protein-DNA association, transcription, replication, and
recombination as well as in the writhing transitions of
topologically constrained chains.

Different experimental methodologies were devel-
oped to study the DNA curvature and flexibility, like
gel electrophoresis [1-6], circularization kinetics [7-10],
electric dichroism [11], a statistical analysis of electron
microscopy images [12], and scanning force micros-
copy (SFM) [13-15]. Significant progress was ensured
by our recently reported statistical mechanics approach
based on images of immobilized palindromic DNA di-
mers [16-18].

Additionally, SFM allows direct observation and study
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of the dynamics in solution of DNA single molecules
deposited on an atomically flat surface. In the experi-
ment here reported, we could study the large and the
small-scale motions of a few kilobase pair (kbp) DNA
molecules by analyzing their global shapes and their
local sequence-dependent chain curvature and flexibil-
ity. It is expected that the time averaging of the molecu-
lar profiles assumed by a single molecule can replace
the ensemble averaging of those of many immobilized
molecules [17] and provide us with information on both
the static and the dynamic sequence-dependent curva-
ture. This is true, provided that our observation is long
enough. In fact, the ergodic hypothesis in the Gibbs
scheme allows us to replace the ensemble averages
over all systems in an ensemble at a fixed time with time
averages over a single system (when the course of time
is long enough). Therefore, the SFM allows following the
dynamics of a single DNA molecule in real time and
opens an unexplored and very direct way for the study of
the sequence-dependent mechanical properties of DNA.

The methods we have employed have been developed
in the analysis of ensembles of static DNA molecules,
for which we have shown that the sequence-dependent
chain curvature and flexibility can be confidently mea-
sured and that the results are in good agreement with
the theoretical predictions [17]. This new approach to
the study of DNA superstructures could address the
important issue of the rate of the large-scale structural
changes of a DNA with respect to the local conforma-
tional changes, involving only relatively short DNA
tracts, in particular when the environment severely re-
stricts large-scale dynamics.

Both the intrinsic curvature and the flexibility along
the sequence are found in satisfactory agreement with
the theoretical predictions and with the results pre-
viously obtained by analyzing a large ensemble of static
DNA molecules. Accordingly, the ergodicity of the local
dynamics corresponding to fluctuations around the
equilibrium (intrinsic) curvature was verified. On the con-
trary, the global shape of the DNA molecules shows a
nonergodic behavior and a time evolution far from the
equilibrium.

Results and Discussion

Quantitative SFM Study of the DNA Chain Dynamics
and Equilibrium

Figure 1A shows three samples of SFM images out of
a 4 hr time sequence observation of two linearized
pBR322 DNA molecules. Each molecule is 1.5 pm long.
Figures 1B and 1C show the superimposition of the
traces from two time series of SFM images obtained by
cutting two circular pBR322 DNA molecules (4.36 kbp)
in two unknown positions. The images were recorded
at time intervals of about 2 min and were superimposed
by minimizing their central dispersion. It is evident from
the figure that the global shapes of the two molecules
are very different. As a measure of this, the average
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t =109 min

squared end-to-end distances for the two molecules
would correspond to apparent three-dimensional per-
sistence lengths of 10 nm (Figure 1B) and 80 nm (Figure
1C) [14]. The discrepancy of these time averages from
the accepted value for double-stranded DNA (50 nm) is
so relevant that it cannot be explained by the different
cut position of the original circular molecule. As evident
from the shapes they assume over time (Figures 1B and
1C), the two molecules did not have enough freedom
and time to equilibrate on the surface during the course
of the experiment, so they could sample only a very
limited portion of their accessible conformational space.
Their global shape maintained a memory of the original
state of adsorption on mica.

We have recently found a statistical mechanics rela-
tion to monitor the small-scale equilibration of DNA
chains, evaluating their local curvature distribution [17,
18]. The proportionality between the small-scale curva-
ture moduli and their standard deviations is theoretically
predicted only in the case that the chains are at thermo-
dynamic equilibrium (see Experimental Procedures).
This correlation, found for an equilibrium statistical en-
semble, should hold for the analysis of time-course data
if the ergodic hypothesis is valid in the time of experi-
ment. In addition, working on a single molecule guaran-
tees that all the single-time curvature profiles refer to
the same sequence with the same orientation.

As previously derived [17],

mRT)]V2 )

2 2
(Cai) = |2 (con)’ + T
where (|C,(n)|) is the time-average curvature modulus
evaluated over m base pairs centered at the position n
along the chain, and (C,(n)) is the corresponding time-
average curvature evaluated, taking into account the
relative direction. This is equivalent to the static intrinsic
curvature evaluated over a molecule ensemble. Coun-

t =262 min

Figure 1. Examples of Data Acquisition and
Digitalization
(A) Three samples of SFM images out of a4 hr
time-sequence observation of two linearized
pBR322 DNA molecules. Each moleculeis 1.5
wm long.
(B and C) Superimposition of 107 and 94
traces derived from SFM images of the two
0 nm linearized pBR322 DNAs. The images were
obtained at time intervals of about 2 min.
(D) Schematic representation of the segmen-
tal curvature, C,,(n), at the sequence position
A n. It corresponds to the angle between the
two virtual segments linking the (n—m)th nu-
cleotide step with the nth, and the nth nucleo-
tide step with the (n+m)th, respectively.
C(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.

—4 nm

terintuitively, the time-averaged curvature modulus turns
out to contain two types of contributions: one dependent
on the intrinsic, static curvature, and one due to the chain
flexibility. The curvature is considered as measured from
the segmental-chain approximation of the DNA helix
axis derived from SFM images (see Figure 1D). b(n) is
the apparent harmonic force constant of DNA at the nth
position per nucleotide step proportional to the 3D local
persistence length. The standard deviation of the aver-
age curvature modulus is:

1/2

SD(C.(n)) = {(“ 2| (oo’ + A" @)

2b(n)

The average curvature modulus and the relative stan-
dard deviation have the same dependence on both the
intrinsic curvature and flexibility. They are proportional
and their ratio is (2/(w—2))"?, contrary to the general
feeling that associates only the flexibility to the curvature
dispersions. Such a concept is correct exclusively when
the curvature phases are taken into account [16, 17]
(see Experimental Procedures).

The proportionality between the curvature moduli and
their standard deviations was theoretically demon-
strated under the assumption that the chains are at
thermodynamic equilibrium. Therefore, this proportion-
ality can be used as an internal gauge of the local equilib-
rium of DNA dynamics. We have already successfully
tested this proportionality on a large statistical ensemble
of stationary DNA molecule profiles [17].

Figure 2 shows the very similar profiles of the time-
averaged curvature modulus and the corresponding
standard deviation for the linearized pBR322 molecule
whose time traces are shown in Figure 1B. The ratio of
the curvature modulus along the chain and its standard
deviation satisfactorily approximates the value pre-
dicted theoretically. This implies that on the scale of the
evaluation of the curvature (about three helix turns in
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Figure 2. Comparison between the Local Time-Averaged Curvature
Modulus and the Corresponding Standard Deviation

Comparison between the local time-averaged curvature modulus,
(ICn(n)I), and the corresponding standard deviation relative to the
two linearized pBR322 molecules shown in Figure 1B (A) and in
Figure 1C (B). All values are in degrees and refer to m = 31 bp
(about three turns of the DNA helix).

the case shown), the chain segments have had enough
time and mobility to sample the conformational space
accessible to them and therefore can represent the cor-
responding equilibrium canonical ensemble. A similar
result was obtained for the other molecule in Figure 1C.

Small-Scale and Large-Scale DNA Chain Dynamics

Figure 3 reports (|C,|) versus the correspondent stan-
dard deviation; the values of the average ratio ({|C,,|)/
SD(|C,.|)), taken at regular intervals along the sequence
of both the DNA molecules, monitor the ergodicity of
the DNA dynamics. When the length, m, of the con-
sidered DNA segments increases, the ratios ((|C,|)/
SD(|C...|)) deviate from the theoretical value of (2/(w—2))"?,
and their dispersion increases as well. This is quantified
in Table 1. This finding clearly indicates that in the time
of SFM experiments, equilibration is reached only for
DNA tracts shorter than 60 bp. Therefore, the ergodicity
is limited to =6 turns of DNA, and chain dynamics pro-
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Figure 3. Time-Averaged Curvature Modulus versus the Corre-
sponding Standard Deviation for Different DNA Segment Lengths

Time-averaged curvature modulus, (|C,|), and the relative standard
deviation, (SD (|C,,|)), for different DNA segment lengths, m, aver-
aged for the two linearized pBR322 molecules shown in Figure 1.

gressively become far from the equilibrium, at least
within the time of the experiments. On the other hand,
this evidence agrees with the increase of the relaxation
time with the length of the chain. At the limit, it corre-
sponds to the microscopic reversibility of the local con-
formational transformation following the Khinchin er-
godic theorem [19].

An evaluation of the standard deviation of the chain
curvature on the same size scale allows the calculation
of an average 3D persistence length of 51 nm (according
to Equation 10 in Experimental Procedures). This is in
good agreement with the most common value found
with different techniques and experiments (transient
electric birefringence, TEB; transient electric dichroism,
TED; electron microscopy, and circularization) and fur-
ther confirms the local ergodicity of the DNA chains in
the conditions of the experiment. A very similar value
of the 3D persistence length we found in previous analy-
sis of SFM images of large statistical ensembles of dif-
ferent DNA molecules. The higher values reported in
literature [20], as obtained by TEB experiments in low-
salt solution, suggest that the effective ionic strength
nearby the mica surface is higher than in the solution
used [21] and reduces the low-salt persistence length
to the limit value of about 50 nm at higher salt. On the
other hand, it should be noted that different experimen-

Table 1. Ratios of the Average Curvature Modulus and the
Relative Standard Deviation for Different DNA Tract Lengths

< {ICnl) >

m (bp) SD(|C,,)

34 1.22 + 0.12
51 1.32 = 0.15
68 1.38 + 0.17
85 1.45 + 0.19
102 1.48 + 0.21
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Figure 4. Comparison between Experimental Curvature Standard
Deviation and Sequence-Dependent Differential Flexibility

Comparison between the experimental curvature standard devia-
tion, SD(Cs:(n)), measured over three DNA turns and the sequence-
dependent differential flexibility relative to the molecule in Figure
1B. The sequence-dependent differential flexibility is represented
by the reciprocal values of the normalized theoretical stacking en-
ergy of the dinucleotide steps [24].

tal techniques and theoretical models as well as temper-
ature and DNA curvature provide different values of per-
sistence length, as recently reviewed [22].

Therefore, the local chain dynamics seems to repre-
sent the corresponding equilibrium statistical ensemble,
in spite of the apparent invalidity of the ergodic hypothe-
sis for the large-scale chain dynamics as monitored by
the nonstandard values of the end-to-end distances.
This is due to the limited time intervals of the SFM obser-
vations under the adsorption conditions. Accordingly,
Figure 4 shows the satisfactory comparison between
the standard deviation of the curvature along the se-
quence and the corresponding differential flexibility as
represented by the reciprocal normalized stacking en-
ergy of the dinucleotide steps [23, 24]. As first suggested
by Hagerman [20], the main contribution to the differen-
tial stability of the DNA structure with different se-
quences is the base-pair stacking energy.

In spite of the large differences in their global shapes,
Figure 5 shows that the two molecules have similar time-
averaged local curvature profiles (taking also into ac-
count the relative signs of the curvatures) after a cyclic
permutation corresponding to the maximum of the cor-
relation function. A careful study of the average time
curvature of the two molecules under analysis has
shown that the measured small-scale curvatures are in
satisfactory agreement with the sequence-dependent
local curvatures that can be theoretically predicted for
pBR322. Figure 6 illustrates the comparison between
the experimental curvature profiles of the two molecules
as reported in Figure 5 and the theoretical profile. The
theoretical curvature was calculated using the dinucleo-
tide step orientational parameters previously proposed
[23, 24] and cyclically permuted to maximize the corre-
sponding correlation. As a result, the sequence of the
two molecules can be defined, and the cutting sites of
the circular pBR322 DNA can be identified through the
comparison of the curvature patterns.

It turns out that the global shape of a DNA molecule

degrees
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Figure 5. Time-Averaged Curvature of the Two pBR322 Molecules

The profiles of the time-averaged curvature relative to the two mole-
cules shown in Figures 1B and 1C are superimposed after cyclically
permutating one with respect to the other to find the maximum of
the correlation function.

has little influence on the measured local chain curva-
ture, which instead depends only on the base sequence,
provided that the curvature evaluation is made on a
thermodynamically equilibrated data set. The intrinsic
curvature information that can be gathered even from
a limited time series of data can be enough to character-
ize a DNA sequence and permit a sequence alignment.

Significance

This paper provides insight into the problem of the
time evolution of DNA curvature in terms of the se-
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Figure 6. Comparison between the Experimental and the Theoreti-
cal Curvature

Comparison between the experimental and the theoretical curvature
profiles relative to the molecules in Figures 1B and 1C. The theoreti-
cal curvature was calculated using the dinucleotide step orienta-
tional parameters previously proposed [23, 24] and cyclically per-
muted to optimize the corresponding correlation.
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quence on the basis of time-resolved SFM images.
Both the time-average intrinsic curvature and flexibil-
ity along the sequence are in satisfactory agreement
with the theoretical predictions, based on a sequence-
dependent model of the DNA curvature and flexibility
we previously advanced [23]. The results support the
ergodicity of the local dynamics, corresponding to
fluctuations around the equilibrium (intrinsic) curva-
ture. On the contrary, they indicate that the global
shape of the DNA molecules has a nonergodic behav-
ior and a time evolution far from the equilibrium. This
raises the question of whether the structural and/or
chemical transformations involving DNA can be con-
sidered among thermodynamic equilibrium states. In
this sense, protein binding as well as local interactions
can be considered as equilibrium thermodynamic pro-
cesses, because any memory of the starting confor-
mation is quickly lost at local scale. On the other hand,
could the large-scale DNA transformations be repre-
sented by equilibrium processes in the time scale in-
volved in biological processes? This is not true for
pBR322 dynamics on the mica surface in atime interval
of several hours, since they conserve memory of their
starting shapes. In the case of longer genomic DNAs,
the problem of the apparent conservation of the DNA
architecture is even more dramatic, suggesting that
the dynamic pathway of replication mechanisms guar-
antees not only the conservation of the genome but
also a significant part of the DNA architecture. From
a methodological point of view, SFM single-molecule
method opens the possibility of directly studying the
local physical properties of DNA molecules even in the
presence of proteins or other ligands.

Experimental Procedures

SFM Imaging of DNA in Solution

Fluid SFM imaging was performed on a NanoScope Ill SFM (Digital
Instruments, Santa Barbara, CA) equipped with a multimode head.
A commercial tapping-mode fluid cell (Digital Instruments) was em-
ployed with electron-beam-deposited SFM probes built according
to the method reported by Keller [25] on silicon nitride triangular
cantilevers with a nominal force constant of 0.38 N/m. pBR322 plas-
mid molecules were deposited on a disc of freshly cleaved ruby
mica (Mica New York Corp., NY) for approximately 1 min from a 1
rg/ml DNA solution that contained 4 mM HEPES, 1 mM MgCl, (pH
6.8-7.4). After the deposition time, MilliQ deionized water (Millipore)
was injected into the assembled fluid cell. SFM imaging was per-
formed in tapping mode at an oscillation frequency slightly lower
than the maximum of a low-frequency oscillation peak (lower than 10
kHz) [26]. The linear scanning speed was 5-10 um/s for a sampling
density of 15-30 nm?/pixel.

Measure of Local DNA Curvature and Flexibility

from the SFM Images

Raw SFM images have been processed only for background removal
(flattening) using the microscope manufacturer’s image-processing
software. DNA molecule profiles have been measured from the SFM
images using ALEX, a software package written for probe micros-
copy image processing [14], by semiautomatically tracking the mol-
ecule contours on the SFM images.

In digitizing the molecule contours, we have left out molecules
with suspiciously short contour length (probably fragments) and a
few that had suspiciously long contour lengths.

The distribution 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 into a uniform

coordinate distribution along the contour length. After this transfor-
mation, the number of points, which interpolate the DNA traces,
remains practically invariant and corresponds to the average value
of pixels per molecule. The curvature angles were evaluated from
the vectorial product of overlapping directional chain segments. The
resulting curvature functions were averaged, and the corresponding
standard deviation was calculated for different segment lengths.

Theoretical Evaluation of the Local DNA Curvature
and Flexibility
Sequence-Dependent Curvature and Flexibility from a Statistical
Mechanics Analysis of SFM Images
According to the classical formulation by Landau and Lifshitz [27],
the curvature of a space line is defined as the derivative C = dt/d¢
of the tangent versor, t, along the line, ¢. 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 be-
tween the local helical axes of the nth and (n + 7)th helix turns
centered on the nth and (n + 7)th dinucleotide step, respectively.
A simple model was first advanced based on conformational en-
ergy minimization of the ten independent dinucleotide steps, which
provided an evaluation of the differential deviation angles from the
standard B-DNA [23, 24]. We introduced a simple evaluation of the
differential curvature along the DNA sequence as

Cm =1 3 dexp (zﬂ) )

Vn nth tum Vn

where C,(n) is the intrinsic curvature per base pair at the nth position
of the sequence, d, = p; — it is the complex representation of the
roll and tilt angles at the sth position, and v, is the corresponding
local helical periodicity. The summation is extended iteratively to
each turn of double helix and is assigned to the middle base pair.

Such a formulation of the intrinsic sequence-dependent curvature
function in the complex plane represents in modulus and phase the
local deviation of the DNA helical axes from the straight direction.

To take into account the dynamic curvature fluctuations, we modi-
fied [23, 24] the previous formulation by introducing a time depen-
dence of the local base pair orientational deviations as

con =1 5 o+ a o2 -

Vn nth tum Vn

Coln) + 2 3 5, (1) exp (272

Vn nth turn

|- e+ xo0. @

n

84(t) is generally a time- and sequence-dependent quantity increas-
ing with the flexibility, whereas x(n,t) represents the contribution
of the time-dependent curvature. Therefore, the instant curvature
differs from the intrinsic static curvature for the second term. This
term, however, always vanishes by time averaging. The second-
order distribution of time fluctuations (|x(n)|?): does not vanish and
therefore can be observed as time average.

Adopting first-order elasticity and according to Landau and Lif-
shitz [27], we define the bending distortion energy of a m bp DNA
tract as

AE, =

N=

ﬁb(n)lx(n,t)lz. )

b(n) represents the apparent harmonic force constant per nucleo-
tide step at position n of the sequence.

Therefore, adopting the first-order elasticity for DNA axis deforma-
tions and setting B = b(n)/2RT, we define the elastic partition func-
tion of a DNA ensemble as

Q) = J exp(—Blx(n)Adx(n), ©)

and the curvature dispersion at the nth position becomes
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(IXE) = g [ Fexp(—Bixmx(n) = 5 )

according to the Hagerman result in solution [20]. It should be noted
that in 3D, x(n) is a vectorial quantity and the integration is made
in the complex plane.

However, when DNA is forced on a 2D surface as in SFM, the
curvature becomes a real quantity and the lower dimensionality of
chain halves the curvature dispersion. Furthermore, due to SFM
resolution limits, a DNA molecule is generally represented as a seg-
mental chain. Therefore, we introduce a new parameter to character-
ize the curvature, C,(n), corresponding to the angle between the
m bp virtual segments at a sequence position, n, as well as the
corresponding deviation, x,(n). Such a segmental curvature C,(n)
is half of the curvature C(n,2m), which represents the angular devia-
tion of the local helical axis pertinent to nucleotide steps separated
by 2m bp as illustrated in Figure 1. The latter can be theoretically
calculated, while the first one is what we experimentally measure.
Therefore, we introduce the curvature as a function of both the
position n and the length of virtual segments, m.

The relative dispersion is

Gctn.2m) = s [t 2m)
X exp 7%X2(n,2m))dx(n,2m) = % 8)
where
T B
Q(n,2m) = [exp(—ﬁ xz(n,2m)) dx(n,2m). 9)

Therefore, the experimentally measured x,,2(n) is x3(n,2m)/4, since
it depends on the curvature fluctuations of 2m bp, and its square
root is

(10)

SD(Co(n) = (mRT)1'2.

2b(n)

The standard deviation of the curvature only depends on the differ-
ential flexibility along DNA sequence.

On the contrary, the average curvature modulus contains both
the static and the dynamic curvature contributions, i.e., it is related
to both the intrinsic curvature and the curvature fluctuations which
involve 2m bp. It can be calculated as a suitable approximation for
curvatures of interest, and the following compact formulation is
obtained for (|C,,(n)|):

_{lcw2m)) T2 mRT\[v2
(ICaln)I) = — - [;((cm(nwz + %ﬂ . (1)

This result clearly points out that the average curvature modulus
depends on two terms: one is the intrinsic curvature and the other
one represents the sequence-dependent flexibility of the chain.
Adopting the same approximation, we obtain the standard deviation
of curvature modulus:

1/2
spC, ) = ((C30) - (Cutr]

- [ e 555

1/2

: 12

Unexpectedly, both the average curvature modulus and the relative
standard deviation have the same dependence on the intrinsic cur-
vature and flexibility. They are proportional and their ratio is
(2/(m—2))""%. Conversely, the experimental outcome of such propor-
tionality can work as an internal gauge of the local equilibrium of
DNA dynamics. Therefore, in the conditions of validity of the ergodic

theorem for time fluctuations involving m bp, we can extend the
formulation obtained for the ensemble averages to the time averages
of a single DNA molecule dynamics. Conversely, the experimental
finding of the proportionality of the average curvature modulus and
the relative standard deviation, as in Equations 11 and 12, proves
the existence of a thermodynamic equilibrium at the local scale.
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