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Probing Persistence in DNA Curvature Properties with Atomic Force Microscopy
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We elaborate on a mean-field extension of the wormlike chain model that accounts for the presence of
long-range correlations (LRC) in the intrinsic curvature disorder of genomic DNA, the stronger the LRC,
the smaller the persistence length. The comparison of atomic force microscopy imaging of straight, un-
correlated virus and correlated human DNA fragments with DNA simulations confirms that the observed
decrease in persistence length for human DNA more likely results from a sequence-induced large-scale
intrinsic curvature than from some increased flexibility.
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Since the discovery of naturally curved DNA [1], many
experiments have demonstrated that DNA exhibits
sequence-dependent curvature [2]. In addition, DNA bend-
ing and torsional flexibility that are likely to influence
DNA-protein interactions, may also be sequence depen-
dent [2]. For instance, some sequence motifs that favor
intrinsically curved DNA and in turn the formation and
positioning of nucleosomes were found to be regularly
spaced [3]. Along that line, recent studies [4] have dem-
onstrated that DNA encodes its packaging into an intrinsic
nucleosome organization that can explain up to 50% of the
in vivo nucleosome positions in the vicinity of S. cerevisiae
genes. This raises the issue of the possible coherent orga-
nization of the bulk nucleosomes of higher eukaryotes for
which the genes represent only a small portion of the
genome. A statistical analysis of eukaryotic and prokary-
otic genome sequences and their corresponding DNA chain
bending profiles [5] has revealed the existence of two long-
range correlations (LRC) regimes. In the 10—100 bp range,
LRC are observed for eukaryotic sequences as quantified
by a Hurst exponent value H = 0.6 (and not for eubacterial
sequences for which H = 0.5), as the signature of the
nucleosomal structure. These LRC were shown to favor
the autonomous formation and dynamics of small 2D DNA
loops and likely the propensity of eukaryotic DNA to form
nucleosomes [6]. Over larger distances (=200 bp),
stronger LRC with H =~ (.8 seem to exist in any sequences
[5]. These LRC are observed in the S. cerevisiae nucleo-
some positioning data [7] suggesting that they are involved
in the nucleosome organization into the 30 nm chromatin
fiber. As this second LRC regime is also present in eubac-
terial sequences, it is likely to be a key to the understanding
of the structure and dynamics of both the eukaryotic and
prokaryotic chromatin fibers. Here we use AFM imaging to
bring the first experimental evidence of the existence of
sequence-induced LRC in naked DNA molecules.

Various experimental techniques have been used to in-
vestigate DNA curvature and flexibility [1,2,8]. By visual-
izing the 2D contour of a DNA molecule, atomic force
microscopy (AFM) has proved to be very efficient to
characterize conformational chain statistics [9,10]. So far,
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AFM data have been mainly analyzed in the framework of
the wormlike chain (WLC) model [11] that accounts for
the entropic behavior of an intrinsically straight semiflex-
ible polymer with the 2D elastic energy function:
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where the bending flexibility A, controls the exponential
decay of the correlations between tangent unit vectors
(u(s) - u(0)) = {cosb(s)) = exp(—s/24,). Thus 24, =
1, is nothing but the 2D persistence length. The probability
of having a certain bend angle over the distance s follows a
Gaussian law [8,9]: P(0) = /I, /4msexp(—1,0%/4s). From
the polymer mean square end-to-end distance:
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one can estimate the persistence length [, = (R?)/2L in
the limit L > [,

But the WLC model does not take into account the
structural disorder 6,(s) induced by the DNA sequence.
As suggested by Trifonov er al. [12] and theoretically
confirmed in [13], the intrinsically curved regions contrib-
ute to the experimental persistence length l‘;ff with a static
term [;,, whereas thermal fluctuations appear in the dy-
namic term ZZ = 2A, according to

/150 = 1/19 + 1/, 3)

This relationship is only valid if the intrinsic local curva-
ture Oy(s) of the chain is uncorrelated (or short-range
correlated). To account for the presence of sequence-
induced LRC in 6(s), the local fluctuation 6(s) from a
straight polymer must be replaced in Eq. (1) by a local
fluctuation é(s) — fy(s) from the frozen DNA trajectory.
This trajectory can be generated by a Gaussian fractional
noise of zero mean and variance o3 [6]; then 6y(s) =
IR 6o(u)du is a fractional Brownian motion of zero mean
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and variance o3(s) = o3s*, where 1/2<H <1 ac-
counts for the existence of LRC in the intrinsic curva-
ture fluctuations (H = 1/2 for uncorrelated chains). Under
this assumption, one can analytically compute (u(s) -
u(0)) = (cos(6(s) — y(s))) = exp(—s/24, — s*" ¢§/2),
from which one recovers Eq. (3) for H = 1/2 with L, =
2/03. Then Eq. (2) becomes

I o s s2H0.2
Ry=|[ ds' | d - 0),
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that can be handled perturbatively and numerically. As
shown in Fig. 1(a), when fixing 2A; = 540 bp and oy =
0.01, we see that for uncorrelated chains (H=1/2),
1,(L) = (R*)/2L converges rather slowly to /5" =512bp
[Egs. (2) and (3)]. When introducing LRC, one observes a
faster convergence to a smaller persistence length, the
larger the H, the smaller the /,. As shown in Fig. 1(b),
this decrease can be even more significant if one increases
the amplitude o, of this LRC structural disorder.

This mean-field generalization of the WLC model in-
volves averaging over many DNA sequences. This rather
prohibitive experimental task led us to perform DNA
simulations as in [10(a)] for uncorrelated and LRC
DNAs. To model the presence of intrinsic uncorrelated
disorder, we first generated a Gaussian white noise 6,(s)
of zero mean and variance 0'(2) [Fig. 2(a")]. Then 2D equi-
librium conformations were generated using a Gaussian
law of variance 1/A, but centered at 6(s), to randomly
choose the angle of the next unit rod with respect to the
preceding one. In Fig. 2(b’) are illustrated N = 100 trajec-
tories mimicking the effect of thermal fluctuations on the
original uncorrelated frozen chain. To model LRC in the
intrinsic curvature properties we used a Gaussian corre-

800 TTTTTTTTT | TTTTTTTTT TTTTTTTTT | TTTTTTTTT | T
L (a) 2A¢4=640Dbp | | (b) i
400 — g, =0001
o, L i
Q
N—r - —
l—‘n. - —
200 - —
. 7 =004 -
0 I I I | I | Ll | Lirrrrttd | |
0 5000 10* 0 1000 2000
L (bp) L (bp)

FIG. 1. Persistence length /,(L) = (R?)/2L computed with
Eq. (4) for 2A,; = 540 bp: (a) o9 = 0.01, H = 0.5, 0.6, 0.7,
0.8 from top to bottom; (b) H = 0.8 and oy = 0.001, 0.008,
0.02, 0.04 from top to bottom. The black dots correspond to DNA
simulations with oy = 0.008 and H = 0.8, when averaging over
N = 103 different frozen chains.

lated noise with index H for 6,(s) [Fig. 2(a’)] and we
induced thermal fluctuations as before. A representative
H = 0.8 LRC frozen chain is illustrated in Fig. 2(c’) to-
gether with N = 100 2D equilibrium conformations.
AFM imaging was carried out with the Nanoscope III
(Digital Instruments, Santa Barbara, CA) operating in tap-
ping mode in air [14]. In the presence of Mg?"' in the
solution, DNA molecules are able to equilibrate on the
surface before being captured in a given conformation
[9,15]. To avoid molecules interacting during their equi-
librium process, we have used a high dilution rate so that
each image contains no more than one or two DNA mole-
cules. The DNA traces were digitized using a homemade
MATLAB (MathWorks Inc., Natick, MA) script based on
morphological tools. As reported in Refs. [9,16], our esti-
mate of the mean DNA contour length yields an helical rise
of 3.21 = 0.05 A per bp which underestimates the 3.38 A
per bp measured by crystallography. For each entropic
realization of a DNA molecule of size L (~2200 bp), we
estimated the ‘“internal”” end-to-end distance R(s) in a
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FIG. 2 (color online). AFM images of L = 800 bp intrinsi-
cally straight (a) and L = 2200 bp HCV (b) and human (c) DNA
molecules. DNA simulations of N = 100 L = 2200 bp chains:
2D frozen chains with uncorrelated (H = 1/2, dark red) and
LRC (H = 0.8, light green) curvature angle fluctuations of
amplitude o, = 0.008 (a’); 2D equilibrium conformations
(black) generated with 24, = 540 bp from a frozen chain with
uncorrelated (H = 1/2, o, = 0.02, red) (b’) and with LRC
(H = 0.8, oy = 0.008, green) (c’).
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window of size s, that was slided by 1 pixel (~4.5 bp)
along the DNA trajectory from one extremity to the other.
This symmetric procedure leads to non polar estimate of
R(s). We have repeated this step for s going from 20 bp to
the total DNA length L. Then by averaging over all the
DNA trajectories obtained from the AFM images, we have
estimated some internal persistence length [,(s) =
(R?(s))/2s which converges to the actual persistence
length in the limit s — L — oo.

We have selected three different types of DNA mole-
cules. (i) An intrinsically straight DNA fragment of total
length L = 800 bp was designed according to Ref. [17].
(i) A fragment of L = 2200 bp was extracted from the
hepatitis C virus (HCV) genome (sequence core, E;, E,)
[18]. HCV belongs to the family of nonretrotranscribed
RNA virus that was shown to display uncorrelated bending
profiles [5]. (iii) Two (repeated sequence free) LRC DNA
fragments were extracted from intergenic regions in chro-
mosome 8 (125789398-125791587) and 21 (37044232-
37046437) of the human genome (NCBI build 35) by
PCR amplification and cloning. Prior to the AFM analysis,
we have performed a wavelet based analysis of the corre-
sponding DNA chain curvature profiles as in Ref. [5].
While for the HCV sequence we confirm that over the
whole range of scales from 10 to 2200 bp, one observes
scaling behavior with H = 1/2 as the signature of uncor-
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FIG. 3. Internal end-to-end distance measurement of / p(s) VS §

when averaging over N samples of length L = 2200 bp when
nonspecified. (a) AFM imaging: (A) intrinsically straight DNA
(N = 131, L = 800 bp), ((0) HCV DNA (N = 61), (O) human
chromosome 21 DNA (N = 91), () human chromosome 8
DNA (N = 81). The WLC model predictions [Eq. (3)] are in
solid (I, = 540 bp), dashed (I, = 485 bp) and dotted (I, =
385 bp) lines. (b) DNA simulations of N = 100 2D equilibrium
conformations generated with 24, = 540 bp from a frozen
chain that is: (A) straight, (l) with uncorrelated (H = 1/2,
oo = 0.02) curvature disorder [Fig. 2(b’)], (@) with a LRC
(H = 0.8, oy =0.008) curvature disorder [Fig. 2(c’)], (®)
with another frozen LRC chain. The solid and dashed lines are
the same as in (a).

related curvature fluctuations, we definitely detect LRC in
both human DNA sequences, in particular, for scales rang-
ing from 200 to 2200 bp which will be probed by the AFM
apparatus, where H = 0.80 = 0.05.

AFM images of the straight DNA are shown in Fig. 2(a).
A quantitative analysis of N = 131 DNA traces shows a
remarkable agreement with the WLC model. As reported
in Fig. 3(a), Eq. (2) provides a nice fit of [,(s) =
(R*(s))/2s, when adjusting [$ =2A, = 540 = 20 bp.
This yields an estimate of A; = 270 bp that corresponds
to a 3D persistence length A =0.321X1,/2=86+3nm,
in good agreement with previous measurements by cryo-
electron microscopy [19] and recent molecular dynamic
simulations [20]. In Fig. 2(b) are shown typical HCV
molecules visualized with our AFM. The corresponding
1,(s) data reported in Fig. 3(a) are again very well repro-
duced by the WLC model predictions but with /5" =
485 = 15 bp (A = 78 = 2 nm) smaller than the dynamic
persistence length estimated just above. Since the experi-
mental protocole used to deposit and visualize the three
types of DNAs was rigorously the same, one can assume
that the bending flexibility of all molecules are identical;
then from Eq. (3), one gets /5, = 4762 bp that corresponds
to a rather small curvature angle fluctuation amplitude
oo = (2/15)'/% = 0.02, typical of a weak structural disor-
der. In Fig. 3(b) are reported the results of a comparative
numerical study of N = 100 2D equilibrium conforma-
tions of length L = 2200 bp, generated with 2A, =
540 bp from, respectively, a straight chain and an uncorre-
lated random chain [Fig. 2(b")]. The /,(s) numerical data
look very similar to the corresponding AFM data. They are
remarkably well fitted by the same WLC curves giving
strong support to our experimental estimate of o = 0.02
for the uncorrelated HCV DNA.

In Fig. 3(a) we also report the / p(s) data obtained from
N = 81 (91) human chromosome 8 (21) DNA AFM con-
tours. The comparison with the HCV data leads to the
following observations. First, for both human DNA frag-
ments, /,(s) is found significantly smaller than for HCV
and this over the whole range of s values. Second, the WLC
model [Eq. (2)] fails to fit the human /,(s) data which
suggests that the observed increase in bending is not due to
an increase in flexibility which would exhibit WLC behav-
ior, but rather due to the presence of some large-scale
cooperative intrinsic curvatures as clearly seen on the
AFM images of human DNA in Fig. 2(c). To demonstrate
that this persistence in curvature properties is not due to
some hyperperiodic distribution of curved DNA sites [21],
but rather results from the presence of LRC in the curvature
angle fluctuations, we have performed in Fig. 2(c’), DNA
simulations of LRC chains with parameters (H = 0.8,
oy = 0.008) as estimated from the human DNA sequence
analysis. Remarkably, the /,(s) numerical data shown in
Fig. 3(b), for two so-generated frozen LRC chains, display
the same characteristics as experimentally observed in
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Fig. 3(a) for the two human DNAs. Not only the global
lowering of [,(s) is reproduced but also the observed
decrease at large s values is numerically recovered. In
Fig. 2(a’) are illustrated N = 100 frozen DNA chains of
length L = 2200 bp of uncorrelated (H = 1/2) and LRC
(H = 0.8) curvature angle fluctuations of amplitude oy =
0.008. One sees that most of the LRC chains intrinsically
display some marked macroscopic curvature in contrast to
the uncorrelated ones. Actually, one can show that the
characteristic size of a frozen LRC chain to make half a
loop is I* = (m/0y)"/" which yields I* = 1748 bp for
H = 0.8 and o = 0.008. Since the end-to-end distance
is expected to decrease when s reaches half the loop-size,
this explains the decrease observed in /,(s) at large s in
Fig. 3(b). This is a strong indication that the similar de-
crease of /,(s) observed experimentally in Fig. 3(a) for
both human DNAs is quite representative of the presence
of LRC between randomly distributed curvature sites. As a
final remark, our mean-field approach predicts some de-
crease of the persistence length when increasing the LRC
exponent H (Fig. 1). For 24, = 540 bp, H = 0.8 and
oo = 0.008, one gets [, = 315 bp that corresponds to a
value of the 3D persistence length, A = 50.6 nm, in quan-
titative agreement with previous measurements by inde-
pendent methods [2,19,22]. The fact that this H = 0.8
LRC regime is universally observed (for distances s >
200 bp) in prokaryotic and eukaryotic DNA sequences
[5], might thus explain the 53 nm consensus value for the
persistence length of native DNA.

In summary, by assisting AFM imaging with DNA
simulations, we have revealed some significant lowering
of the persistence length of human DNA molecules as
compared to measurements performed on both intrinsically
straight and uncorrelated HCV DNAs. The fact that this
spectacular decrease cannot be accounted for by the WLC
model provides strong indication that this increase in bend-
ing does not result from some enhancing of flexibility but
rather from some large-scale intrinsic curvature induced by
a sequence-dependent persistent random distribution of
local bending sites. We have proposed a mean-field gen-
eralization of the WLC model that reproduces the decrease
of the persistence length when enhancing LRC in the DNA
curvature disorder. But as shown in Fig. 1(b), this mean-
field model requires the averaging over several hundreds
DNA molecules with different sequences. In a work under
progress, we hope to achieve this sequence averaging by
digesting genomic DNA to produce DNA fragments with
blunt ends at random, with the perspective of measuring
the LRC parameters (H, o) in various eukaryotic and
prokaryotic organisms.
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