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DNA is a flexible molecule, but the degree of its flexibility is subject to debate. The commonly-
accepted persistence length of I, ~ 500 A is inconsistent with recent studies on short-chain DNA
that show much greater flexibility but do not probe its origin. We have performed X-ray and neutron
small-angle scattering on a short DNA sequence containing a strong nucleosome positioning element,
and analyzed the results using a modified Kratky-Porod model to determine possible conformations.
Our results support a hypothesis from Crick and Klug in 1975 that some DNA sequences in solution
can have sharp kinks, potentially resolving the discrepancy. Our conclusions are supported by mea-
surements on a radiation-damaged sample, where single-strand breaks lead to increased flexibility
and by an analysis of data from another sequence, which does not have kinks, but where our method
can detect a locally enhanced flexibility due to an AT-domain.

I. INTRODUCTION

Remarkable progress has been achieved since the fa-
mous publication of the DNA structure by Watson and
Crick [1] but basic questions are still open. One of them
was raised by Crick and Klug in 1975 [2] when they exam-
ined the ease with which duplex DNA can be deformed
into a compact structure like chromatin. They suggested
that DNA can form a sharp bend, that they called a
kink. Kinks are not merely sharp bends due to fluctua-
tions or a broken strand, but metastable structures which
can exist without a drastic distortion of the configuration
of the backbone. They have been subsequently found in
highly-constrained environments, such as in chromatin,
where other molecules force sharp bends [3, 4]. How-
ever Crick and Klug raised a more fundamental ques-
tion: could DNA kinks occur spontaneously as a result
of thermal motion?

Since then this hypothesis was never confirmed and the
origin ot the flexibility of DNA is still debated [5]. The
molecule is often described as a cylinder, or worm-like
chain (WLC), that is relatively stiff with a persistence
length of I, ~ 500 A [6-8]. This value is at odds with
the tight-packing of DNA in chromatin and with recent
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experiments on short-chain DNA that show much shorter
persistence lengths [9-12]. However the studies are some-
what limited in that they do not probe the full confor-
mation of the molecule and cannot identify the position
or the degree of any bending.

Small-angle scattering (SAS) experiments are excellent
techniques to investigate particles with linear dimensions
~ 1 —100 nm and are therefore well-suited to studying
short-chain DNA. They probe the spatial distribution of
the scattering length density and are very sensitive to
the overall shape and size distribution of particles. In
the dilute limit, SAS probes the ensemble average of all
the orientations and shapes that the particles adopt over
the duration of the measurement. We have carried out
measurements with both X-rays (SAXS) and neutrons
(SANS) of short-chain DNA in solution, free from any
molecular construct like the addition of fluorophores [12]
or gold nanoparticles [13]. The principal experiments
were performed with SAXS on a 145 base-pair sequence
of DNA containing the “601” strong positioning sequence
[14] known for easy wrapping around a histone core. The
sequence, which has been investigated in structural stud-
ies of nucleosome core particles [15], is shown in Fig. 1
and is henceforth called “Widom-601”. The results have
been analyzed using a dynamical model. This analysis
shows the presence of kinks at positions consistent with
the hypothesis of Crick and Klug. As a further test, a
complementary experiment has been made with a dif-



ferent DNA sequence, with 204 base pairs, derived from
a piece of A\-phage DNA, which has been modified to
introduce a segment containing only A — T' pairs from
sites 94 to 125. This introduces a domain with a higher
local flexibility and some weak intrinsic curvature due
to intrinsically curved elements (such as AATT). The
same analysis, performed on the data collected with this
control sequence did not detect kinks but the statistics
of the local bending angles showed a increased average
value, and increased fluctuations, in the domain where
we introduced the AT rich segment, showing the ability
of our analysis to detect detailed features of DNA flexi-
bility with SAS.

II. SAMPLES AND EXPERIMENTAL
METHODS

50
5’ TGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGC
3’ACCTCTTAGGGCCACGGCTCCGGCGAGTTAACCAGCATCTGTCGAGATCG
57 67 88 100
ACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGG
TGGCGAATTTGCGTGCATGCGCGACAGGGGGCGCAAAATIGGCGGTTCCC
145
GATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTG 3’
CTAATGAGGGATCAGAGGTCCGTGCACAGTCTATATATGTAGGAC 5’

FIG. 1. Sequence of the 145 base-pair DNA molecule inves-
tigated in this study. This sequence was used to build the
NCP-601 nucleosome core particle investigated in [15]. The
fragment with orange background is the strong positioning
element, characteristic of this sequence. The TA fragments
considered as possible kink positions in the model are under-
lined and marked in yellow.

A. Sample preparation

The main sample of this study is the “Widom-601” 145
base-pair sequence of DNA shown in Fig. 1. It contains
the “601” strong positioning sequence [14], known for
easy wrapping around a histone core. Multiple repeats
of this nucleic sequence were inserted into the EcoRV site
of the pGEMT easy vector and expressed in E.Coli DH5«
cells. The fragments were excised from the vector by re-
striction enzyme EcoRV, followed by phenol chloroform
extraction and ethanol precipitation. The excised 145bp
DNA were separated from the linearized plasmid through
5% polyacrylamide gel electrophoresis (prep cell-BioRad)
and the purity of the sample was analyzed by 1% agarose
gel electrophoresis and PAGE. This preparation method
provides 100% homogeneous DNA of crystallographic-
grade purity and was also applied to prepare samples
for nucleosome crystallization, used in other experiments

[16].

The same method was used to prepare the modified
A-phage sequence shown in Fig. 2, studied in comple-
mentary experiments presented in Sec. V.

50

5'GGCGTCTCCTTTGATGCGAGTGCCAGCGTCAGACATCATGTGCAGATACT
94 100

CACCTGCATCCTGAACCCATTGACCTCCAACCCCGTAATAGCGATTAATA
125 150

ATAATATAAATAATTATTAATATATCTTGTTCGATTAACTGCCGCAGAAA
200

CTCTTCCAGGTCACCAGTGCAGTGCTTGATCACAGGATGCTTCCCAGGAT
GCCG 3

FIG. 2. Sequence of 204 base pairs studied in a complemen-
tary experiment. In the fragment marked in blue the original
sequence part of A-phage DNA has been modified. The G—C
pairs have been changed to A — T pairs to create a domain of
32 consecutive A — T pairs.

Prior to the SAXS and SANS experiments the sam-
ples were dissolved in a 2H,O buffer containing 10mM
Tris (pH 7.4), 0.1 mM EDTA and 30 mM NaCl with
a DNA concentration of 2.2 mg/mL for the Widom-601
sequence and 1.27 mg/mL for the modified A-phage se-
quence, and degassed in a partial vacuum of 0.5 bar for
3 hours before being loaded into quartz containers for
measurement. The quartz cells for SANS were rectangu-
lar with a 2 mm thickness. Quartz cylindrical capillaries
with an inner diameter of 1 mm and a wall thickness of
10 pm were used for SAXS.

B. Small angle scattering

Small angle scattering of neutrons and X-rays by dilute
particles in solution probes the scattering length density
of the particles. The scattering cross-section is given by
[17]:
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where the sample contains N particles in volume V,
and q is the momentum transfer. The scattering length
density at position r in a particle is given by 8 (r) =
p(r)b(r), with p (r) being the local atomic number den-
sity. The local mean scattering length, b(r), varies as
a function of atom and isotope for neutrons [18] and as
the Thomson scattering length multiplied by the local
number of electron for X-rays. The triangular brackets
in equation (1) indicate that the cross-section measures
an ensemble average of all the orientations, ®, and con-
figurations that the particles have in the sample.

1. Small angle X-ray scattering (SAXS)

The SAXS measurements were performed using the
VAXTER instrument at the Friedrich-Alexander Univer-
sitiit, Germany. It uses Ga-Kal,2 radiation (A = 1.34 A)
from a GaMetalJet D2 70 kV X-ray source (EXCIL-
LUM, Kista, Sweden) with 150 mm Montel optics (IN-
COATEC, Geesthacht, Germany). X-ray-absorbing di-
aphragms defined the incident beam collimation. The



sample-detector distance was set to 1.5 m, and the instru-
ment uses a Pilatus3 300 K detector. The sample temper-
ature was controlled by an external water bath. The data
were corrected for transmission and background. The
scattering from a glassy carbon standard [19] was used
to normalize the data to absolute scale. The resulting
cross-sections covered the range 0.006 < @ < 0.2 A1,

2. Small angle neutron scattering (SANS)

The SANS measurements were performed using the
D22 instrument at the Institut Laue-Langevin, France.
The incident beam wavelength was set to A = 6A
with AA/A = 0.1. The incident beam collimation
was defined using neutron-absorbing diaphragms. The
sample temperature was controlled by an external water
bath. Data were recorded with the sample-detector
distance at 5.6 and 17.6 m, with the collimation set at
5.6 m and 17.6 m respectively for the optimal compro-
mise between resolution and beam flux. The GRASP
data reduction suite (https://www.ill.eu/instruments-
support/instruments-groups/groups/lss/grasp/home/)
was used to correct the data for instrument background,
empty cell, detector efficiency and to normalize by the
direct beam intensity to obtain the intensity in absolute
scale. The data were then merged, buffer subtracted,
and radially integrated to give the cross-section in the
range 0.003 < Q < 0.15 A—1.

III. EXPERIMENTAL RESULTS ON THE
WIDOM-601 SEQUENCE

The SAS scattering cross-section for dilute particles in
solution is given by the one-dimensional integral:

dmax
do sin (gr)
— P(r)——=d
o~ () qr
0

T, (2)

where ¢ is the momentum transfer and d,;,4; is the longest
dimension in the object. The pair-distribution function,
P (r), correlates the scattering length densities for vol-
ume elements separated by a distance r within the par-
ticle and is further weighted by the contrast between the
scattering length densities of the particle and the solu-
tion. The P (r) therefore differs for X-rays and neutrons,
however, for scales beyond about 40 A which do not re-
solve the internal structure of DNA and are only sen-
sitive to the conformation of the molecular axis, both
techniques are expected to bring the same information.
Mathematically, P (r) is obtained from an inverse
Fourier transform of the cross-section. We used the GNOM
program [20] with manually set parameters to calculate
P (r). The P (r) derived from the SAXS data at 23°C
is shown Fig. 3-a. The measurement took one hour.
Temperature-dependent P (r) derived from the SAXS

data are shown in Fig. 3-c. Two samples were measured
at high temperature. For the first, labeled “short ex-
posure”, the sample was heated directly to 70°C and
measured for one hour. For the second, labeled “long
exposure”, the data result from the final measurement of
a sequence of hour-long runs at 30°C, 50°C and 70°C.

The “short exposure” P (r) is very similar to that at
23°C, while the “long exposure” data show dramatic dif-
ferences due to X-ray radiation damage. At low X-ray
flux, most of the damage occurs as single-strand breaks
due to free radicals created by the interaction of X-rays
with the water molecules [21, 22]. This is likely to be
exacerbated at high temperatures. In our SAXS exper-
iment about 50% of the X-rays were absorbed by the
solvent, and the influence of radiation damage is clearly
visible.

Prior to the SAXS measurements preliminary measure-
ments on the Widom-601 sequence had been performed
with SANS as a function of temperature up to 79°C.
In-situ UV absorption spectroscopy recorded during the
SANS measurements showed that there was no signifi-
cant thermal denaturation of double-stranded DNA up
to this temperature.

The SANS measurements up to 79°C did show some
limited changes versus temperature (Fig. 4) which could
come from an increase of the thermal fluctuations, but
the overall shape of P (r) was only weakly modified. Ra-
diation damage from neutrons was expected to be negligi-
ble as they are non-ionizing, and the SANS data showed
no strong change with exposure time.

Figure 4 compares the SAXS and SANS results. The
P (r) show common features. However there are differ-
ences because SAXS is more sensitive to heavier elements
as pb is proportional to the electron density for X-rays.
The SAXS P (r) is thus dominated by the correlations
between the phosphates. The neutron P (r) is more sen-
sitive to the distribution of hydrogen in the sample. Both
data sets show a peak at 7 ~ 20 A. The peak in the X-ray
data is due to the phosphates, which are on the outside
of the double helix and are 20 A apart.

Due to the many protons distributed on various sites in
the DNA structure, for short distances neutron scattering
is well approximated by the scattering by a bulk cylinder
with a diameter of 20 A, which also shows a peak in P(r)
in the vicinity of the diameter of the cylinder. Therefore,
both for SANS and SAXS, the 20 A peak appears to be
signature of the diameter of the double helix.

For larger r distances the differences between SAXS
and SANS are expected to decrease because at this scale
the differences between the atom types are no longer re-
solved and P (r) essentially reflects to conformation of
the molecules. For r > 70 A, two curves for P (r) have
a similar shape. They show a roughly flat region in the
70—160 A range and then decrease strongly before show-
ing a kind of plateau in the 300 — 400 A range.



-4
x10
50

T T mEn .

=T (b)

0.8
150
I

MR

100
|

0.4
0 (degrees)

L

P(r) (from SAXS) (cm~2)
50
I

0.2

200 400
iy

0.0

O 7T
5] Ak(k

0 100 200 300 400 3 "
p(B)(x10 )

o
e
el 4 (d)

L
150

T

|

1

200 400

L
LNV

0.4
PRI I
0 (degrees)
100
—
PR |

P(r) (from SAXS) (cm~2)

0.2
50
e
I

1

L
PR

ol

PRI St

2 ] - s ol 1
0 100 200 300 400 20 40 60 80 100 120 140 0

3 5.,
r(A) p(E)(x10")

Site n

FIG. 3. Experimental results and data analysis for the Widom-601 sequence. (a) Blue: results of the SAXS experiment at
room temperature. The top right inset shows the scattered intensity I(q) versus the scattering vector ¢, and the main panel
shows the corresponding P (r) computed by GNOM with estimated error bars. The thick red line shows the average P (r) for the
102 conformations with the best match to the experimental data among 12 x 107 conformations generated by Monte-Carlo.
Thin magenta line: P (r) deduced from a Monte-Carlo simulation at room temperature for the models with a kink of angle
80° at site 67. The dashed black line shows P (r) for a homogeneous Kratky-Porod model having a persistence length of 500 A
at room temperature (K = 150, 6y, = 0, C = 0). The bottom left inset shows the values of the local bending angles for the
10 model conformations which provide the best match with the experimental P (r). Successive plots are moved up by 50° to
limit the overlap between the curves. (b) Histogram of the bending angle against n for the 10% conformations that provide the
best matching with the room temperature SAXS data. For each site of the polymer model, the left part shows the number
of 0,, values that correspond to the value marked on the left scale (the total of these numbers for a given n is equal to 1000,
the number of conformations) with a color scale shown on the right. The right part of the figure shows the fraction p of 6
angles, integrated over the whole model, which belongs to a given range of theta. The scale is truncated to pmax = 5 x 107%
to better show the part of the curve which corresponds to large 0 angles. (c¢) Dark-blue: The SAXS P (r) at 70°C after a long
exposure to X-rays. The thick red curve shows the average P (r) for the 1000 conformations that provide the best match with
the experimental data has been obtained from a search of 70 x 107 conformations generated by Monte-Carlo. Light blue: The
SAXS P (r) at room temperature (also shown in blue in panel (a)) for comparison. Turquoise: The SAXS P (r) at 70°C with
short exposure to X-rays. The inset shows the values of the local bending angles for the 10 model conformations which provide
the best match with the experimental P (r) as in panel (a). (d) same as panel (b) for the 10* conformations that provide the
best matching with long-exposure SAXS data. The color scale and the scale for p in the right part of the plot are the same as
for panel (b) to allow a quantitative comparison between the two cases.

IV. DATA ANALYSIS: CONFORMATION OF A. Standard SAS data analysis
THE WIDOM-601 DNA MOLECULES IN
SOLUTION
As a first step we relied on standard SAS data analy-
sis packages. The 23°C SAXS data were analyzed using
the SASVIEW software [23] to model DNA as an homo-
geneous flexible cylinder, giving a persistence length of
We focused our analysis of the Widom-601 data on [, = 97.9 A. A further analysis used the Kratky-Porod
the SAXS data which provided a stronger and less noisy model [24] which is the discrete version of the worm-like
signal than the SANS experiments. chain model generally used for long DNA molecules [6, 7]
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FIG. 4. Comparison of the SAXS and SANS results for the
Widom-601 sequence. The SAXS data are shown in blue and
the neutron data are shown in grey (dark grey: measure-
ments at 15°C, light grey: measurements at 79°C. The inset
shows the scattered intensity versus the scattering vector q.
The corresponding P(r) have been obtained by GNOM. Their
normalization is such that [ P(r)dr = I(q = 0).

and whose structure factor can be calculated exactly [25].
This calculation gave a best fit of I, = 117 A. Both val-
ues are much smaller than measured values for double-
stranded DNA [5, 26], including the generally-accepted
value of I, =~ 500 A. They are also unrealistically small
considering that the double helix has a diameter of 20 A.
The analysis confirms the conclusions, drawn from accu-
rate measurements on short DNA molecules [12], that a
homogeneous WLC model does not describe the flexibil-
ity of short-chain DNA.

However, it is important to stress that the persistence
length obtained in these fits is actually an effective per-
sistence length which includes both the effects of the sta-
tistical fluctuations and a contribution of the intrinsic
curvature of the molecule. As pointed out by Schellmann
and Harvey [27], any kind of bend, stiff or flexible, will
result in a reduced persistence length and, as a result,
permanent structural kinks can reduce the persistence
length.
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FIG. 5. Examples of the output of the DAMMIF program, show-
ing possible optimized shapes of the DNA molecules in solu-
tion

Therefore, to understand what appears as an anoma-
lously low persistence length, the next step was to at-
tempt to reconstruct the main features of the particle
shapes from the data. However this is not straightfor-
ward because the knowledge of P (r) is not sufficient to
unambiguously determine this shape, even for the case
of a linear polymer. Iterative schemes, starting from a
broad and random conformational search and then pro-
gressively improving by testing likely models, have been
developed. Within the ATSAS package [28], the DAMMIF
program [29, 30] starts from the P(r) given by the GNOM
program and uses simulated annealing to optimize the
shape of a set of dummy atoms to retrieve the shape
of the scattering molecules. The program starts from a
random configuration. A polymer like DNA can have
a broad variety of conformations in solution and mul-
tiple runs lead to different final shapes. Nevertheless
the results give hints on the DNA conformations that
fit the scattering data. When it is applied to our SAXS
and SANS data for the Widom-601 sequence, this pro-
gram converges either to strongly curved structures, or
to branched solutions, as shown in Fig. 5. As partial
denaturation of our sample is ruled out by the UV mea-
surements, we do not expect any branching. However, if
the solution actually contains a mixture of weakly curved
molecules while others have a sharp bend, these DAMMIF
solutions could describe a superposition of two confor-
mations because P (r) represents the ensemble average
over all configurations in the sample, including time-
dependent fluctuations.

B. Conformational search using a polymer model

The DAMMIF results show that fluctuations must be ac-
counted for in the modeling of the data. Moreover the
ab-initio shape reconstruction performed by DAMMIF does
not include any a priori knowledge of the molecular prop-
erties. It is more efficient to search among a set of con-
formations derived from a model which take into account
some of the known features of the molecules. However,
to study the flexibility of the DNA molecules, a model
at the atomic scale or a coarse-grain model describing
the bases would be inefficient. Instead we describe DNA
with an extension of the Kratky-Porod model [24], i.e.
the model, shown schematically on Fig. 6, is not con-
cerned with the internal structure of the DNA, but only
with the conformations that the backbones could adopt.
It consists of N + 1 objects representing base pairs, each
separated by a = 3.34 A, corresponding to the base-pair
distance in DNA, with bond angles that may vary at each
point. The model therefore has N bonds, or segments.
The local angle at site n, which connects segments n and
n+ 1, is defined as 6,,, and the dihedral angle of rotation
between the plane containing segments n — 1 and n and
the plane containing segments n and n + 1 is defined as
b

Thermal fluctuations were accounted for by calculat-



Base pair: 1 2 3 143 144 145
1 1 1 1 1 1 1

7 T Y ' 7
Segment: 1 2 n-1 n n+l 143 144
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FIG. 6. Schematic showing the polymer model used for the
WIDOM-601 DNA measured in the experiments. The top
part of the figure shows the definition for the numbering and
the lower part shows the definition of the bond and torsional
rotation angles.

ing the bending and torsional energy for the model ex-
pressed through its Hamiltonian. A possible permanent
curvature is permitted by considering a local equilibrium
value at each site, given by 60 ,, and ¢g ,, which may be
different from zero. The Hamiltonian is thus given by:

N—-1
H=> Kyl —cos(0 — 0p)] (3)
=1

N-—1
+ Z C’n[l - COS(qun — ¢O,n)] )
n=2

where K, and C,, are constants setting the scale of the
bending and dihedral energies respectively. Dimension-
less variables were used in the calculations. Distances
were measured in units of the base-pair distance a, and
temperature was measured in energy units and the en-
ergy was expressed relative to kg7 at room temperature,
where kp is the Boltzmann constant, so that the prop-
erties of DNA at room temperature were obtained by
setting T' = 1. Equation 3 reduces to the Kratky-Porod
model [24] on setting C,, = 0 and K, = K for all n.
Setting K = 150 gives I, = 500 A, while K = 35 gives
the previously-discussed best fit to the 23°C data with
I, =117 A.

For a given model conformation, P (r) was calculated
by putting a unit scattering center at each base-pair posi-
tion and then the calculated P (1) was scaled to have the
same integrated area as the data. This gives a reasonable
approximation for the SAXS data for r > 40 A, as the
X-ray scattering from a base pair is dominated by its two
phosphorus atoms whose contribution can be effectively
mapped onto the center of the base pair for large r. For
small r this evaluation of P (r) is a worse approximation
for the SANS data which are far more sensitive to the
protons.

The model with N = 144, representing the Widom-601
sequence, was used for a broad search through the con-
formational space to determine the conformations which

provide the best match with the experients. At this stage
of the analysis, our goal is not to design a model of the
DNA molecules in solution, but to extract information
on the molecular conformations from the data. There-
fore it is important to avoid any bias in the conforma-
tional search, which could be introduced for instance by
assuming some a-priori knowledge such as sequence de-
pendent bending angles. The bending constant was set
to K,, = K = 150. The torsional constant was set to
C,, = C = 2 which leads to a clear dominance of ¢ = 0, in
agreement with the torsional rigidity of DNA, but never-
theless allows large fluctuations. The equilibrium angles
were set to 0y, = ¢o,n = 0.

Up to 12 x 107 Monte Carlo-generated conforma-
tions were created and accepted with the probability
exp(—H/T) at a temperature of T = 3, i.e. three times
room temperature, to widely explore the conformational
space. The P (r) were calculated for accepted confor-
mations and compared to the SAXS P (r) at 23°C by
computing the standard deviations between the two func-
tions. The best 10% conformations were selected. They
can be considered as representative of the conformations
of the DNA molecules in solution so that their analysis
allowed us to determine the main features of the those
conformations. Their average P (r) is plotted in Fig. 3-a.
The agreement with the experimental P (r) is satisfac-
tory, and is excellent in the region 80 A <r <280 A.
This is the critical range to assess the shape of DNA
molecules, which have a length of 484 A and a radius of
gyration of about 100 — 150 A. A calculation of the WLC
with [, = 500 A is also shown in Fig. 3-a for comparison.
It does not resemble the experimental P (r).

Fig. 3-b shows a histogram of 6#,, at the various sites
for the best 103 conformations. The vast majority of 6,
are less than 30°, consistent with thermal fluctuations
around 6y, = 0. However there is a significant con-
centration of large 6, near the center of the molecule.
The distribution is centered at 6, ~ 125°, and it is dis-
tinct from the distribution at lower angles. Inspection
of those conformations with large 6, revealed that each
had one, and only one, of the sites with a large angle.
The insert on Fig. 3-a shows the local bending angles for
the 10 best conformations. The modeling suggests that
the Widom-601 sequence has metastable states with large
angles in its central region, consistent with the kinks pro-
posed by Crick and Klug. Kinks would also help explain
the branched conformations given by the DAMMIF pro-
gram if the solution contains a mixture of kinked and
non-kinked DNA molecules.

C. Test of a model for kinked DNA molecules in
solution

As a blind conformational seach hints that some con-
formations may have a permanent kink, a second stage of
our analysis was to check this hypothesis. In this stage
the polymer model is used in a different context. Instead



of chosing a generic set of parameters to allow an unbi-
ased scan of possible conformations, we use the results
of the conformational search to select specific parame-
ters, and then run a Monte Carlo at room temperature
(T =1 in our dimensionless units) to test the agreement
of the resulting P(r) with the experimental results. The
possible presence of a kink is tested by setting 0y, = 0,
for specific n = n,. Following the hypothesis of Crick
and Klug, we identified A—T sites in the central region
and explored conformations with 70° < 6 ,, = 0, < 110°
at these sites. Inspection of Fig. 1 shows A—T sites at
n, = 47, 57, 67, and 88. The last site is of particular in-
terest because it is part of the strong histone-positioning
element characteristic of this sequence. The values for
K, C,, ¢o.n and b0y ,, were all maintained as for the con-
formational search, except for the one 6.

To quantitatively evaluate the different possibilities,
we calculated

N, 2
1 2 [ Piheo (1) — Pexp(r5)
2 theo\j exp\'j
= 4
-2 - (4)

1

where r; are the points where Pey, (r) has been com-
puted, o; the experimental error at these points (given
by the GNOM program) and N, the number of calculation
points. Instead of the simpler standard deviation used
for the conformational search, which is equivalent to set-
ting o; = 1 in Eq. (4), here we take into account the
actual experimental errors to measure the validity of the
model more accurately. The summation is restricted to
r; > 50 A because the polymer model, which does not
take into account the diameter of the molecules, cannot
be expected to properly describe the properties of the
DNA molecules at very small distances.

ni Ok (deg) X2 kink
88 95 2.31
88 110 9.17
88 80 1.26
88 70 3.00
67 95 3.32
67 110 9.17
67 80 0.88
57 95 2.14
47 95 2.91

TABLE I. Results of Monte Carlo simulations at room tem-
perature (7" = 1 in reduced units) for various kink positions
nk and angles 0. The table lists the values of the X2 distance
between the experimental and theoretical P (r) (Eq. (4)) for
kinked DNA (3rd column). The line in bold-face is the case
which provides the best agreement with experimental data.
For non-kinked DNA, the x? distance between the theoret-
icQal and experimental probability distributions (Eq. (4)) is
= 22.86.

Figure 7 compares the SAXS structure factor with the
structure factor of the polymer model with a kink at

one of the two T'A steps closest to the center, nx = 88
(thin blue curve) or ng = 67 (dashed blue curve) and
with the structure factor of a homogeneous WLC model,
for two values of the persistence length [, = 500 A and
I, =224 A.
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FIG. 7. comparison between the SAXS structure factor (cir-
cles) and the structure factor of the polymer model, at room
temperatures, for different parameters: i) thin blue curve,
model with a kink of 80° at position 67, ii) dashed blue curve,
almost identical to the previous one, kink of 80° at position
88, iii) full red curve, Kratky-Porod model, without kink and
a persistence length of 500 A, iv) dashed red curve, Kratky-
Porod model, without kink and a persistence length of 224 A

The results for different kink positions and angles are
given in Table I. Although such a simple polymer model
cannot describe all the fine structure of the experimental
results, in the range where the model applies the theo-
retical results fit the data within the experimental error
bars in the range 50 — 300 A. For r < 50 A the model
should be completed by taking into account the diame-
ter of the DNA molecule and its internal structure, while
for 7 > 300 A some extra flexibility near the ends might
be necessary to take into account the fluctuations of the
twist at the free boundaries.

Table I shows that the best agreement with experi-
ments is obtained for ng = 67, although the position
0 = 88, within the TTTAA strongly positioning se-
quence, gives results which are almost equally good. Our
analysis cannot rule out one of the two optimal kink sites.
The case of site nx = 57, which also gives good results is
almost symmetric of nx = 88 with respect to the center
of the molecule. For molecules in solution, at the scale
of the SAXS/SANS experiments, and for the model, the
two ends are indistinguishable and the 57 and 88 sites
are therefore almost equivalent. Moreover, looking at
the sequence of the two strands listed in Fig. 1 of the
article, one can notice that, around site 57 one finds that
same sequence of 5 base pairs as around site 88. The
best agreement with experiments is obtained for a kink
angle of 80°, in good agreement with the kink predicted
by Crick an Klug [2].

The tests were not exhaustive, but they establish that
models with a kink in the DNA give far better compar-
isons with the experimental results than a WLC model
with a sensible [,,.



D. Analysis of the long-exposure SAXS data

The results pointing to the possible existence of kinks
for the Widom-601 sequence in solution are supported
by the analysis of the SAXS data at high temperature.
A conformation search with all equilibrium angles equal
to zero was applied to the “long exposure” data. The
search was performed at higher temperature of T'= 6 to
allow for an even broader range of conformations. More
than 7 x 10® conformations were generated in the Monte
Carlo search, and the average P (r) from the best 10°
conformations are shown in Fig.3-c with the histogram
of 0, vs. n shown in Fig.3-d. The results show many
sites with large 6,, distributed more evenly across the se-
quence and over intermediate angles. The distribution
in 6, is also broader, with no gap between the low and
large 6,, values. The plot of the local bending angles of
the 10 best conformations, seen in the insert in Fig.3-c,
shows that they may have more than one large angle.
The findings are consistent with radiation damage to the
DNA, which creates single-strand breaks that allow local
sites to be far more flexible. However, as for the search
at 23°C, a high concentration of large angles is still found
around the middle of the model with an angle distribu-
tion centered at 6, ~ 125°. The number of sites within
this distribution is greater at 70°C which may represent
more kinks due to increased thermal fluctuations or large
bendings due to single-strand breaks, which is consis-
tent with X-ray radiation damage preferentially causing
single-strand breaks at sites with local distortion [31], in
this case due to kinks. Both observations indicate that
kinks are present in Widom-601.

V. COMPLEMENTARY EXPERIMENT WITH
ANOTHER DNA SEQUENCE

As a further test to validate our results, we have per-
formed a complementary experiment with a DNA se-
quence previously studied in cyclization experiments and
found to be well described by the standard WLC model
of DNAJ[32]. This sequence, of 204 base pairs, is shown
in Fig. 2. It is derived from a segment of 200 base pairs
of A-phage DNA, starting at site 29853, modified at its
ends to make the PCR step easier in the sample prepa-
ration. This sample had been chosen for the cyclization
studies because it does not have intrinsic curvature. How-
ever, in order to check the ability of our experiments and
analysis to detect specific features of the DNA molecules
under study, we modified the sequence locally, changing
the some G — C pairs into A — T in order to create a
domain of 32 consecutive A — T pairs from position 92 to
position 125. Due to the larger fluctuations of the A — T
pairs [33] we expect this region to have a higher flexibil-
ity. Moreover it includes some elements, such as AATT,
which have a small intrinsic curvature.

A solution with a concentration of 1.27 mg/mL was
studied by SANS, using the D22 experiment at Institut

Laue Langevin as described for the Widom-601 sequence.
The scattering data were treated by the GNOM program to
compute P (r) and then we performed a computational
search using the same program as for the Widom-601
sequence and the same model parameters, except for the
number of nodes.
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FIG. 8. Equivalent of Figs 3-b and 3-d, for the complementary
experiment with the sequence shown in Fig. 2. Histogram of
the bending angle against n for the 10® conformations that
provide the best matching with the room temperature SANS
data. For each site of the polymer model, the left part shows
the number of 6,, values that correspond to the value marked
on the left scale (the total of these numbers for a given n
is equal to 1000, the number of conformations) with a color
scale shown on the right. The right part of the figure shows
the fraction p of 0 angles, integrated over the whole model,
which belongs to a given range of theta. The scale is truncated
tO Pmax = 5 X 10~* to better show the part of the curve which
corresponds to large 0 angles.

Figure 8 shows the histogram of the bending angles of
the the 10% conformations that provide the best matching
with the room temperature SANS data, and its right part
shows the fraction p of 6 angles, integrated over the whole
model, which belongs to a given range of theta. This
figure is analogous to Figs. 3-b and 3-d for the Widom-
601 sequence, and we used the same scales for the plots
to allow a quantitative comparison between the results
for the two sequences. The difference is striking. For the
sequence taken from A-phage DNA we do not find the
many kinked conformations detected for the nucleosome
positioning sequence.
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FIG. 9. Values of 6,, for the 10nconformations which provide
the best match to the experimental P (r) deduced from SANS
measurements at room temperature on the sequence shown
in Fig. 2 . Successive plots are moved up by 50° to limit the
overlap between the curves.



FIG. 10. Average values the the local bending angles (0,,) and
standard deviations of the bending angles for the 1000 con-
formations which provide the best match to the experimental
P (r) deduced from SANS measurements at room tempera-
ture on the sequence shown in Fig. 2. The blue lines show the
position of the AT domain along the sequence, starting either
from the left end of the sequence (full lines) or from the right
end (dashed lines).

Figure 9 for the sequence taken from A-phage DNA is
equivalent to the inset on Fig. 3-a for the Widom-601
sequence. It shows the values of the 6, for the 10 confor-
mations which provide the best match to the experimen-
tal P (r) deduced from SANS measurements. Contrary
to the case of the Widom-601 nucleosome positioning se-
quence, the bending angles do not show any sharp spike,
associated to the presence of a kink.

The absence of kinks for this DNA sequence does not
mean that the results of the SANS experiments are fea-
tureless. To detect the specificities of this sequence one
has to look at the average bending angles (6,,), and their
standard deviations og. They are plotted in Fig. 10.
The averages and standard deviations have been calcu-
lated over the 1000 conformations which provide the best
matching with the experiments. Both the average bend-
ing and its fluctuations show maxima in positions cor-
responding to the domain of pure AT pairs. As the
measurements do not distinguish the two ends of the
molecules, the contribution of this domain on the data
shows up simultaneously on the sites 94 to 125 and on
111 to 80, which correspond to its position measured
from the other end of the sequence. Moreover, as we
have showed using another experimental approach[33],
the fluctuations of a large AT domain influence the local
conformation of DNA in its vicinity. Therefore we ex-
pect to detect the influence of the AT domain also in its
vicinity. This is exactly what the analysis of the SANS
data detects, as shown in Fig 10. The fluctuations of
the AT domain, which lead to disturbance in base stack-
ing locally reduce the bending rigidity of double-stranded
DNA. This leads to an increased standard deviation of
f,, and an increase in its average value due to entropic ef-
fects, which, in this case, are also reinforced by the small
intrinsic curvature of some AT elements. Our measure-
ments also detect the small increase in (6,,) and oy due to
the free ends. Therefore Fig 10 shows that our measure-

ments and their analysis are able to detect fairly small
effects in the conformation of DNA in solution. This re-
inforces our statement about the existence of kinks in the
Widom-601 positioning sequence, which are large distor-
tions which should be easier to detect.

VI. DISCUSSION

Our experimental results on the Widom-601 sequence
and their analysis clearly point to a positive answer to
the question raised by Crick and Klug in 1975 [2]. Some
DNA sequences can exhibit kinks, even in the absence of
strong external constraints.

A first hint was provided by the analysis of the data
with standard software packages developed for SAS data
analysis. The fit by SASVIEW [23], as well as the
Kratky-Porod model [24], lead to persistence lengths [,
of the order of 100 A, which, at a first glance appear
unrealistically low. However this would be the case if
l, was only determined by dynamical fluctuations. But
intrinsic curvature can also contribute to reduce the ef-
fective persistence length [27]. This effect was recently
studied in details for various DNA sequences with an
elaborate coarse-grain DNA model [34] and it was found
that it can bring a significant contribution. Nevertheless,
for the Widom-601 sequence, our experiments indicated
that the effect had to be quite dramatic to reduce [, so
much. To proceed further and determine the main fea-
tures of the molecular shapes from the data, we used
an extended Kratky-Porod model in two stages. First,
an unbiased sampling of the conformational space us-
ing generic model parameters, without sequence depen-
dence or intrinsic curvature, showed that the conforma-
tions providing the best match with the data exhibited
a sharp, highly localized bend, in their central region.
Moreover the statistics of the bending angles found a
hump at large angle, separated by a gap from the large
peak around # = 0. This rules out a highly flexible point
caused for instance by a nick because it would lead to
a single-peaked distribution. The second stage, assum-
ing a non-zero equilibrium value of the bending angle at
a particular site showed that kinked conformations can
indeed provide a good fit of the data. The accuracy of
the SAS experiments and of our analysis cannot formally
rule out a bending distribution extending over a few sites
instead of a kink. This is however very unlikely because,
owing to the very large overall bending required to fit the
data, it would need several consecutive bends of 20° to
30° which could hardly be achieved without fully break-
ing the DNA structure with a high energetic cost. This is
precisely because they considered such a configuration as
unlikely that Crick and Klug [2] looked for an alternative.
Instead, as shown by the model that they built, a kink in
DNA can exist while leaving all base-pair intact and all
bond distances and angles stereochemically acceptable.

Our analysis relies on the choice of a particular DNA
model. We opted for a model which is as simple as pos-



sible but contains the essential features required to de-
scribe the DNA backbone. The Kratky-Porod model, of-
ten used, does not include the dihedral energy. We added
this term in the Hamiltonian because it is important to
control the overall shape of the polymer, which is probed
in SAS experiments. Dihedral energy prevents the free
rotation about the bonds, which could lead to large shape
changes without affecting the bond-angle energy which
enters in the Kratky-Porod model. For the first stage
of our analysis, the search for conformations that best
fit the data, it is important to avoid any bias in the ex-
ploration of the conformational space, and therefore the
model has to be generic. The price to pay is that we have
to generate a huge number of conformations (=~ 10%) to
make sure that they include those of the molecules in so-
lution. This price is however bearable because the model
is sufficiently simple to allow fast calculations. In the
second stage of the analysis, we try instead to design a
specific model for the molecules in solution. Even within
the extended Kratky-Porod model, the number of param-
eters that could be adjusted is very large. We minimized
the number of free parameters by focussing our atten-
tion on a few equlibrium values of the bending angles,
as suggested by the conformational search. Increasing
the number of adjusted parameters could improve the
agreement with experiments, at the risk of “over-fitting”
with parameters that would not be statistically signifi-
cant. Nevertheless it might be interesting to refine our
analysis with improved models for DNA, such as the one
used in 34. To cover all possible conformations, the model
would have to be parametrized to allow the description of
kinks and not only moderate local bending. The validity
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of our analysis has neverteless been tested in a comple-
mentary experiment with another sequence. Using the
same method of analysis we did not find kinks in this
sequence but demonstrated that our approach is able to
detect a fairly small effect in the conformation of DNA,
validating the method. The radiation dammage, caused
by a long-exposure to X-Rays, provided another, unex-
pected, complementary experiment. The analysis of the
data is able to detect the single stand breaks, which cre-
ate additional flexible points along the sequence, and also
modify the probability distribution of the bending angles,
by removing the gap between the small angles and the
very large angles characteristic of a strong permanent
bend.

Kinks in DNA are not new. They were suggested by
the analysis of some cyclization experiments [10], or de-
tected in molecular dynamics simulations of mini-circles
[35] and in the structure of the nucleosome core parti-
cle [15]. However all these examples concerned highly
constrained DNA. Our results show that kinks can also
exist for DNA samples in solution without any particu-
lar constraint. Therefore this peculiar DNA structure,
proposed from a model building approach by Crick and
Klug, could be more common than generally assumed.
However this is not a generic property of DNA. Kinks
depend on the sequence and appear to be present in the
nucleosome-positioning Widom-601 but not in a modified
A-page sequence. Our findings may also help to resolve
the recent debate concerning the flexibility of short-chain
DNA, which has focused on differences in experimental
protocols [32] but which should also consider the intrinsic
properties of the DNA sequences that were investigated.
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