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ABSTRACT

Being capable of characterizing DNA local bending is
essential to understand thoroughly many biological
processes because they involve a local bending of
the double helix axis, either intrinsic to the sequence
or induced by the binding of proteins. Developing
a method to measure DNA bend angles that does
not perturb the conformation of the DNA itself or the
DNA-protein complex is a challenging task. Here, we
propose a joint theory-experiment high-throughput
approach to rigorously measure such bend angles
using the Tethered Particle Motion (TPM) technique.
By carefully modeling the TPM geometry, we propose
a simple formula based on a kinked Worm-Like Chain
model to extract the bend angle from TPM measure-
ments. Using constructs made of 575 base-pair DNAs
with in-phase assemblies of one to seven 6A-tracts,
we find that the sequence CAsCGG induces a bend
angle of 19° + 4°. Our method is successfully com-
pared to more theoretically complex or experimen-
tally invasive ones such as cyclization, NMR, FRET
or AFM. We further apply our procedure to TPM mea-
surements from the literature and demonstrate that
the angles of bends induced by proteins, such as In-
tegration Host Factor (IHF) can be reliably evaluated
as well.

INTRODUCTION

DNA bending was first revealed in the mid-80s on the mi-
tochondrial DNA of trypanosomatid parasites, the kineto-
plast DNA (kDNA) (1) and attributed to the intrinsic bend-
ing property of the A-tracts sequences present in kDNA

(2,3). These A-tracts were not only abundantly found in
other prokaryotic and eukaryotic organisms but they were
also shown to have a biological role, for example, by partic-
ipating in the regulation of transcription (4—13). The bind-
ing of protein to DNA, that occurs in most of DNA-related
biological processes, was also observed to induce the local
bending of DNA (3,14-16).

As a result, for both intrinsic, sequence-dependent, or
protein-induced bending of DNA, a large amount of work
has been carried out to characterize it on structural and
thermodynamical grounds (15,16). It is now commonly ac-
cepted that the bendability of specific DNA sequences re-
lates to their capacity to be bent under the action of DNA-
binding proteins. The bendability of these sequences may
stem from their intrinsic bend, their low bending modu-
lus or some specific breathing behavior of the DNA duplex
structure that would facilitate its interactions with proteins.
A DNA-analysis server based on the bending propensities
of tri-nucleotides, that were deduced from DNase I diges-
tion data (17), can be used to predict DNA structure from
sequence and get an estimation of the foreseen DNA bend
angles (18). However, characterizing rigorously the local
bending of DNA molecules is a crucial issue that remains
highly challenging (13,19,20).

To probe the DNA bendability experimentally, the most
popular but complex technique remains the DNA cycliza-
tion method which provides a measure of the efficiency
of cyclization of DNA fragments in presence of DNA lig-
ase (21,22). However, this method does not permit to dis-
tinguish between changes in bending modulus that could
be due to either permanent or transient structural defects
and the presence of a local bend, a question for which
other experimental strategies are needed. Another indirect
approach consists in carrying out gel shift electrophore-
sis experiments using DNA molecules with several intrin-
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sically bent sequences in-phase and in opposition of phase
or circularly permuted DNA fragments (23-25). Though
easy to handle, this technique can only provide rough es-
timates of bending angle and may be difficult to employ
in all cases. Both Nuclear Magnetic Resonance (NMR)
and X-ray require expensive equipment and tedious sam-
ple preparation and analysis procedures. They are there-
fore not routinely employed to detect and quantify the an-
gle of an unknown DNA local bend but to bring details
at the base-pair (bp) scale of a DNA structure already
known to exhibit a local bend (26,27). Bend angles have
also been deduced from more indirect techniques based on
distance-dependent processes such as Fluorescence Reso-
nance Energy Transfer (FRET) (28,29) or Plasmon reso-
nance coupling of nanoparticles (30). Note that for these
four last methods, the investigations are restricted to DNA
molecules much shorter than the persistence length. Bend-
ing angles can also be extracted from single-molecule force-
extension curves at large forces, as first proposed in (31). In
this approach, the bending angle is inferred from the ap-
parent persistence length, itself being a parameter used to
fit experimental force-extension curves. However, extract-
ing accurate values of the persistence length in this context
presents several inherent difficulties, notably the fact that
the fitting equation is supposed to be valid in the large-force
regime where non-linear stretching should also be taken
into account (32). More recently direct visualizations by
Atomic Force Microscopy (AFM) (33,34) and cryo-electron
microscopy (35) have given quantitative measurements of
the bend angles. However these methods have limitations.
Though AFM apparently gives the most direct access to the
bend angles, the measurements are potentially biased by the
sample preparation (36,37). By contrast, the technically de-
manding cryo-EM is supposed to preserve close-to-native
state of the DNA complex, but it may also induce biases
due especially to the sample confinement into a 50-nm-thick
layer (35).

In the present work, we propose a physical method for the
measure of DNA bend angles in a single DNA molecule and
DNA-protein complex, which leaves intact the DNA con-
formation by ensuring minimal interaction with surfaces
or tagged particles. This method combines our recently de-
veloped High Throughput Tethered Particle Motion (HT-
TPM) technique and analytical modeling. HT-TPM enables
the tracking of the conformational dynamics of hundreds of
single DNA molecules in parallel, free to fluctuate in solu-
tion (38) (Figure 1A, Supplementary Information video).
To extract the bend angles from HT-TPM data, we devel-
oped a simple analytical formula based on a kinked Worm-
Like Chain (WLC) model that we validated on simulated
data. Applied to constructs made of 575 bp DNAs with in-
phase assemblies of 1 to 7 6A-tracts, we find that the se-
quence CA¢CGG has an intrinsic bend angle of 19° 4 4°,
In addition, the slight difference between our experimen-
tal data and our analytical model for a regular DNA sug-
gests that even a DNA molecule with a randomly chosen
sequence may contain a global curvature. We further ap-
ply our procedure to TPM measurements from the litera-
ture and demonstrate that the angles of bends induced by
proteins, such as Integration Host Factor (IHF) can be re-
liably evaluated as well.

MATERIALS AND METHODS
DNA constructs

DNA molecules were produced by PCR (oligonucleotides
(Sigma-Aldrich):  Biot-F575 ATAAGGGCGACACG-
GAAATG and Dig-R575 CGTGCAAGATTCCGAAT-
ACC) on pTOC plasmids, derived from pBR322 (39).
Synthetic (GeneScript) DNA molecules (88 bp) containing
increasing number of A6-tracts (0 to 7) were synthesized
(Figure 1B) and were inserted between the HindIIT and Sall
restriction sites of pBR322. PCR products were purified as
described in Diagne et al. (40).

HT-TPM setup and procedure

HT-TPM on chip assembly and the experimental setup are
such as described in (38). The DNA/particle complexes
were visualized in TPM buffer with an ionic strength of
165 mM (1.06 mM KH;,POy, 3.00 mM Na,HPOy, 154 mM
NaCl, I mg.ml~!" Pluronic F127, 0.1 mg.ml~! BSA) at 21
=+ 1°C using a dark-field microscope (Axiovert 200, Zeiss).
Acquisitions of 5 min were performed at a recording rate of
25 Hz with acquisition time of 40 ms on a CMOS camera
Dalsa Falcon 1.4M100. The field of observation covers an
area of ~ 215 x 160 pm. Details can be found in Supple-
mentary Information text.

The software Nanomultiplex co-developed with
Magellium Toulouse (request should be addressed at
info@magellium.fr) tracks in real time the positions of
all the particles using the centroid method, averages these
absolute positions on a 5 s window giving access to the
anchoring point of the DNA molecule, calculates the
2D-vector positions of the bead Rupraw relative to the
anchoring point of the DNA which corrects for experimen-
tal drift, calculates the asymmetry factor of the particle
trajectories (41), and the amplitude of motion of the

particle defined as ,/(f%ezxp”raw) and noted Rexpjraw- In a

general manner, we will use indifferently 4/ (R?) and R in
the following. The averages, performed in the calculation
of the asymmetry factors and amplitudes of motion, are
taken over a sliding window of 5 s along the time trace. We
invite the reader to refer to (42) for the detailed calculations
of Rexpllraw-

Finite exposure time of detectors, T¢x, equal here to 40
ms, can lead to a blurring effect in single molecule (or par-
ticle) tracking experiments, as investigated for example in
(42). The correlation time of the positions t;, of about 20
ms, was calculated for each DNA-particle complex and then
injected in the following equation:

“12
E U (n) (e
ReXpH = RGXpHraw 2T 2 T (1 e ) ()

to correct the amplitudes of motion recorded on each trace
from blurring. In order to quantify the small differences ex-
pected on Reyp), We set up a two-step procedure that is de-
scribed in detail in the Supplementary Information text.
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. GCTTCCATCTCGAACCGACGTTGCTGGCCGTACATGTGGCTAGCACCATGGAGGATCCCTTAACGCTATGGAACTCGCCGCCCGACTGGGCTGTCGACCG

. GCTTCCATCTCGAACCGACGTT GCTGGCCGTACATGTGGCTAG CAAARAACGGGATCCCTTAACGCTATGGAACTCGCCGCCCGACTGGGCTGTCGACCG

. GCTTCCATCTCGAACCGACGTTGCTGGCCGTAGGCTAG CAAAAAACGGCARAAAACGGGATCCCGCTATGGAACTCGCCGCCCGACTGGGCTGTCGACCG

. GCTTCCATCTCGAACCGACGTTGCTGGCGCTAG CAAAAAACGGCAAARAACGGGCAAAAAACGGGATCCGGAACTCGCCGCCCGACTGGGCTGTCGACCG

. GCTTCCATCTCGAACCGACGTTGGCTAG CAAAAAACGGCAAAAAACGGGCARAAAACGGCAAAAAACGGGATCCTCGCCGCCCGACTGGGCTGTCGACCG

. GCTTCCGACGTTGGCTAGCAAAARACGGCAAAAAACGGGCAAAAAACGGCARAAAACGGGCAAAAAACGGCARAAAACGGGATCCTCGCCGCGTCGACCG

. AAGCTTTTGGCTAGCAAAAAACGGCAAAAAACGGGCAAAAAACGGCAAAAAACGGGCAAAAAACGGCAARAAACGGGCAAAAAACGGGATCCTCGTCGAC

- GCTTCCATCTCGAACCGCTAGCAAAAAACGGACGTACAAAARACGGACGTACAAAAAACGGACGTACARAAA TCCCCGACTGGGCTGTCGACCG

Figure 1. (A) Schematic HT-TPM setup to measure the apparent length of a DNA molecule. The amplitude of motion, Rexp|, of a particle tethered to a
surface by a DNA with a contour length L depends on its effective length which varies with the angle 6 of a bend located at distance / from one end chosen
nearby the center of the molecule. For high-throughput measurements, individual DNA-particle complexes are immobilized on an array of functionalized
sites. See ‘Materials and Methods’ section for details. (B) Representation of a typical 575-bp-long DNA fragment used in this study with the variable 88
bp central region (sizes are indicated in bp, details in Supplementary Information). The central region contains n copies of a CA¢CGG sequences (in
red), which are predicted to be bent (see text). The sequences of the 88-bp-long insert of the eight DNA molecules studied here are represented with the
CA¢CGG sequences. Each sequence is named as a function of the number of A contained in the CAsCGG (6A), followed by the number of repeats (nX)

and the phasing (in exponent, P: in-phase, O: in opposition of phase).

TPM simulations

We performed Kinetic Monte Carlo simulations on the
particle-DNA complex to predict the particle to anchor 2D-
distance. We invite the reader to refer to (42) for the details
of these Kinetic Monte Carlo simulations.

The bent sequences used in the experiments are simulated
by setting a fixed angle between three successive monomers
located at the center of the DNA molecule. A full range
of angles were studied in successive simulations: 0, 18, 30,
45, 50, 60, 72, 90, 120 and 180°. The 2D-vector of the
particle position R is measured throughout simulations
and utilized to estimate the amplitude of motion defined as

\/ (i%szim”), the average being taken along the trajectory.

Influence of the particle size on the angle measurements

The particle size cannot be known exactly. Indeed, on the
one hand, there is a limited control of their radius by the
manufacturer leading to an uncertainty of 3 nm. On the
other hand, the subsequent functionalization of the parti-
cles confer them a slightly larger radius R, (Figure 1A).
Indeed, the layer of antibody used to connect the DNA
molecule to the particle is expected to be a few nanometers
wide. Since in Equation (2), R, precisely refers to the dis-
tance between the particle center and the extremity of the
DNA molecule, and being not able to exactly infer it, we
chose to explore two cases: R, = 150 nm, previously used,
and R, =155 nm, the real values probably dwelling between
both values.

For R, = 155 nm, 6; was found to be equal to 17° £ 2°,
while for R, = 150 nm, 6; = 15°% 2°. The bend angle val-
ues obtained considering or not a 5 nm increase of the effec-
tive radius of the particles in this precise case cannot be dis-
tinguished. Though particles with a well-defined size would
lead to a more precise bend angle, the uncertainty on the
exact value of R, does not appear to be a critical issue in a
typical case such as the one described here.

RESULTS
A new experimental strategy

The presence of a localized bent structure within a DNA
molecule is expected to induce the reduction of the ap-
parent end-to-end distance of the entire DNA molecule.
Such an effect will be much easier to detect on short DNA
molecules. Such an effect will be much easier to detect on
short DNA molecules. To measure it, we chose 575-bp-long
DNA molecules that were immobilized on a functionalized
coverslip by one end, and attached to a 150 nm radius parti-
cle at their other end permitting their video tracking (Figure
1A). This experimental design represents a good compro-
mise for an easy particle detection and a nearly force-free
measurement, as the effective force exerted by the particle
on the DNA is only a fraction of pN (43). In that way, the
2D projection of the particle displacement relative to the an-
choring point of the DNA molecule gives access to its root-
mean-squared end-to-end distance projected on the graft-
ing surface, noted Reypjraw, Which depends on the length
and the conformational state of the monitored molecule.
Rexpjraw Was corrected for the blurring effect, caused by the
acquisition system, to obtain R, using Equation (1) of
‘Materials and Methods’ section. TPM is capable of reveal-
ing changes in tether length equivalent to an apparent con-
tour length as small as 100 bp (42,44). To obtain a good
precision, inferior to 1 nm, a large amount of experimen-
tal data (see Table 1) is required because of the intrinsic
dispersion of data due to an unavoidable variability of the
DNA-particle and DNA-substrate links. To do so, we take
advantage of our recently developed biochip that permits
us to accumulate acquisitions on several hundreds of single
DNA molecules in parallel by HT-TPM with a typical error
on Reyp) equal to 0.4 nm (38).

In order to evaluate the capacity of this technique to de-
tect and quantify local bending angles, we produced a series
of DNA molecules based on a unique plasmid series. It in-
corporates a central 88 bp region, smaller than the DNA
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Table 1. Amplitude of motion, Rexp, corrected from the blurring effect and end-to-end distance, Rpna, extracted with a particle radius R, = 150 nm for

the set of constructs

DNA samples Number of trajectories Rexpj (nm) Uncertainty (nm) Rpna (nm)
6An0 3496 149.7 0.2 105.4
6An1® 2728 149.1 0.2 104.1
6An2P 2354 149.7 0.2 105.4
6An3® 2904 149.6 0.2 105.2
6An4P 2604 146.5 0.2 98.5
6An6P 348 145.2 0.4 95.5
6An7" 431 140.4 0.4 84.1
6An4° 2990 151.2 0.2 108.6
persistence length (L, ~ 150 bp), containing one to seven tion:

CA¢CGG sequences in-phase or in opposition of phase 3 (R IN
(Figure 1B and Materials and Methods section). We chose i s L i )
the CA¢CGG sequence, known to be a sequence inducing a 2 (RéN A) Jmer [ (Ng)

large bend (45). The in-phase A-tracts are located every in-
teger number of helix turns, whereas those in opposition of
phase are located every half-integer number of helix turns
(Figure 1B).

By HT-TPM, we measured Reyp|raw and calculated Reypy,
the amplitude of motion, for this series of 575-bp-long
DNA molecule (Table 1).

A kinked Worm-Like Chain model to analyze TPM data

Obtaining the bend angle from Re, requires the cal-
culation of the root-mean-square end-to-end distance of
the DNA molecule, Rpna, and an appropriate theoretical
model giving the variation of Rpna as a function of a local
bend angle, denoted by 6. To validate this analytical tool,
we simulated a DNA-particle complex in a TPM setup (see
Materials and Methods section and Supplementary Infor-
mation text) where a bend of fixed angle 6 varying from 0 to
180° was incorporated in the middle of the DNA molecule.
The corresponding projection of the mean-square end-to-
end distance Rsm; was computed accordingly, as sketched
in Figure 1A.

R pna Was extracted from these numerical results by cor-
recting for the effects of the particle and of the glass sub-
strate (42,43). To achieve it, we explored two strategies. The
first one is a minimal model in which the particle and the
DNA molecule are considered statistically independent and
the effect of the substrate is ignored. This last assumption
is correct when the particle is very small, (Rp < Rpy4),
and the DNA molecule is either very long (L > L,) or very
short (L < Lj),leading to (R?) = 3 [ Ry, + R3] and thus
to:

3

1/2
Roxa = [Emﬁ - R,%} 2

However, it has been shown that the effect of the parti-
cle can matter, because the hard-core interaction between
the particle and the substrate reduces the number of degrees
of freedom accessible to the molecule. The second strategy
relies on a more sophisticated protocol proposed by Segall
et al. in (43) to correct for the effects of the particle and
of the glass substrate for very long DNA. We refer to this
approach as Segall’s method. It consists in solving the equa-

where erf is the error function and Ny = x/ERp / (R%N NE

To use this Equation (3) in the present context, we crudely
extrapolated the results of (43), obtained for the Gaussian
chain case (L > L), to the semi-flexible regime (L ~ L)),
by replacing 2LL, by ( RIZDNA). Note that Equation (2) is
nothing but the expansion at order 1 in Ny of Equation (3).
To obtain the bending angle, we fit the corrected data us-
ing a WLC model (46) on a polymer of length L with per-
sistence length L,, with a bend located at distance / from
one end which locally induces a curvature with an angle 6
(see Figure 1A). The mean-squared end-to-end distance is
given by (Supplementary Information text, note that a sim-
ilar formula has been obtained in 2 dimensions in (33)):

> L L L
(R)(0) =212 |:L——2+e L te '}
P

+cos (9) [2Lf, (l—e’%}]—e’ﬁjue*ﬁ)] @)
For L = 575 bp and / = L/2, one derives from

Equation (4) the fitting formula, Rwrc(f) = (kz) =

D+/1 + 0.342cos6. In Figure 2, both methods were applied
to the numerical data. For example, for 6 = 0, the true WLC
value of Rpna 18 Rwrc(0 = 0) = 121.9 nm (see Materials
and Methods section), in-between the values obtained with
Segall’s model and the minimal one. Whereas the minimal
method underestimates Ry c, Segall’s one overestimates it,
both methods leading to comparable relative errors of about
10%. We thus choose D as a free fitting parameter in or-
der to account for an offset at & = 0. One observes in Fig-
ure 2 that whereas the minimal method gives a very satis-
fying fit, Segall’s one leads to a worse one. Hence extrapo-
lating Segall’s calculation to the case of semi-flexible DNA
molecules including a local bend appears to be less adapted
than the minimal model. We thus use the minimal model in
the remainder of this paper.

Bending angle measurements on a regular DNA

For the set of DNA molecules containing series of in-phase
6A-tracts (Table 1), we found by HT-TPM that Ry dimin-
ishes from 149.7 to 140.4 nm. When the initial 88 bp inter-
nal fragment of the DNA molecules (6An0) was replaced
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Figure 2. Simulated HT-TPM amplitudes of motion Rgjn (e), together
with the corrected values Rpna obtained through Segall’s method (¢) and
the minimal one (M); see text for details. The DNA molecule length is L =
575 bp and the particle radius is R, = 150 nm, as in the experiments. Fits of
the numerical data, corrected by both the Segall’s method and the minimal
one, are shown as dotted lines using Equation (4). The curve corresponding
to the WLC model, with no adjusted parameters, is shown as a solid line.

by a fragment containing only one (6An1?), two (6An2F) or
three 6A-tracts (6An3") in-phase, Reyp remained in a range
of 0.6 nm from its initial value (no 6A-tract), which appears
to be very close to the 0.4 nm incertitude range we estimated
for our HT-TPM measurements according to the method
described in the Materials and Methods section. Ry de-
creased down to 146.5 nm for DNA molecules with four
6A-tracts in-phase (6An4®), 145.2 nm with six 6A-tracts in-
phase (6An6") and 140.4 nm with seven 6A-tracts in-phase
(6An7"). These decreases in Rexp| might stem from an in-
trinsic bend of the 6A-tract or a decrease in bending modu-
lus of this sequence. In this latter case, one would expect the
insertion of four 6A-tracts (6An4°) in opposition of phase
to lead to a decrease in Reyp similar to the one measured
on 6An4’. In fact, 6An4° showed no decrease in Rexpy as it
was found equal to 151.2 nm. Taken together, these results
prove that, beyond four 6A-tracts, Reyp decreased when the
number of 6A-tracts in-phase increases due to an intrinsic
bend of the 6A-tract.

In order to calculate Rpna, we injected these Reyp val-
ues in Equation (2). We assume then that each of the 7 suc-
cessive 6A-tracts inserts in-phase imposes the same bending
angle 6, and postulate as a first order simplification hypoth-
esis that & = n6;. With L = 575 bp, [ = 318 bp, we now
obtain the following equation:

Rwirc(n) = D[1 + 0.338cos(n6; )]/ (5)

The fits of Rpnashown in Figure 3 (black symbols and fits
for R, = 150 nm) are reasonably good leading to D =92 £ 2
nm and 6; = 15° 4 2° for the value of the bend angle of each
CA4CGG sequence. In the Materials and Methods section,
we studied the influence of small variations of the particle
size on this result and found comparable results within error
bar.
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Influence of a global DNA curvature on the angle measure-
ments

The experimental values of Figure 3 suggested that Rpna
might be non-monotonous when » increases, contrary to
what is expected from Equation (5). One reason for this ob-
servation could be the existence of an intrinsic curvature of
the DNA molecule. To account for it, we have chosen to re-
fine our analysis and use the more general fitting form:

Rwic(n) = D[1 +0.338cos(n6; — 6p)]"/> (6)

where 6) mimics the whole intrinsic bend of the n =0
molecule. For sake of simplicity, we implicitly assume that
it is accumulated at the same position as the bends when
n > 0(17,23). The resulting fits, displayed in Figure 3 (dot-
ted lines), are slightly better than before.

To sum up, the proposed refinement suggests that the true
bending angle 6 is 19° 4 4° per bend, while the global bend
of the DNA molecule would have an angle 6y between 25°
4 20°. Although the fit including a global curvature of the
DNA molecule seems better when looking at Figure 3, this
new parameter 6y can only be determined with a poor pre-
cision. This is due to the fact that this angle is actually delo-
calized on the whole 575 bp sequence. A more sophisticated
model is needed to take this point better into account.

Influence of the bending modulus of the bent sequence on the
angle measurements

Alternatively, it was in principle possible that the increase in
the DNA end-to-end distance observed at small values of n
was associated with an increase of the molecular rigidity of
the inserts. We analytically derived the corrections to Rpna
due to an insert of finite length and of increased rigidity
using the WLC model (Supplementary Information text).
At small insert length, the increase is linear with the insert
length (Supplementary Figure S1). At first order, this effect
is additive with the effect of a bend. The corresponding fits

110
100+

90+

Rpna (nm)

804

70 T T T 1
0 2 4 6 8

number of bends

Figure 3. Experimental data after correction of the particle effects for the
labeling particle R, = 150 nm (e) using the minimal model, and two series
of fits with D and 6; (straight line), or D, 6; and 6 (dotted line) as free
parameters. Error bars are smaller than the symbol size. Using Equation
(5), ones finds: D = 92.0 nm, 0; = 15° for R, = 150 nm. Using Equation
(6), one finds D =91 nm, ; = 19°, 6y = 25° (see Table S3 for details).
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are displayed in Supplementary Figure S2 and Table S3. The
obtained values of 0; were close to the previous ones, thus
showing that this alternative approach does not differ sig-
nificantly from the previous one. This could be anticipated
since a linear expansion of Equation (6) adds a linear term
into Equation (5) if one assumes that 9y < 1. As a result,
the combined HT-TPM /kinked-WLC approach might not
easily discriminate between an increase of rigidity of the in-
serts and an intrinsic bend. However, when fitting the data
of the DNA molecules, containing 0 to 4 6A-tracts inserts,
with this additional linear term, we found a linear increase
of the amplitude of motion of 1.9 nm per 10 bp 6A-tract.
It would correspond to a persistence length of about 89 nm
for this bent sequence. There exists another way to evalu-
ate the rigidity contribution of the 6A-tracts. It consists in
considering the data obtained for 6An0 (no 6A-tracts) and
6An4° (four 6A-tracts in opposition of phase). An increase
in Rpna of 3.2 nm (105.4 versus 108.6 nm; Table 1) was then
measured and gave access to a persistence length equal to
129 nm for this 55 bp sequence by using the formula in Sup-
plementary Information text. These persistence lengths are
estimated with a low precision due to the poor sensitivity
of Rpna to an increase of L, above 150 bp (Supplementary
Figure S4). In any case, whatever the way used to estimate
the persistence lengths of these 6A-tract sequences, values
were very high compared to the 50 nm measured for random
double strand DNA in the present salt conditions (47). As
a result, an increase in rigidity of the 6A-tracts could not
account for our data, and introducing a global bend 6 is
probably more adapted to this case.

DISCUSSION
DNA bending can be measured using HT-TPM

In this paper, we develop a procedure to measure a bend
angle localized inside long DNA molecules with a good
accuracy. For that, we built a platform plasmid based on
pBR322 that enabled us to generate several 575-bp-long
DNA molecules with various 88-bp-long DNA constructs
close to their center. We used 6A-tracts as a model of bent
sequences and showed that, by assembling them every 10.5
bp, we could amplify the observed decrease in Rep as a
function of the number of bent sequences. Furthermore,
making use of the HT-TPM, we are able to reliably de-
tect variations of Rep down to 2%. Using Equations (1)
and (2), we corrected experimental raw data for the ef-
fects of both camera averaging and particle radius and ob-
tain Rpna, which was correctly fitted using a kinked WLC
model (Equation (4)). We thus got access to the bend angle
of the chosen sequence 6; = 19° + 4.

To sum up, this entire procedure can be readily applied
to quantify the bend related to a specific DNA structure to-
gether with an evaluation of the intrinsic curvature of the
entire DNA molecule. To do so, our platform plasmid can
be used to build an ad hoc series of DNA molecules with
increasing numbers of the DNA sequences under study as-
sembled in-phase. HT-TPM measurements have first to be
corrected for the camera blurring effect using Equation (1)
before being injected in Equation (2) to get the DNA end-
to-end distance. The resulting series of data, DNA end-to-
end distance as a function of the number of assembled se-

quences, are adjusted with Equation (4) where an intrinsic
bend angle is incorporated if necessary.

Comparison with other methods for the measurements of
CA¢CGG bend angles

Crothers et al. combined numerical simulations and cycliza-
tion experiments on DNA fragments of 105 and 210 bp
lengths to get the relative bend induced by this sequence
(48). They found a bend angle equal to 19° £ 2°. It should
be stressed that cyclization is an indirect method which (i)
enforces the looping of short DNAs (& L,) that can also be
due to kinks or small denaturation bubbles (22), (ii) requires
numerical simulations of the specific sequence with a large
number of unknown parameters for the fitting procedure.
In our case, we need at most three free parameters, namely
D, 9() and 91.

More precise results were obtained by MacDonald et al.
who used NMR spectroscopy on partially aligned DNA
molecules (26). In particular, they found that the overall
helix axis of the DNA dodecamer GGCA4CGG exhibits a
bend of 19°+ 1° toward the minor groove of the A-tract. In
addition, NMR results confirmed the major role played by
the joint located between the 6A-tract and the next CG se-
quence that was found to be responsible for 14° of the 19°
of the global bend angle of the dodecamer. NMR is limited
to small DNA fragments and cannot be easily extended to
DNA-protein complexes.

X-ray crystallography showed A-tracts structures with
various conformations due to the crystal constraints (49).
As it is complicated to determine the most representative
one, we did not try to compare X-ray crystallography re-
sults to ours.

Experiments based on FRET also gave access to the
bend angle value of the CA(CGG-CGAcCGG-CAcCGG
sequence prepared in solutions with a broad range of salt
concentration (28). The bend angle was deduced from the
average dye-to-dye distance between two fluorophores lo-
cated at the ends of the 31 bp DNA fragment. It was shown
to vary from 23° £ 4° to 41° £+ 4° with NaCl concentra-
tion increasing from 10 to 500 mM. At the ionic strength of
165 mM we carried out the experiments, Toth et al. found
a bend angle ranging between 36° + 4° and 41° + 4° which
is in slight disagreement with the 3 x (19° + 4°) = 57° £+
7° that we obtain. This discrepancy could be due to the se-
quence located on the middle which is slightly different with
the flanking C being replaced by G. According to Koo ez al.
(45), the middle sequence should induce a bend smaller, up
to 10%, than the two other ones. As a result, the total bend
angle of the Toth’s sequences is necessarily smaller than the
one obtained by a 3-fold assembly of our sequence. An-
other source of discrepancy is that distance measurements
by FRET are highly sensitive to the precise geometry of
the attachment of the dyes at the extremity of the DNA
molecules which is difficult to determine accurately. More-
over, the dyes are very close to the studied sequence and may
interfere with it.

Finally, direct imaging of two to eight 6A-tracts assem-
bled in-phase has been made by AFM (33). By measuring
the planar end-to-end distance of these molecules, it was de-
duced a mean bend angle for each 6A-tract of about 13.5°



with a precision of about 1°. The high precision that was ob-
tained here does not take into account the possible bias in-
duced by the mechanical constraints exerted onto the DNA
molecule deposited on mica and visualized in air. Indeed the
divalent ions that stick the DNA to the surface are likely to
modify significantly the electrostatic interactions and there-
fore the DNA elastic properties (37).

Using HT-TPM to characterize the 6A-tracts enabled us
to obtain values in reasonable agreement with those mea-
sured in these preceding studies by other methods. Besides,
our measurements were carried out on DNA molecules con-
taining the bent inserts far from the surface and the labeling
particle, which thus do not interfere with the insert under
examination. This is not possible with the previously men-
tioned techniques. Though very informative, most of them
remain limited to the study of short DNA fragments. Fur-
thermore, our underlying model is simple, appealing to el-
ementary and robust polymer physics arguments, whereas
interpreting data incoming from NMR, X-ray scattering,
FRET or cyclization experiments is far more indirect and
tedious. Finally, parallelizing single molecule experiments
is a pre-requisite here, the very small variations of the am-
plitude of motion that we intend to monitor requiring in-
tensive sampling.

DNA heterogeneity and mechanical characterization

As expected the end-to-end distance of 6An0, calculated
as Rpna (6 = 0), is found notably smaller, 107.7 + 7.1 nm,
than the expected WLC value, namely 121.9 nm. It sug-
gests that the WLC model is not perfectly adequate to the
DNA sample studied here. More importantly, whatever the
equation we used to fit our HT-TPM data, the fits do not
match exactly the experimental data within error bars. This
can be due to an under-estimation of our confidence in-
tervals. Even though increasing our sample sizes, we did
not manage to reduce this discrepancy. We propose that it
could be due to the intrinsic bend accumulated along the
molecule, the additional effect of which would reduce the
overall apparent end-to-end distance. Notably, when delet-
ing some random DNA regions and replacing them by bent
inserts, we conjecture that the deleted regions already bore
some small but non-zero curvature, the effect of which can
be either compensated or accentuated when replaced by an
insert. This leads to small corrections of the end-to-end
distance around the average trend described by Equation
(4). This work thus highlights that a given sequence gener-
ically involves a small but non-vanishing intrinsic bend to
DNA molecules, the amplitude of which typically grows
like the square root of the molecule length, owing to the
central-limit theorem, because the small bending angles re-
lated to individual base pairs add up independently along
the chain. From a statistical physics perspective, our results
point to the need to adapt statistical models to incorporate
the fact that typical DNA molecules with a ‘random’ se-
quence adopt a curved shape rather than a straight one in
the rigid regime L < L, (13).

Quantification of protein-induced DNA bends by HT-TPM

TPM is one of the very few methods permitting the mon-
itoring of DNA looping. In addition, relying on the theo-
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retical framework proposed here, we claim that HT-TPM
can also reveal the protein-induced bending of the DNA in-
teraction site and give access to the protein-induced bend
angle.

When studying the interaction of a protein with a DNA
molecule, a decrease in Rpna may be observed after the ad-
dition of the protein on DNA molecules containing only
one site of interaction (40,44,50-52). In this case, we can
still evaluate the bend angle 6 from the two DNA end-to-
end distance values obtained before and after addition of
the protein by using Equation (7), derived from Equation
(4) assuming that the global intrinsic bend 6, is negligible,

L L
cos(0) =1 + er +LT,’71 T (R‘ZDNA(?_R’%NA(O)) (7)
l—e Lr —¢ Ir 4o Lp Rona0)

Note that if an intrinsic angle 6, was present before in-
sertion of the sequence of interest, this formula gives access
to the angle variation 6 —6 instead of 6.

As atest of its accuracy, we applied this simplified method
to 6An4?, 6An6" and 6An7" and obtained a mean value of
one 6A-tract insert equal to 15° £ 2°, the uncertainty is here
calculated as the standard deviation of the data obtained for
the three DNA molecules (Supplementary Table S5). This
value is in good agreement with the value 15° £ 2° obtained
from the fit performed on the entire set of data with 0, as the
only free angle parameter (6, = 0). In addition, using Equa-
tion (7) and considering equal to 2% the minimal variation
in Reypy that can be detected with HT-TPM on this 575 bp
DNA molecule, one can only measure bend angles larger
than 33°. To measure smaller bend angles, the construction
of a series of repeated sequence is required.

On the ground of this simple formula (Equation (7)), we
analyzed the TPM results obtained by Mumm et al. (52)
concerning the bend induced by the Integration Host Fac-
tor (IHF) that is known to bind to some specific binding
sites and play thus a major role as architectural protein in
prokaryotes. Upon binding of the protein to a single site of
a L = 1943-bp-long DNA, the molecule behaved as a 1659-
bp-long DNA which corresponds to Rpnadecreasing from
Rpna =249 to 229 nm. The binding site being located at
[ = 301 bp away from one extremity, we evaluate the IHF
induced-angle to be about 180° using Equation (7). This
value is in very good agreement with the crystallography
measurements that show that IHF provokes a bend with an
angle of at least 160° (53), especially as it should be consid-
ered that the end-to-end distance tends to saturate for such
high angles.

Our analytical models consider separately the cases of a
bend with a fixed angle and of a local flexible hinge, while a
great number of DNA-binding proteins are now considered
to induce both effects. To account for these two mechanical
changes occurring simultaneously as well as the extended
deformation of the protein-DNA interaction site, a more
precise theory is needed. Nevertheless, we believe that our
method could still be applied to those cases and give access
to some valuable though less precise information.

We can therefore conclude that the combined HT-
TPM /kinked-WLC approach provides an efficient method
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to estimate the angle of fixed local DNA bend ecither in-
trinsic to a sequence or induced by the binding of proteins.
With many advantages over the existing methods, we be-
lieve that our approach will permit the refined characteriza-
tion of DNA geometry in various contexts and to shed new
light on DNA-—protein complexes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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