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ABSTRACT The sequence of a DNAmolecule is known to influence its secondary structure and flexibility. Using a combination
of bulk and single-molecule techniques, we measure the structural and mechanical properties of two DNAs which differ in both
sequence and base-stacking arrangement in aqueous buffer, as revealed by circular dichroism: one with 50% G$C content and
B-form and the other with 70% G$C content and A-form. Atomic force microscopy measurements reveal that the local A-form
structure of the high-G$C DNA does not lead to a global contour-length decrease with respect to that of the molecule in B-
form although it affects its persistence length. In the presence of force, however, the stiffness of high-G$C content DNA is similar
to that of balanced-G$C DNA as magnetic and optical tweezers measured typical values for the persistence length of both DNA
substrates. This indicates that sequence-induced local distortions from the B-form are compromised under tension. Finally, high-
G$C DNA is significantly harder to stretch than 50%-G$C DNA as manifested by a larger stretch modulus. Our results show that
a local, basepair configuration of DNA induced by high-G$C content influences the stretching elasticity of the polymer but that it
does not affect the global, double-helix arrangement.
INTRODUCTION
The sequence of nucleotide bases is known to affect the
structure of DNA (1) and it is expected that such structural
details promote a specific dynamical behavior in solution.
Moreover, environmental conditions have been shown to
modulate the DNA thermally induced mechanical proper-
ties (2,3) which affect its biological function. For instance,
the processing of DNA by proteins involves specific inter-
actions which are influenced by its mechanical mallea-
bility. Therefore, the local conformational details of DNA
are essential to understand the mechanisms of many
processes like protein DNA-binding, packaging inside viral
capsids, or the energetics involved in replication and
transcription.

DNA polymorphism has been studied using a variety of
spectroscopic techniques which describe the basepair
arrangement at the atomic level (1,4). In physiological con-
ditions, circular dichroism (CD) is a straightforward tech-
nique in the analysis of nucleic acids’ secondary structure
(5,6). From CD studies, it is known that DNA in physiolog-
ical conditions adopts the B form, but also that it is not an
immutable structure. In particular, it has been shown that
the local base arrangement can affect the double-helix
global conformation by promoting a structure similar to
that of dsRNA (1,7,8).

Sequence-dependent effects have also been observed in
the mechanical stability of DNA (9). Specifically, over-
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stretching, melting, and unzipping transitions have been
studied with DNAs of different G$C composition. The
G$C content is also implicated in DNA polymorphism
(4). In particular, it has been reported that G$C-rich regions
of dsDNA are more prone to adopt the A-form than
A$T-rich regions (7,10,11). Due to the different behavior
of DNAs with different G$C composition, the effect of
DNA sequence and local structure on its persistence length
and contour length represents an essential analysis. Like-
wise, sequence- and structure-dependent effects may influ-
ence the elastic stretch modulus of the polymer at high
forces.

Over the last years, DNA has been extensively studied
with single-molecule methods (12). Mechanical properties
of the different structural states of nucleic acids can be
made available through this approach with insight into equi-
librium conditions (13,14). Optical tweezers (OT) give
access to the elasticity of single DNA molecules in a long
range of forces which comprises the entropic regime, where
the molecule behaves as an entropic spring, the intrinsic
regime, where the molecule deviates from the inextensible
wormlike chain (WLC) model because it is stretched
beyond its contour length, and the overstretching transition
(15). The elastic stretch modulus and the persistence length
are thus accessible at high forces with this technique.
Magnetic tweezers (MT) allow a precise control of the
forces involved in the entropic regime. Both the persistence
length and the contour length can be studied under low
stretching forces with this technique. The combination of
these methodologies provides an accurate measurement of
the elastic properties of DNA under stress before the poly-
mer denatures in the overstretching transition. Finally,
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atomic force microscopy (AFM) is an appropriate technique
to directly determine the contour-length of an individual
molecule and for the analysis of the persistence length at
zero force (13,16,17).

Here, we investigate the elastic properties of individual
dsDNA molecules of high-G$C content with A-type base-
stacking arrangement. We use a linear fragment of plasmid
piJ702 from Streptomyces which contains a 70% makeup of
G$C basepairs and adopts A-form in buffer solution. As
a control, we analyze the behavior of a 50%-G$C content
linearized plasmid (pBACgus11 (18)), which is stable in B
form in the same buffer solution. We begin by character-
izing the secondary structure of these plasmids by using
CD in aqueous solution. We show that, as mentioned,
piJ702 adopts A-type base-stacking and pBACgus11 adopts
B-type base-stacking. Then, we study the single-molecule
behavior of these prototype molecules under two different
mechanical conditions: in the absence of a force, where
the molecule is left to equilibrate on a flat surface, and in
the presence of an external force, where the molecule is
stretched lengthwise in aqueous buffer.

At zero force, we use AFM imaging, and in the presence
of tension, we use OT and MT for high and low forces,
respectively. Contrary to the expected scenario in which
A-DNA is shorter than B-DNA, we determine by AFM
that both plasmids have the same mean rise per basepair.
We also use AFM to measure the persistence length of the
molecules at zero force. As validated by Rivetti et al.
(19), AFM imaging of DNA deposited under equilibrium
conditions combined with two-dimensional data analysis
based on polymer-chain statistics can be used to infer the
persistence length of DNA molecules to a high degree of
precision. The persistence length of the molecules equili-
brated at zero force indicates structural differences stem-
ming from the base-stacking arrangement: B-DNA shows
typical values for this parameter whereas A-DNA shows
values which resemble those obtained for dsRNA (13).
Thereafter, we analyze the behavior of the two DNAs in
the presence of force. Specifically, we measured force-
extension curves with both MT and OT to study DNA elas-
ticity up to forces which produce the so-called overstretch-
ing transition.

The contour-length of both substrates accurately
complies with that of B-DNA at all range of forces, thus
confirming the zero-force AFM measurements. In the pres-
ence of tension, the analysis of the extent of the overstretch-
ing plateau and the persistence length render typical values
for both plasmids. The analysis of the stretch modulus at
high forces, however, reveals that the high-G$C content
DNA is harder to elongate than the plasmid with a more
balanced base composition. Overall, we find that DNA
sequence affects the base-stacking configuration, a structural
feature which influences the stretching elasticity of the poly-
mer, but that such local behavior does not significantly
affect the global helical arrangement.
MATERIALS AND METHODS

DNA samples

Two kinds of DNA molecules with different G$C content were used:

a ~8 kbp dsDNA molecule with 48% G$C, obtained from pBACgus11

plasmid (Novagen, Darmstadt, Germany) and a ~5.7 kbp dsDNA molecule

with 70% G$C made from piJ702 plasmid purified from Streptomyces (20).

Circular plasmids were linearized by digestion with HindIII (pBACgus11)

and NdeI (piJ702) and purified by using the Qiagen PCR Purification Kit

(Qiagen, Venlo, The Netherlands) and phenol, respectively. These DNA

substrates were 8041 bp (pBACgus11) and 5724 bp (piJ702) and were ready

to be used in CD and AFM experiments (see AFM Sample Preparation,

below).

For OT and MTexperiments, the plasmids were cleaved with BamHI and

HindIII (pBACgus11) and BamHI and XhoI (piJ702) which gave DNA frag-

ments of 8022 bp (pBACgus11) and 5682 bp (piJ702). Linearized substrates

used for each technique thus differed in length by <0.8%. Cohesive ends

were ligated to two labeled DNA handles at each end of the DNA molecule.

The DIG handle was a 400-bp-PCR product made by using digoxigenin-11-

dUTP (Roche, Basel, Switzerland) and was ligated to the BamHI end of

both DNAs. The other end was labeled with two 20-bp complementary oli-

gos containing two biotins in the same strand at the 50-end. Ligation was

performed with T4 DNA Ligase (Roche) using protocols described in Ibarra

et al. (18). All restriction enzymes were purchased from New England

Biolabs (Ipswich, MA). DNA substrates were stored in TE buffer

(10 mM Tris-HCl, 1 mM EDTA, pH 7.5). Fig. 1 A shows the average

G$C content of each DNA substrate.
Circular dichroism

Circular dichroism (CD) spectrawere collected at 20�Con amodelNo. J-810

spectropolarimeter (JASCO, Tokyo, Japan) using a quartz cuvette with a

0.2-cm-path-length. Linearized plasmidswithout handles as described above

were used. CD spectra were averaged over 10 scans. Spectra of solutions

without DNA were taken as baselines and subtracted from the final DNA

spectra. The scan speed was 100 nm/min. The CD intensity is expressed as

mean residue ellipticity, q (deg$cm2$dmol�1). CD spectra were collected

with both intact and fragmented DNAs. DNAs of lengths from 150 to

600 bp (pBACgus11) and from100 to 300 bp (piJ702)were prepared by soni-

cation.Volumes of 500mLofDNA (97 ng/mL for pBACgus11 and 180 ng/mL

for piJ702) in 1 mM NaCl TE buffer solution were sonicated in ice using

a Labsonic U tip sonicator (B. Braun Biotech International, Melsungen,

Germany). The sonication procedure was performed both continuously for

1 h and bymonitoring intervals at 5, 10, 20, 30, and 60min. Size distributions

for aliquots of 5 mL were determined by electrophoresis in an ethidium-

bromide-stained 1.5% agarose gel. A sonication period of 1 h produced

fragments of approximately the same mean size (200 bp) as those for a

30-min period and almost the same as for a 5-min period, being the spread

of the size distribution larger for shorter sonication times, in agreement

with Chen et al. (21). CD measurements after a 30-min sonication period

for piJ702 produced similar signals as for a 1-h period, thus indicating that

the CD signals were related to the average fragment size and not to the dura-

tion of the sonication procedure.
AFM sample preparation

DNA samples for AFM imaging and analysis were prepared by depositing

11 ng of DNA (~0.3 nM molecules) diluted in 10 mM Tris-HCl (pH 8.0)

and supplemented with 15 mM MgCl2, onto freshly cleaved mica. After

30 s, the mica surface was washed with MilliQ-filtered water (Millipore,

Billerica, MA) and blown dry in a gentle stream of nitrogen gas. AFM

results are based on two-dimensional equilibration of molecules on the

mica surface. These adsorption conditions require the use of divalent ions

(Mg2þ), instead of monovalent ions like Naþ which does not promote
Biophysical Journal 100(8) 1996–2005
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molecule adsorption. Samples were imaged at 1.95 nm per pixel resolution

in air at room temperature and low humidity using tapping mode. The

experiments were performed with an AFM from Nanotec (Nanotec

Electrónica, Madrid, Spain) and tapping mode PointProbePlus tips, type

PPP-NCH (Nanosensors, Neuchâtel, Switzerland) was used. Image pro-

cessing consisted of in-plane subtraction and flattening and was carried

out using WSxM freeware (22). Traces were obtained using the tracing

routine described in Wiggins et al. (23).
Magnetic tweezers technique

The MT technique used is similar to the one described in Abels et al. (13)

(Fig. 3 A). Briefly, it consists of an inverted optical microscope where the

sample is placed in a liquid chamber built up from two microscope cover

slides separated by a thin layer of parafilm (~200 mm) leaving a volume

of ~100 mL. In the upper cover slide, two holes are drilled, giving access

to the inner chamber and allowing exchange of liquids. The lower cover

slide is placed over an oil immersion objective (100�, 1.4 NA; Olympus,

Melville, NY) whose movement can be controlled using a piezoelectric

stage (PIFoc; Physik Instrumente, Karlsruhe, Germany). A linear nucleic

acid polymer is tethered in the liquid cell to the bottom glass surface via

multiple Dig-a-Dig linkages at one end and to a superparamagnetic

1.0 mm bead (Dynabeads MyOne; Invitrogen, Carlsbad, CA) at the other

end. Above the cell, a parallel light source is located, as well as two square

magnets that can be translated and rotated, allowing us to vary force and

torsion on the bead. Two 6 � 6 � 5 mm3 neodynium-iron-boron (NdFeB)

permanent magnets (Binder Magnetic, Gennevilliers, France) separated by

1.4 mm were used. Images from the bead were captured with a charge-

coupled device camera with a sampling rate of 120 Hz (model No.

TM6710CL; PULNiX America, Sunnyvale, CA) and they were used to

extract the bead mean hzi from the glass surface and the value of its trans-

verse fluctuations hdx2i. From these measurements, we calculated the force

applied on a single DNA molecule by using the equation F ¼ kBT hzi/hdx2i,
where kB is Boltzmann’s constant and T is the temperature in Kelvin. Beads

positions were tracked in x, y, and z directions with an accuracy of ~10 nm

for a 0.5 s time-filtering. MT experiments were done in 80 mM NaCl TE

buffer.
FIGURE 1 DNA used and circular dichroism characterization. (A) Distri-

bution of G$C basepairs in the two plasmid DNAs. The graph shows the

G$C content (G$C%) averaged over 300 bp along the sequence of

pBACgus11 plasmid (black curve) from 1 to 8041 bp and piJ702 plasmid
Optical tweezers technique

The optical design includes a dual-counterpropagating-beam (l ¼ 835 nm)

optical trap capable of measuring forces as changes in light momentum flux

(24). In each experiment, a single DNA molecule is tethered by opposite

ends between two dielectric microspheres: an a-Dig-coated bead, which

is optically trapped, and a streptavidin-coated bead, which is held by

suction on top of a micropipette inside the fluid chamber (Fig. 4 A). Strep-

tavidin-coated, 2.10-mm-diameter beads and G-protein-coated, 3.18-mm-

diameter polystyrene beads, purchased from Spherotech (Libertyville,

IL), were used. a-Dig was linked to the G-coated beads using dimethyl

pimelimidate dihydrochloride. The force on the DNAmolecule is generated

by moving the micropipette relative to the trapped bead through a piezo-

controlled stage, and its extension is determined from the distance between

bead centers. Tethered DNA molecules were stretched and relaxed at

500 nm/s. All tweezers experiments were carried out at room temperature,

23 5 1�C in 80 mM NaCl TE buffer.
(red curve) from 1 to 5724 bp (sequences available upon request). (B)

Normalized CD spectra (molar ellipticity per residue) of the two plasmid

DNAs in 1 mM NaCl TE buffer. (Solid lines) Intact linearized plasmids

of pBACgus11 (black line, 0.7 � 10�4 M DNA residue) and piJ702 (red

line, 1.4 � 10�4 M DNA residue). (Dashed lines) Fragmented plasmids

after 1-h sonication. (Dashed black line) pBACgus11 in fragments with

length distribution in the range of 150–600 bp and concentration 2 �
10�4 M DNA residue. (Dashed red line) piJ702 in fragments with lengths

of 100–300 bp, 6 � 10�4 M DNA residue.
RESULTS

Circular dichroism bulk characterization of DNA

Circular dichroism (CD) spectroscopy has been shown to be
a powerful technique to study secondary structure of DNA
(25). Because the G$C content is an important determinant
Biophysical Journal 100(8) 1996–2005
of DNA base-stacking conformation (7,10), we first checked
the CD signals of our two DNA substrates: pBACgus11,
with 48% G$C, and piJ702, with 70% G$C. Fig. 1 A shows
the average G$C content of each DNA substrate. Fig. 1 B
(black and red solid lines) shows CD spectra of linear
pBACgus11 and piJ702, respectively, in a low-salt buffer
solution. The resulting CD spectrum of control DNA
pBACgus11 (48% G$C) is typical for the canonical
B-form with approximately equal positive (with a maximum
near 275 nm) and negative (with a minimum near ~247 nm)
bands intersected at ~260 nm (6). In contrast, the CD
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spectrum of piJ702 (70% G$C) is dominated by a positive
band with a maximum at a wavelength of ~264 nm and
a small negative band at ~240 nm. This signal is very similar
to that of DNA at low water activity and double-stranded
RNA (dsRNA) (6,26). G$C-rich DNA was shown to favor
A-form at low ethanol concentrations (10) and, in fact,
synthetic poly(dG)$poly(dC) can adopt A-form in aqueous
solution (7). Therefore, our CD data show that the piJ702
substrate adopts an A-form base-stacking in buffer.

To study the influence of DNA length in the CD signals,
we also characterized the fragmented plasmids. Fig. 1 B
(black and red dashed lines, respectively) shows CD spectra
of sonicated fragments of pBACgus11 and piJ702 in the
same buffer solution. The 1-h sonication procedure gener-
ated segments of 150–600 bp for pBACgus11 and of
100–300 bp for piJ702 according to analytical gel electro-
phoresis. Sonication at intermediate time (30 min) did not
produce significant changes in CD measurements with
respect to the 1-h sonication procedure (data not shown).
The spectrum of each DNA conserve the qualitative features
described above for B- and A-type CD spectra in
pBACgus11 and piJ702, respectively, and therefore these
measurements underline that the CD structural information
stems from the local (base-stacking) arrangement. The fact
that CD spectrum patterns for either B- or A-form are more
marked for intact, linearized plasmids than for the frag-
mented samples suggests that intrastrand association of
double-helical chain domains, which have a higher tendency
to happen for long fragments, contributes to the final CD
signal (27).

A-DNA adopts a conformation closely related to that of
dsRNA. From measurements on dsRNA, it became clear
that the rise per basepair was notably smaller than that for
dsDNA, which was considered to adopt a B-form structure.
Despite the wide range of values reported for the A-family
isoforms, the consensus is that a typical rise per basepair
for A-DNA is 2.56 Å, for dsRNA is 2.8 Å, and for
B-DNA is 3.38 Å (1). These values could experimentally
be calculated by measuring, for instance, the contour length
of the molecule as the number of basepairs contained in the
molecule is known. Published data also showed that dsRNA
(A-form) has an increased rigidity compared to dsDNA
(B-form) (28). In the light of previous background, we
decided to investigate whether the structural differences of
piJ702, shown by its A-form CD signal, affect global param-
eters like the contour length, persistence length, and stretch
modulus by using single-molecule techniques.
Single-molecule atomic force microscopy
analysis at zero force

DNA samples were adsorbed on a mica surface and imaged
at high resolution as described in Materials and Methods.
Control DNA of 48% G$C is shown in Fig. 2 A. The average
measured contour length, L0, was 2819 5 53 nm (n ¼ 13),
yielding a rise per basepair of 0.355 0.01 nm in agreement
with a B-form structure. The same analysis on the high-G$C
content DNA (Fig. 2 B) gave a mean contour length of
2016 5 84 nm (n ¼ 22) and a rise per basepair of
0.35 5 0.02 nm, therefore a similar value to that obtained
for pBACgus11 DNA. This result indicates that a high
proportion of G$C in the DNA sequence does not affect
the overall contour length. Moreover, this result shows
that the A-type CD spectrum found for piJ702 does not
correspond with an average rise per basepair of an A-form
molecule. However, these measurements could not discard
a change in rigidity of the polymer induced by sequence.

To find out how sequence affected the persistence length
of the DNA samples used in this study we analyzed trajec-
tories of equilibrated single DNA molecules following the
methods described in Moreno-Herrero et al. (17) and
Wiggins et al. (23). As reported by Rivetti et al. (19) DNA
equilibrates on a mica surface when adsorption is promoted
by divalent ions such as Mg2þ. The behavior of DNA
molecules under these conditions can be predicted by the
WLC model (19), which describes a mean trajectory of
the polymer on the mica with the equationsD

R2
s;sþL

E
¼ 4P

�
Lþ 2P

�
e�L=ð2PÞ � 1

��
; (1)

hcos ðq Þi ¼ e�L=ð2PÞ; (2)
s;sþL

where P is the persistence length of the polymer, L is the
contour length spacing, and hR2

s,sþLi is the mean-squared
separation of points along the chain as a function of their
contour length separation L, or located at distances s and
sþL. Similarly, hcos(qs,sþL)i is the mean angle between
tangents at contour points located at distances s and sþL.
The average is computed over s and over all observed
contours (see Fig. 2 C and the Supporting Material). The
fit of the pBACgus11 DNA data to Eq. 1 (Fig. 2 D, black
circles) yielded a value for the persistence length of
54 nm, in agreement with published results with similar
A$T/G$C composition (19,29). These data were consistent
with the hypothesis that our sample preparation yields
contours that reflect equilibrium two-dimensional chain
conformations. We repeated the same type of analysis for
pij702 DNA (Fig. 2 D, red circles) and the fit using Eq. 1
gave a value for P of 74 nm. As a crosscheck analysis we
calculated the tangent-tangent correlation hcos(qs,sþL)i up
to a contour length spacing of L ¼ 200 nm (Fig. 2 E).
Data were consistent with previous AFM results and
confirmed a larger persistence length for the high-G$C
content DNA. To guide the eye, we included plots of
Eq. 2 using P ¼ 20–80 nm (solid lines in Fig. 2, D and E).

AFM measurements with both plasmid DNAs were done
at exactly the same ionic conditions, thus allowing a direct
comparison of structural and mechanical properties. It is
known that contour lengths, on the one hand, are not signif-
icantly affected by different ionic conditions (2) and our
Biophysical Journal 100(8) 1996–2005



FIGURE 2 Atomic force microscopy analysis of mechanical properties of DNA. (A) Representative image of pBACgus11 substrate of 8041 bp. (B) Repre-

sentative image of piJ702 substrate of 5724 bp. Both images are 1 mm � 1 mm and have 1.95 nm/pixel resolution. (C) Illustration of the data analysis and

tracing of DNA molecules. A segmented line made of points separated by ‘ ¼ 2.5 nm follows the contour of the molecule. The important parameters we

employ are the contour length spacing L, the extension R, and the angle q between two tangents separated by L. (C, inset) Parameters L, R, and q are shown

together with an example for L ¼ 3 � ‘ ¼ 7.5 nm. (D) Plots of hR2i versus contour length spacing L for pBACgus11 (black circles) and piJ702 (red circles).

pBACgus11 data follows the prediction given by the WLCmodel (Eq. 1) with a persistence length of 54 nm. pij702 data gave a value for P of 74 nm. To guide

the eye, predictions fromWLC with different values for the persistence length are included (solid lines). The six curves shown are for P¼ 20, 30, 40, 50, 60,

and 70 nm. The slope of the curves increases as P increases. (E) Plots of hcosqi versus contour length spacing L for pBACgus11 (black circles) and piJ702

(red circles). pBACgus11 data are between curves of Eq. 2 for P ¼ 50 nm and 60 nm in contrast with piJ702 data that are between curves of P ¼ 70 nm and

80 nm. In total, 189 fragments of 325 nm were studied for pBACgus11 and 135 fragments for piJ702, giving>15,000 data points at contour lengths of 5 nm.
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AFM measurements in the presence of Mg2þ confirm a
similar average rise per basepair, typical of B-DNA, for
both plasmids. However, this result contrasts with our
previous CD structural data of high-G$C content DNA,
which gave a signal similar to that of dsRNA (a prototype
for A-form structure, and known to have a shorter rise per
basepair).

The analysis of the persistence length, on the other hand,
was performed on short patches of DNA, a length scale in
which we have previously observed by CD that the high-
G$C content DNA presents a different base-stacking
arrangement. We find from this analysis that the A-type
base-stacking arrangement of the high-G$C content mole-
cule gives rise to a larger P than that of the 50%-G$C
DNA with B-form. Common to AFM and CD techniques
is the fact that they provide measurements in equilibrium
Biophysical Journal 100(8) 1996–2005
conditions, i.e., at zero force. In the following sections,
we ask how force can affect the apparent local A-form struc-
ture and elastic properties of high-G$C content DNA. We
answer these questions by analyzing the force-extension
curves of the two DNA substrates obtained with MT in the
entropic force regime (0.01–4 pN) and OT in both entropic
and intrinsic-elasticity force regimes (0.1–100 pN).
Single-molecule magnetic tweezers analysis
at low force

We used MT to characterize the mechanical properties of
both DNA substrates by measuring the extension of the
polymer as a function of the applied stretching force
(Fig. 3 A). We performed several controls to verify that
the molecule tethered between the magnetic bead and the



FIGURE 3 Force-extension curvesof pBACgus11

and piJ702 substrates using magnetic tweezers. (A)

Cartoon of the experimental MT configuration (not

to scale). A single DNAmolecule is tethered between

aparamagnetic beadononeend, and toaglass surface

on the other end in 80mMNaClTEbuffer.Molecules

are rotationally unconstrained due to single biotin-

streptavidin and dig-antidigoxigenin attachments.

Force is controlled by the position of the magnets

and distances are measured from optical images of

bead diffraction rings. (B) Force-extension data on

pBACgus11 substrates. Raw data was fit to Eq. 3

from which a value for P and L0 was extracted. For

the purpose of comparison, DNA extension was

normalized to the fitted L0 value. Different colors

represent different individual DNA molecules. In

the plot, 14 pBACgus11 molecules are included.

(C) Force-extension data on piJ702 substrates (n ¼
10). (Red curves) Force-extension curve, according

to Eq. 3, of a molecule with a rise per basepair of

0.256 nm and a P ¼ 63.8 nm.
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glass surface was indeed a single DNA molecule (see the
Supporting Material). Briefly, while tracking the z position
or extension we rotated the magnets for forces above 1
pN. We found that none of the tracked molecules could
generate plectonemes, confirming that molecules were
torsionally unconstrained.

Extensions were measured for several DNA beads as a
function of the applied force in the range (0.01–4 pN). To
preserve conditions of entropic regime of DNA, we decided
to stay at the low force range and used small magnetic
beads. Fig. 3, B and C, shows normalized force-extension
curves for pBACgus11 and piJ702, respectively. WLC
model was then fit to the force-extension data as previously
described (29,30),

F ¼ kBT

P

"
1

4ð1� hzi=L0Þ2
� 1

4
þ hzi

L0

þ
X7

i¼ 2

ai

�hzi
L0

�i
#
; (3)

where kB is Boltzmann’s constant and T is the temperature in
Kelvin, P is the persistence length, L0 is the contour length,
and the constants ai have values a2 ¼ �0.5164228, a3 ¼
�2.737418, a4 ¼ 16.07497, a5 ¼ �38.87607, a6 ¼
39.49944, and a7 ¼ �14.17718 (30). Best fit of Eq. 3 to
the data yielded a contour length L0 and persistence length
P for each DNA molecule. Repeating this experiment
for a number of beads containing pBACgus11 or piJ702
substrate resulted in a mean value of hL0i and hPi. For
pBACgus11 we measured hL0i ¼ 2.8 5 0.1 mm and
hPi ¼ 47 5 3 nm (n ¼ 14, errors are SD of the mean).
For piJ702 we measured hL0i ¼ 1.8 5 0.1 mm and hPi ¼
485 5 nm (n¼ 10). Interestingly, values for the persistence
length for piJ702 measured in the presence of force by using
MT are significantly lower than the values measured with
AFM. Because the pBACgus11 DNAwas 8022 bp in length,
we deduce a mean rise per basepair of 0.35 5 0.01 nm,
which is in excellent agreement with the value calculated
from AFM images. The same calculation for piJ702
(5682 bp) yielded a rise per basepair of 0.32 5 0.02 nm,
slightly below the value calculated using the AFM analysis.
These values confer our samplemolecules with amechanical
behavior which remarkably diverges from the expected
behavior for an A-form DNA molecule. This is further
shown in Fig. 3, B and C (red curve), where we have used
Eq. 3 to plot the force-extension curves of hypothetical
molecules with a rise per basepair of 0.256 nm and P ¼
63.8 nm, according to Abels et al. (13).

Deviations from the WLC model indicate interactions
which are not considered in the entropic elasticity of the
assumed rodlike DNA structure. In particular, intrastrand
interactions, which are known to be stronger in the presence
of G$C-rich DNA molecules (25), are not included in this
model. Given that piJ702 has a higher G$C content, it is ex-
pected that the forces required to release polymer segments
from these interactions in this DNA are larger than those for
pBACgus11 and therefore, deviations from the WLC model
for piJ702 should occur at higher forces than those for
pBACgus11. In agreement with these ideas, deviations
from the WLC model in our experiments became significant
Biophysical Journal 100(8) 1996–2005
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for piJ702 plasmid at forces of 0.1�2 pN whereas they were
significant for pBACgus11 plasmid at lower forces, namely,
between 0.01 and 0.03 pN (see arrows in Fig. 3).

The fact that MT experiments measure a very similar
value for P for both DNAs indicates that both DNAs adopt
a similar base-stacking under low forces. In other words, our
data suggest that the local A-form structure of the high-G$C
DNA is distorted in the presence of force and behaves as
B-form DNA. In fact, the analysis of the contour lengths
reveals a similar average rise per basepair for both DNAs
and is typical of B-DNA. In the next section, we extend
this analysis to high forces by using OT.
Single-molecule optical tweezers analysis at high
force

To investigate the effect that a high-G$C content has on the
mechanical properties of DNA at high forces (0.1–100 pN),
we used the OT technique. Fig. 4 A shows a single-molecule
experiment in which a dsDNA fiber is stretched between
two beads, one optically trapped and the other held by
suction on a micropipette, as described in Materials and
Methods. Normalized force-extension curves (stretch-relax
cycles) for pBACgus11 (48% G$C) and piJ702 (70%
G$C) are plotted in Fig. 4, B and C. As expected due to
the different number of hydrogen bonds involved in G$C
and A$T basepairs, hysteresis is smaller for piJ702 than
for control plasmid pBACgus11, thus indicating that the
Biophysical Journal 100(8) 1996–2005
rate of strand annealing is faster for the former (the
stretch-release cycle is almost reversible at the used loading
rate).

Note that the melting hysteresis in our experiments is
caused by fraying from nicks. In addition, the overstretching
transition for this DNA occurs within a narrower force
range, thus demonstrating that the cooperativity of this tran-
sition increases with the density of G$C content. For
instance, the slope of the overstretching plateau of the
pBACgus11 molecule (Fig. 4 B) is 9.88 pN/nm and it is
4.77 pN/nm for the piJ702 molecule (Fig. 4 C). Although
unzipping forces for G$C-rich regions are higher than
those for A$T-rich regions (31), overstretching forces for
pBACgus11 and piJ702 were similar: 65.4 5 0.2 pN and
63.8 5 0.1 pN, respectively (n > 30, errors are SE of the
mean). This result is in agreement with that of Clausen-
Schaumann et al. (32), who found that poly(dG-dC) and l

DNA (~50% G$C) overstretch at the same force.
To adjust the entropic elasticity regime of force-extension

curves measured with OT, we used a purely entropic or
inextensible WLC model (33):

z ¼ L0

�
1� 1

2

�
kBT

FP

�1=2�
: (4)

We have used this expression to fit the force-extension
curves in the range 1–10 pN. Two examples of these fits
(expressed as F�1/2 versus z) are shown as blue lines in
the insets of Fig. 4, B and C. Mean values obtained with
FIGURE 4 Force-extension characterization of

pBACgus11 and piJ702 substrates using optical

tweezers. (A) Cartoon of a dsDNA molecule as

placed in the OT (not to scale). The molecule is

tethered between a bead (biotin-streptavidin

linkage), held by suction on the top of a micropi-

pette, and an optically trapped bead (Dig-a-Dig

linkage). The molecule can be stretched by moving

the micropipette through a piezo-actuator. Normal-

ized force-extension curves (black dots correspond

to data points) of a pBACgus11 (B) and a piJ702

molecule (C) with their respective fittings to the

extensible WLC (Eq. 5) in 80 mM NaCl TE buffer

(red lines). The fits for these examples yielded

values L0 ¼ 2.69 mm, P ¼ 49.9 nm, and S ¼
838 pN for pBACgus11 and L0 ¼ 1.92 mm, P ¼
57.5 nm, and S ¼ 1476 pN for piJ702. (Insets)

Linear relation between force�1/2 and z when z

approaches L0, characteristic of a strong-stretching

WLC behavior. (Blue lines) Inextensible WLC

(Eq. 4). Linear fits of these particular data yielded

L0 ¼ 2.73 mm and P ¼ 41.4 nm for pBACgus11,

and L0 ¼ 1.93 mm and P ¼ 52.2 nm for piJ702.
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this model are consistent with the values derived previously
using MT: hL0i ¼ 2.735 0.01 mm and hPi ¼ 475 2 nm for
pBACgus11, and hL0i ¼ 1.95 5 0.01 mm and hPi ¼ 48 5
2 nm for piJ702 (n R 11, errors are SE of the mean).

The elastic stretch modulus of DNA has been proved to be
dependent on base composition (34,35). Therefore, to
examine any difference between the flexibility of the
G$C-rich DNA and balanced A$T/G$C DNA, we have
extended the fit of the force-extension curves to the intrinsic
elasticity region. To describe this force regime, we used a
variation of the WLC model which takes into account that
the DNA molecule can be stretched beyond its contour
length. The extensible WLC model in the so-called
strong-stretching limit incorporates an elastic stretch
modulus, S, as (36):

z ¼ L0

�
1� 1

2

�
kBT

FP

�1=2

þF

S

�
: (5)

We used this expression to fit force-extension curves in the
range 1–40 pN. Two examples of these fits are shown as red
lines in Fig. 4, B and C. Best fit of Eq. 5 to the data yielded
a contour length L0, a persistence length P, and a stretch
modulus S for each DNA molecule. For pBACgus11 we
measured hL0i ¼ 2.70 5 0.01 mm, hPi ¼ 50 5 2 nm,
and hSi ¼ 1114 5 61 pN. For piJ702 we measured
hL0i ¼ 1.93 5 0.01 mm, hPi ¼ 49 5 3 nm, and hSi ¼
1325 5 93 pN (n R 11, errors are SE of the mean).

We observed that mean values of L0 and P derived
from these fittings are very similar to the values measured
with MT data, thus confirming that the presence of force
distorts the local base-stacking arrangement of the high-
G$C content DNA and renders typical B-DNA properties.
Moreover, the overstretching plateau for piJ702 and
pBACgus11 accurately complies with a length of 0.7 �
L0, which is an empiric rule that has been observed in all
natural DNA molecules to date (2,12). Interestingly, the
extensible WLC approximation for piJ702 yielded a stretch
modulus, S, considerably above the value of control
pBACgus11. This can be directly noticed by comparing
the slope of the intrinsic elasticity region of the force-
extension curve in Fig. 4, B and C.
TABLE 1 Contour length, persistence length and elastic modulus

single-molecule techniques

pBACgus11 (48% G$C, ~8.0 kbp)

L0 (mm) P (nm) S (pN)

B-form* 2.71 — —

A-form* 2.05 — —

AFM 2.82 5 0.05 54.5 5 0.5 —

MT 2.8 5 0.1 47 5 3 —

OT inext. 2.73 5 0.01 47 5 2 —

OT ext. 2.70 5 0.01 50 5 2 1114 5

L0, contour length; P, persistence length; S, stretch modulus. Inext, inextensible

*The canonical B- and A-form values for L0 were computed from the numbe

0.256 nm/bp for A-form (1).
DISCUSSION

Table 1 reviews the values of hL0i, hPi, and hSi which have
been presented above and which, as explained, have been
calculated from different fits of experimental data measured
with AFM, MT, and OT. Contour-length measurements
scaled to the number of basepairs in all techniques clearly
showed that both DNA substrates have a characteristic
B-form rise per basepair of ~3.4 Å. This important result
indicates that overall contour length in DNA is not affected
by the base-stacking arrangement, here induced by G$C
content. There are several examples showing that sequence
affects mechanical properties of DNA (32,34,35), and it was
also proposed that base-stacking is one of the factors that
determine the sequence-dependent conformational hetero-
geneity of DNA (37).

However, how local distortions of the canonical B-form
of DNA affect the overall structure of long sequences of
DNA is not well known. Here we studied a high-G$C
content DNAwith a CD spectrum similar to dsRNA, there-
fore showing an A-form base-stacking. Previous studies also
measured analogous A-form spectroscopic signal on poly
(dG)$poly(dC) in aqueous solution (7). Importantly, we
found by using a single-molecule approach that the
A-form CD spectrum of piJ702 does not imply a contour
length different than that of B-DNA. An example of a combi-
nation of A-type base stacking with B-type sugar puckering
has been found in the d(C4G4) octamer (38).

The persistence length, in contrast, was affected by the
different base-stacking arrangement in experiments in the
absence of tension. DNA sequence has been shown to
contribute not only to the three-dimensional structure but
also to the mechanical properties of the polymer. For
instance, long patches of A$T dinucleotides exhibit an
intrinsic long-scale bending that turns into a low persistence
length (17). Using AFM, we measured a larger persistence
length for high-G$C content DNA than for the control
50%-G$C pBACgus11 plasmid. Our measurements are in
agreement with previous data that found that poly(dG)$
poly(dC) behaves as a stiff polymer (39). However, we
should keep in mind that AFM measured the mechanical
properties of short patches of DNA (325 nm) at zero force.
of a 48% G$C and a 70% G$C DNAs measured with different

piJ702 (70% G$C, ~5.7 kbp)

L0 (mm) P (nm) S (pN)

1.92 — —

1.45 — —

2.02 5 0.08 74.5 5 0.5 —

1.8 5 0.1 48 5 5 —

1.95 5 0.01 48 5 2 —

61 1.93 5 0.01 49 5 3 1325 5 93

; ext, extensible.

r of basepairs in the DNA tether, assuming 0.338 nm/bp for B-form and
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In fact, measurements under tension with MT and OT in
different force regimes did not observe significant differ-
ences in P between piJ702 and pBACgus11 substrates (see
Table 1), thus indicating that the local distortion from
B-form produced by sequence in the high-G$C DNA is
compromised under stress.

Interestingly, the high content of G$C in the piJ702 plasmid
has its footprint in the large stretchmodulusmeasuredwithOT
at high forces and in the lower hysteresis between stretch and
release paths. The former result indicates that high-G$CDNA
is harder to stretch than balancedA$T/G$CDNA (see Table 1)
and the latter indicates that high-G$C DNA requires a higher
energy tomelt for a given loading rate than balancedA$T/G$C
DNA. Both the stretch modulus and the melting behavior are
associated with the magnitude of base-stacking and basepair-
ing interactions (1,40–42).

Our measurements have provided basepair-ensemble
averaged properties over single molecules. They reveal
that mechanical properties of A-DNA are not significantly
different from those of B-form under tension. The structure
of individual basepairs steps according to their base-stack-
ing configuration may switch between A and B modes, as
shown by circular dichroism. However, changes in molec-
ular length do not happen at the single-molecule level,
because the stability of A-type base-stacking is compro-
mised in the presence of force. The appearance of a
contour-length shortening in the B-A transition is expected
to be a cooperative effect which ultimately enhances the
stabilization of the A-type base-stacking. This effect is
proposed to happen through intra- and interstrand associa-
tion of double-helical chain domains, consistent with the
results from Hillen and Wells (27).

In this regard, we propose condensation/aggregation as the
mechanism by which B-A structural changes in the base-
stacking configuration lead to molecular shortenings. How-
ever, this mechanism needs additional favorable conditions
to take place in the form of low humidity conditions and/or
the presence ofmultivalent cations.We address, in the accom-
panying article, (43) a single-molecule study of the B-A
transition under these conditions which provides additional
support to the aforementioned mechanism by which B-A
transition in DNA leads to a molecular length change.
CONCLUSIONS

We have studied how DNA local structure induced by
sequence propagates to the global molecular length and
mechanical properties by using a combination of bulk
and single-molecule techniques. We have used a high-G$C
content DNA with A-type base-stacking conformation in
aqueous buffer and a DNAwith balanced nucleotide compo-
sition and B-type local configuration. AFM measurements
of both DNAs (zero force) have led to typical values of
the contour-length, thus showing that the local conformation
does not influence the global double-helix length. The
Biophysical Journal 100(8) 1996–2005
persistence length, in contrast, was affected by the different
base-stacking arrangement. AFM measurements showed a
larger persistence length for the DNA substrate with high-
G$C content than for the control DNA with balanced
A$T/G$C composition.

Experiments under tension with OT and MT, however,
rendered typical values of the persistence length in both
DNAs, thus indicating that the local A-basepair arrangement
induced by sequence in the high-G$C content DNA rear-
ranges into that of the B-form in the presence of stress. The
analysis of the contour length with these techniques provided
typical B-form rise per basepair, as in measurements with
AFM, thus confirming that a local A-type base-stacking in
DNA does not lead to a shorter molecule and suggesting
that additional conditions which favor the association of
double-helical domains are required to produce a cooperative
molecular length change. The overstretching transition also
complied with a plateau length of 0.7 � [B-DNA contour
length], as has been observed in all natural DNA molecules
to date (2,12). Sequence, however, does affect the stretch
modulus and melting behavior at high forces as high-G$C
content molecules were significantly harder to extend and
exhibited higher hysteresis area between the stretch-relax
paths than control 50%-G$C molecules.

These results represent a necessary description to under-
stand both the local and long-range mechanical action of
DNA-binding proteins and DNA enzymatic processing, as
generated by the different nucleotide base composition of
the DNA.
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