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Temperature-dependent elastic properties of DNA
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ABSTRACT Knowledge of the elastic properties, e.g., the persistence length or interphosphate distance, of single-stranded (ss)
and double-stranded (ds) DNA under different experimental conditions is critical to characterizing molecular reactions studied
with single-molecule techniques. While previous experiments have addressed the dependence of the elastic parameters upon
varying ionic strength and contour length, temperature-dependent effects are less studied. Here, we examine the temperature-
dependent elasticity of ssDNA and dsDNA in the range 5�C–50�C using a temperature-jump optical trap. We find a temperature
softening for dsDNA and a temperature stiffening for ssDNA. Our results highlight the need for a general theory explaining the
phenomenology observed.
SIGNIFICANCE The accurate knowledge of the persistence and contour lengths of single-stranded and double-stranded
DNA is critical to characterize the thermodynamics of molecular reactions studied through single-molecule techniques.
Here, using a novel temperature-jump optical trap, we find a temperature softening for dsDNA and a temperature stiffening
for ssDNA.
INTRODUCTION

DNA is the biomolecule in charge of storing the genetic
information of living organisms. In vivo, DNA is
commonly found in its double-stranded (dsDNA)
conformation forming the double helix (1). However,
dsDNA dissociates into two single-strands (ssDNA) in
many biological processes, such as DNA replication,
reparation, or transcription (2,3). Since the invention
of single-molecule techniques, e.g., optical tweezers
(4,5), the elastic properties of dsDNA and ssDNA mole-
cules have been investigated (6,7). In force spectros-
copy experiments, where mechanical forces are used
to unfold and fold DNA/RNA molecules and proteins,
a detailed characterization of the elastic properties of
biomolecules is crucial to obtain valuable information,
such as bending energies (8,9), folding free energy
(10–12), and binding energies (12–14). The elasticity
of semi-flexible biopolymers, such as DNA, is
commonly modeled with the worm-like chain (WLC)
ideal elastic model and its interpolation formula
(15,16). This model describes the elastic response us-
ing two parameters: Lp and db. Lp is the persistence
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length over which correlations in the direction of the
tangent of the polymer decay, and db is the inter-phos-
phate distance, i.e., the distance between consecutive
phosphates in the nucleotide chain. Originally intro-
duced by Krakty and Porod in 1949 as a discretized
version of the elastic rod model (17), the WLC is math-
ematically equivalent to the Heisenberg model in a one-
dimensional chain in a magnetic field solved by
McGurn and Scalapino back in 1975 (18). It is only after
the seminal experiments by Bustamante and co-
workers in 1992 that a full force-extension curve for
dsDNA became available by visualizing the motion of
fluorescent DNA molecules attached to micron-sized
beads acted on by magnetic and hydrodynamic forces
(19). While the experimental data were fitted to a freely
jointed chain model, satisfactory results were only ob-
tained 2 years later by using the WLC model (20).

Previous studies investigated the elastic parameters
of DNA by varying the length of the molecules and the
ionic condition at room temperature (298 K). The
values of the inter-phosphate distance at room temper-
ature reported from single-molecule experiments
match with those of X-ray crystallography, db ¼ 6 Å
for ssDNA and db ¼ 3 Å for dsDNA, for different poly-
mer lengths (21,22) and ionic strengths (23,24).
Moreover, the persistence length exhibits different
behavior when varying the length of the polymer. On
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the one hand, at standard conditions (298 K and 1 M
NaCl concentration), the persistence length for long
ssDNA chains (> 100 bases) are roughly equal to db,
(Lp ¼ 0.7 nm), whereas for short chains (< 100 bases),
Lp ¼ 1.3 nm (16,25–27). For sufficiently long dsDNA
chains (> 50 bp), Lp ¼ 50 nm, while for molecules
shorter than the persistence length (< 50 bp), finite
length effects are important. The effective or apparent
persistence length decreases with length being in the
range �2–20 nm (15,21,22).

Here, we investigate the temperature dependence of
the elastic properties of ssDNA and dsDNA using a
temperature-jump optical trap (Fig. 1) (28–30). We
measure the temperature- and force-dependent molec-
ular extension from unzipping and stretching experi-
ments to determine the elastic properties using the
inextensible WLC model. To study the ssDNA, we
have investigated sequence dependence effects on
three DNA hairpins formed by 24, 32, and 44 bases of
different guanine-cytosine (GC) content (100% GC con-
tent in poly(GC), �14% GC content in poly(AT), and 50%
GC content in a mixed content hairpin). On the other
hand, we pull on a 24 kbp dsDNA in a wide temperature
range of 5�C–50�C to characterize dsDNA elasticity.
MATERIALS AND METHODS

DNA synthesis

The DNA hairpins (poly(GC), poly(AT), and mixed) have been synthe-
sized using a protocol described in reference (25). To minimize
FIGURE 1 Schematic of the experiments. (a) Experimental setup for pullin
poly(GC), poly(AT), and mixed. Poly(GC) is formed by 10 GC bp in the stem
GC bp. The three hairpins end in a GAAA tetraloop. (c) Force-distance curv
10 mM EDTA, and 10 mM Tris for the mixed hairpin showing the two forc
the system when the hairpin is folded. Black dotted line is the elastic resp
lated using the elastic properties of ssDNA reported in the literature (16,27
mine the force-dependent molecular extension. (d) Experimental setup for
at 298 K in a buffer solution at 7.5 pH with 1 M NaCl, 10 mM EDTA, and 10
at �67 pN (15).
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stacking interactions along the ssDNA, the sequence of the stem
consists of purine-pyrimidine dinucleotide steps. Briefly, the molec-
ular construction used in our experiments has two identical dsDNA
handles acting as spacers to prevent non-specific interactions be-
tween the beads and the molecule under investigation. To do so,
a primary oligonucleotide containing the sequence of the hairpin
flanked by one strand of the DNA handles is hybridized with a sec-
ond oligonucleotide to form the dsDNA handles. For the dsDNA
segment, we cut a segment of 24,805 bp from a commercially avail-
able l phage.
Single-molecule experiments

We tether the molecular construction between two beads, one coated
with streptavidin, and the other coated with anti-digoxigenin. The
beads specifically bind to biotin- and digoxigenin-labeled ends of
the molecular construct. The streptavidin bead is immobilized at
the tip of a glass micro-pipette by air suction, while the anti-digoxige-
nin bead is captured in the optical trap (see Fig. 1 a and d). The rela-
tive distance between the center of the optical trap and the micro-
pipette, denoted as l, is the control parameter of the experiments.
In unzipping and stretching experiments, the optical trap moves
back and forth relative to the micro-pipette. All the experiments car-
ried out in this study are done in a buffer solution of 7.5 pH with
1 M NaCl, 10 mM EDTA and 10 mM Tris.
Temperature-jump optical trap

Details of the temperature-jump optical trap can be found in refer-
ence (28). Briefly, a collimated heating laser (1435 nm wavelength)
is used to uniformly heat the area surrounding the optical trap. By
water absorption, the temperature is locally raised from 25�C
(room temperature) to 50�C. The miniaturized instrument is placed
inside an icebox kept at 5�C and heated from this basal temperature
up to 25�C. In this way, the available temperature ranges from 5�C to
50�C.
g DNA hairpins. (b) Sequences of the three investigated DNA hairpins:
, poly(AT) has two GC bp and 12 AT bp, and the mixed one has �50%
e (FDC) measured at 25�C in a buffer solution at 7.5 pH with 1 M NaCl,
e branches. Black dashed line corresponds to the elastic response of
onse of the system when the molecule is unfolded. It has been calcu-
). The difference in trap position at a given force ðDlÞ is used to deter-
the dsDNA experiments. (e) FDC for a 24 kbp DNAmoleculemeasured
mM Tris. The overstretching transition is observed as a force plateau



RESULTS AND DISCUSSION

ssDNA

We have carried out unzipping experiments to deter-
mine the force- and temperature-dependent molecular
extension of ssDNA, xssDNA, and derived its elastic prop-
erties. In unzipping experiments, the optical trap is
repeatedly moved away from and toward the micro-
pipette to mechanically unfold/fold the hairpins
(Fig. 2 a). At low forces, the three hairpins are in their
native state ðNÞ, while at high forces, hairpins are
unfolded ðUÞ in their ssDNA conformation. The unfold-
ing ðN/UÞ and folding ðU/NÞ events are observed
as force rips in the force-distance curves (FDCs; see
Fig. 1 c). N- and U-force branches are defined as the
FDCs when the molecule is in N and U, respectively.
Therefore, by measuring the difference in trap position
at fixed force values Dlðf Þ, we derive the difference in
molecular extension between the ssDNA ðxssDNAðf ÞÞ
and the folded conformations of the hairpins ðxdðf ÞÞ,
which has its extension given by the helix diameter,

DlðfÞ ¼ xssDNAðfÞ � xdðfÞ: (1)

To extract xssDNA from Eq. 1, wemodel xdðf Þ using the
freely jointed chain. The extension xdðf Þ is analogous to
the projected orientation of a rigid dipole under a mag-
netic field. The extension of the rigid dipole equals the
thickness of the B-DNA (helix diameter), i.e., 2 nm
length. We assume that the helix diameter is constant
with T. Fig. 2 b shows the measured xssDNAðf Þ at 25�C
for the three DNA hairpins: poly(GC) (green), poly(AT)
(yellow), and mixed (red). The solid lines are the ex-
pected behavior using parameters reported in the liter-
ature (16,26,27). As expected from the FDCs (Fig. 2 a),
each hairpin shows the elastic response of the ssDNA
over different force regimes (Fig. 2 b). In addition, the
normalized extension xssDNA by the total number of ba-
ses does not show visible sequence effects (Fig. 2 c).

To determine the temperature-dependent elastic
properties of ssDNA, we have fitted the force versus
xssDNA to the inextensible WLC model and its interpola-
tion formula (20),

f ¼ kBT
4Lp

 �
1 � x

Ndb

�� 2

þ 4
x

Ndb
� 1

!
; (2)
with f as the measured force, x ðhxssDNAÞ the molecu-
lar extension, N the number of bases, kB the Boltzmann

constant, and T the temperature. The temperature-
dependent molecular extension of the ssDNA has
been directly determined from the FDCs recorded at
different temperatures (Fig. 2 d) using Eq. 1. We have
determined the temperature dependence of Lp and db
by fitting the force-extension curves (FECs) to Eq. 2,
leaving Lp and db as free parameters.

Fig. 2 e shows the FECs (symbols) with the fits to Eq.
2 (solid lines) for the three hairpins at all temperatures
FIGURE 2 Force-extension curves of ssDNA.
(a) Unzipping (dark colors) and rezipping (light
colors) FDC for each molecule: poly(GC) (green),
poly(AT) (yellow), and mixed (red). (b) Molecular
extension at 25�C of poly(GC) (green), poly(AT)
(yellow), and mixed (red) hairpins. Solid line is
the expected behavior using the WLC model
with the elastic properties reported in the litera-
ture (16,27). (c) A plot of force versus normalized
(per base) ssDNA extension does not show
sequence effects. (d) Unzipping (dark colors)
and rezipping (light colors) FDCs measured at
three selected T : �6�C (blue), �25�C (green),
and�45�C (red). (e) Force versus ssDNA molec-
ular extension at the explored temperatures: 7�C,
12�C, 25�C, 35�C, and 50�C for poly(GC), 7�C,
12�C, 25�C, 32�C, 41�C, and 48�C for poly(AT),
and 6�C, 8�C, 17�C, 25�C, 32�C, 42�C, and 45�C
for the mixed hairpin. (f) Top: temperature-
dependent persistence length ðLpÞ for the three
hairpins. We do not appreciate differences be-
tween the linear fit, LpðT Þ ¼ aT þ b (black solid
line), and the Debye-H€uckel dependence,
LpðT Þ ¼ aT 1=2 þ b (gray dashed line). Bottom:
measured db together with a linear fit (dashed
line). The change of Lp with T is �20 times
larger than for db , the latter being roughly con-
stant with T .
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(7�C, 12�C, 25�C, 35�C, and 50�C for poly(GC), 7�C,
12�C, 25�C, 32�C, 41�C, and 48�C for poly(AT), and
6�C, 8�C, 17�C, 25�C, 32�C, 42�C, and 45�C for mixed
hairpins). Note that for a fixed force value, the exten-
sion of the ssDNA becomes larger (and therefore
stiffer) upon increasing temperature. Lp shows a strong
temperature dependence for all sequences (Fig. 2 f,
top), whereas the inter-phosphate distance is weakly
T dependent (Fig. 2 f, bottom). Both parameters, db
and Lp, have been fit to a linear dependence: LpðTÞ ¼
aT þ b and dbðTÞ ¼ aT þ b. Fitting parameters are
a ¼ 0:2850:01 Å/K and b ¼ � 7:250:4 nm for Lp
and a ¼ 0:01650:002 Å/K and b ¼ 0:1350:05 nm for
db. From the a values, we conclude that Lp changes
with T roughly 20 times faster than db does. Therefore,
the inter-phosphate distance can be taken as constant.
If Lp is related to a Debye-H€uckel length, one would
expect a T1=2 dependence (31). No significant differ-
ences are observed between a linear fit and the De-
bye-H€uckel dependence: LpðTÞ ¼ aT1=2 þ b, a ¼
1:0050:05 nm/K1/2, and b ¼ � 15:950:7 nm (Fig. 2 f-
top).
dsDNA

In dsDNA pulling experiments, the force is exerted on
opposite labeled 30 ends in each complementary
ssDNA strand (Fig. 1 d). Upon stretching and releasing,
FDCs of dsDNA are quasi-reversible in the range 1–80
pN (Fig. 1 e). FDCs present three regimes (Fig. 1 e). In
the first regime, f < 5 pN, stretching is opposed by the
entropic elasticity. The second regime, 5< f < 60 pN,
is dominated by the enthalpic contribution to dsDNA
bending. In this regime, FDCs become steep, and small
changes in the molecular extension are translated into
large changes in the measured force. The third regime
occurs at high forces, f � 67 pN at 25�C, where a force
4 Biophysical Reports 2, 100067, September 14, 2022
plateau is observed. The plateau corresponds to the
overstretching transition of DNA (15), where the double
helix unwinds into a new structure (S-DNA). S form con-
sists of a ladder interspersed by fried ssDNA stretches
due to pre-existing nicks (32,33).

In Fig. 3 a, we show FDCs at different temperatures,
9�C (dark blue), 15�C (light blue), 25�C (green), 38�C
(brown), and 45�C (red). We notice that the overstretch-
ing force is remarkably affected by T, decreasing upon
heating. Fig. 3 b shows the force at the mid-point of the
overstretching plateau ðfoverÞ as a function of T. The
measured T dependence of fover in the range 7�C–
50�C agrees with previous experiments carried out by
other groups in different temperature ranges (34–36).

The entropic regime (f < 5 pN) is also T dependent.
Fig. 3 b shows FECs at different T obtained after con-
verting the trap position ðlÞ into dsDNA molecular
extension ðxdsDNAðf ÞÞ. To derive xdsDNAðf Þ, we have sub-
tracted the bead displacement from the measured
trap-pipette distance l,

lðfÞ ¼ xdsDNAðfÞ þ f
kb

þ l0; (3)

where l0 is an arbitrary origin, and kb is the bead's stiff-
ness. We determine the value of kb from the unfolding
trajectories shown in the previous section using Eq. 3
but for DNA hairpins, i.e., by including the handles
extension of the hairpin constructs,

lðfÞ ¼ xssDNAðfÞ þ f
kb

þ xhðfÞ þ l0: (4)

In Eq. 4, the elastic response of the dsDNA handles
ðxhðf ÞÞ was derived using the elastic properties re-
ported in the literature (25), and xssDNAðf Þ is derived
as explained in the previous section. From xhðf Þ and
FIGURE 3 Stretching dsDNA. (a) FDCs ob-
tained at different temperatures using the 24
kbp dsDNA molecule. (b) Average force at
the overstretching plateau as a function of
temperature. (c) Measured FECs at 9�C (dark
blue), 15�C (light blue), 25�C (green), 38�C
(brown), and 45�C (red). The lines denote the
fits to the WLC model. (d) Temperature-depen-
dent persistence length (top) and inter-phos-
phate distance (bottom). The dashed line in
on the top is a linear fit (average value). The
black circles are our results, and the gray
squares are the results obtained in (37). (e) Re-
siduals defined as the difference between the
measured force and the fitted one as a func-
tion of xdsDNA. (f) Experimental persistence
length multiplied by temperature and rescaled
by its value at 278 K (symbols) together with
predictions reported in the literature (lines);
see text for details.



xssDNAðf Þ, we fitted the U-force branch to derive the
value of kb that best matches Eq. 4 with the experi-
mental data.

FECs show a systematic T dependence (Fig. 3 c,
inset). At a given force, the higher the T, the lower the
molecular extension xdsDNAðf Þ. This trend indicates
that Lp for dsDNA decreases with T. This behavior is
the opposite of what we have observed for ssDNA
(Fig. 2 e). To derive the T dependence of the elastic pa-
rameters, Lp and db, we have fitted the inextensible WLC
model, Eq. 2, in the force range 0–20 pN. The derived Lp
and db are shown in Fig. 3 d, and the fitting FECs are
shown in Fig. 3 c as lines. We notice that Lp is strongly
affected by the temperature (Fig. 3 d, top). Like for the
ssDNA, Lp shows a linear dependence LpðTÞ ¼ aT þ b
but with a negative slope a ¼ � 0:5450:05 nm/K.
Remarkably, the results shown in Fig. 3 d (top) agree
with experiments carried out at 10 mM MgCl2 in cycli-
zation of short DNA fragments (37), proving that the
empirical 1:100 rule for mono and divalent salts is
satisfied. This empirical rule has been previously
observed in the elasticity of ssDNA (38) and ssRNA
(39) in the hybridization energies in DNA (28) and
RNA in melting experiments of oligos (40,41). Recently,
the salt empirical rule has been demonstrated at the
level of individual nearest neighbor base pairs in me-
chanical unzipping experiments (42). Moreover, db is
roughly constant with an average inter-phosphate dis-
tance dbx0:34 nm, which agrees with X-ray crystallo-
graphic measurements (Fig. 3 d, bottom). Notice,
however, that the inter-phosphate distance is slightly
reduced when the temperature is increased. This tem-
perature behavior agrees with recent molecular dy-
namics simulations (43). In Fig. 3 e, we show the
residuals of the fits as a function of xdsDNA. Notice
that residuals are < 1 pN in the fitted range. The drop
in the residuals observed above 8:0 mm are deviations
from the inextensible WLC model.
CONCLUSIONS

We have investigated the elastic response of ssDNA
and dsDNA at different temperatures (5�C–50�C)
from pulling experiments. By mechanically unzipping
DNA hairpins, we derive the elastic response of ssDNA
from the difference in extension between the folded
and unfolded branches. Experiments on hairpins of
varying GC content show that the persistence length
of ssDNA is sequence independent. This has been
demonstrated for sequences of purine-pyrimidine dinu-
cleotide motifs, where stacking effects should be
small. For dsDNA, the elasticity has been measured
by stretching a 24 kbp halve from l-phage DNA. FECs
of ssDNA and dsDNA have been fitted to the inextensi-
ble WLC model. The model describes the elasticity of
semi-flexible biopolymers using two parameters: the
persistence length, Lp, over which polymer orientations
become decorrelated, and the inter-phosphate dis-
tance, db, between consecutive phosphates in the back-
bone.

We have found that Lp is strongly affected by T for
both ssDNA and dsDNA, in agreement with previous
studies. Interestingly, whereas ssDNA becomes stiffer,
dsDNA becomes softer with T. It has been shown that
Lp for semi-flexible polymers have two contributions,

Lp ¼ L0p þ Lelp ; (5)

where L0p is the intrinsic persistence length, and Lelp is
the electrostatic correction. In general, both L0p and Lelp
are temperature dependent. While L0p depends on the
mechanical deformation properties of the polymer,
i.e., its bending and torsional rigidity, Lelp is a screening
collective effect due to water and ions in the surround-
ing media. The temperature dependence of L0p can be
described through the WLC model relation,

B ¼ kBTL0p; (6)

where B is the bending rigidity, a priori temperature-in-
dependent parameter. Lelp is proportional to the
screening Debye-H€uckel length ðlDÞ. For a one-compo-
nent salt, it is given by

lD ¼
�
εkBT
cq2

�1=2

; (7)

with q as the ion charge, c the ion number density, and ε

the dielectric constant. We hypothesize that our results
for ssDNA and dsDNA can be described by Eq. 5 de-
pending on whether Lelp (ssDNA) or L0p is dominant
(dsDNA). In ssDNA, the temperature dependence of
LpðTÞ is well fitted by the function LpðTÞ ¼ L0p þ a

ffiffiffi
T

p
,

with L0p ¼ � 16 nm. A negative L0p is physically mean-
ingless, suggesting that the

ffiffiffi
T

p
fit is only valid in the

limited explored temperature range. An increasing Lp
with T for ssDNA indicates that electrostatic interac-
tions are determinant. In fact, previous unzipping ex-
periments in kbp-long DNA hairpins and 8–100
residue homopolymeric ssDNAs in solution showed
that Lp follows a Debye-H€uckel behavior, Lpf1=c1=2

(26,38). Interestingly, a similar T dependence has
been reported for polypeptide chains (30). In contrast,
the decrease of LpðTÞ with T for dsDNA is compatible
with a temperature-independent bending rigidity, B,
through the WLC model relation (Eq. 6). Fig. 3 f shows
the persistence length of dsDNA multiplied by temper-
ature and rescaled by its value at 278 K together with
Biophysical Reports 2, 100067, September 14, 2022 5



the expected behavior for a double-helical structure
determined frommolecular dynamics (44), a prediction
model where denaturated ssDNA bubbles are present
(45), and a mixed model (44).

Finally, the inter-phosphate distance db is practically
temperature independent for ssDNA and dsDNA in the
explored temperature range. For ssDNA, db increases
linearly with T, with a slope �20 times smaller than
the slope for Lp. Therefore, we can take db ¼ 0:585
0:01 nm as constant. The same conclusion holds for
dsDNA where db ¼ 0:3450:01 nm. Both db values
agree with those measured from X-ray crystallo-
graphic experiments.

The evidence accumulated during the last decades
on the temperature and salt dependencies of the
elastic parameters in ssDNA and dsDNA molecules
highlight the need to develop a general theory based
on polyelectrolyte models that explains both behaviors.
At present, we have a qualitative understanding based
on the theory of semi-flexible polymers and electro-
static models such as the electrical double-layer theory
(46), the Odijk-Skolnick-Fixman theory (47,48), or the
tight-binding ion model (49), among others. It would
be interesting to extend this temperature study to other
salt conditions to better understand the interplay be-
tween salt and temperature. Moreover, it would be help-
ful to explore whether the same phenomenology also
holds for RNA.
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