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Entropy and Heat Capacity of DNA Melting from Temperature
Dependence of Single Molecule Stretching

Mark C. Williams, Jay R. Wenner, loulia Rouzina, and Victor A. Bloomfield
Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, Saint Paul, Minnesota 55108 USA

ABSTRACT When a single molecule of double-stranded DNA is stretched beyond its B-form contour length, the measured
force shows a highly cooperative overstretching transition. We have measured the force at which this transition occurs as a
function of temperature. To do this, single molecules of DNA were captured between two polystyrene beads in an optical
tweezers apparatus. As the temperature of the solution surrounding a captured molecule was increased from 11°C to 52°C
in 500 mM NaCl, the overstretching transition force decreased from 69 pN to 50 pN. This reduction is attributed to a decrease
in the stability of the DNA double helix with increasing temperature. These results quantitatively agree with a model that
asserts that DNA melting occurs during the overstretching transition. With this model, the data may be analyzed to obtain the
change in the melting entropy AS of DNA with temperature. The observed nonlinear temperature dependence of AS is a result
of the positive change in heat capacity of DNA upon melting, which we determine from our stretching measurements to be
AC, = 60 = 10 cal/mol K bp, in agreement with calorimetric measurements.

INTRODUCTION

By stretching single molecules, a number of investigators The overstretching transition has been attributed to a
have shown that DNA exhibits unusual elastic behaviortransition from B-form dsDNA to another form of dsDNA
(Cluzel et al., 1996; Rief et al., 1999; Smith et al., 1996).termed S-DNA (Cluzel et al., 1996). Several molecular
These experiments move one end of a DNA molecule whilenodeling studies were published (Konrad and Bolonick,
measuring the force on the opposite end by means of ah996; Kosikov et al., 1999; Lebrun and Lavery, 1996) based
optical trap or atomic force microscope (AFM) tip. The on the assumption that the DNA remains in double-stranded
resulting force-extension curve is then used to describéorm. However, these models were unable to predict the
molecular behavior under various solution conditions. Atcorrect overstretching transition force and width. Other
~60-70 pN, the force-extension curve for double-strandednodels incorporating the idea of S-DNA were able to fit the
DNA (dsDNA) exhibits a plateau, indicating that the DNA observed overstretching data (Ahsan et al., 1998; Cizeau
can be elongated with very little additional force. This and Viovy, 1997; Haijun et al., 1999; Marko, 1998), but
cooperative overstretching transition continues until thethey did not predict the transition force.

molecule is stretched to 1.7 times its B-form contour length, Rouzina and Bloomfield (2001a) have developed a theory
at which point the force increases rapidly. The slope of thehat predicts that DNA melting occurs during the over-
increase in force after the overstretching transition has beestretch transition. The proposed process consists of two
shown to depend on the rate at which the DNA molecule isstages. In the first stage, during the cooperative overstretch-
stretched (Clausen-Schaumann et al., 2000). At low pullingng transition described above, an equilibrium melting pro-
rates, the force-extension curve matches that of singlecess occurs until there are a small number of base pairs
stranded DNA (ssDNA) in this force regime. At high pull- separating domains of melted DNA. In the second stage, the
ing rates, the slope at this point increases, but at forceeemaining base pairs are broken. However, removal of the
greater than 120 pN it again matches the ssDNA curvédonds separating the melted domains represents an irrevers-
(Clausen-Schaumann et al., 2000; Hegner et al., 1999). Thible process, in which the two strands completely separate.
description applies only to the case in which one strand oBecause the process is irreversible, the two strands are
DNA is allowed to rotate freely so that the DNA can untwist unable to sample bound and unbound states, so the entropy
while being stretched. If the DNA strand is torsionally gained by the strands upon melting is not meaningful. Under
constrained, a much broader overstretching transition octhese conditions it is the enthalpy ofl5 kT/bp rather than
curs at~110 pN (Clausen-Schaumann et al., 2000; Leger ethe free energy of~2 kT/bp that determines the stretching
al., 1999). force. Thus we would expect the force required to com-
pletely separate the strands to be much greater than the
overstretching force. In addition, as with any non-equilib-
rium process, the strand separation force should be rate
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helix. Since destabilizing conditions are less likely to affectdue to viscous drag on the bead (Mehta et al., 1998) was measured as a

a transition between states that are both double-strande@',m“o” of frequency, giving the detector signal as a function of applied
these predictions are a good way to distinguish between thlf(grce. The_amplltude_of this S|gn_al was linear in applied force, and this
. . Inear relation determined the calibration factor for the two detectors. The
force-induced melt'ng and S-DNA models. calibration was performed as a function of temperature, and errors in force
In a recent paper (Williams et al., 2001) we presentedneasurement were determined from the reproducibility of the calibration at
measurements of the overstretching force and the width ofach temperature.
the Overstretchlng tranSItlon as a functlon Of pH. We To control its temperature, the cell was placed between Oxygen'free

showed that the overstretching force and thermal meltinéﬂgh—conductiviw copper plates with small holes to allow the laser beams
9 o enter the cell. The copper plates were placed in thermal contact with a

point exhibit S'm_'lar trends as .a function of pH and .that thethermoelectric cooler (Marlow Industries, Dallas, TX) that was used to heat
model of force-induced melting accurately describes theind cool the cell. The temperature of the cell was monitored with a
dependence of the overstretching force on pH. From thesiermocouple located inside the cett§ mm from the pipette tip in the

data we obtained a reasonable value for the DNA meltinggenter of the cell) and connected to a temperature-compensated indicator
entropy at room temperature. with an accuracy of-0.3°C (Omega Engineering, Stamford, CT.) The cell

. . thickness is~3 mm, so the pipette tip is located 1.5 mm from each

To further test the theory of Rouzina and Bloomfield, we gpiective. we verified that the temperature measurement did not change
now present measurements of the overstretching force aswathin an error of =1°C when the cell was shifted 3 mm so that the
function of temperature. Because increasing temperaturibermocouple was in the same position as the pipette tip.

destabilizes the DNA helix, this theory predicts that the To tether single molecules of DNA, one 4uin-diameter streptavidin-
coated bead (Spherotech, Libertyville, IL) was trapped in the optical

overstretching force will decrease with increasing tempera; =~ - nd then attached by suction to a pipette with a.d»2ip.

ture. The rate of change with temperature is determined bXnother such bead was captured and held in the optical trap while a dilute
the elongation of the DNA upon melting at a particular forcesolution of biotinylated DNA was run through the cell. Once a DNA
as well as the entropy of melting. Thus, fits of the model tomolecule was attached to the trapped bead, the bead on the pipette was
our data can be used to measure the entropy of melting. THaoved toward the trapped bead until the opposite end of the molecule was

. . : ound. The procedure is identical to that described in Fig. 3 of Bennink et
meltlng entropy has been measured Calonmemca‘”y (Blak%. (1999). The tethering buffer was 10 mM Hepes with 495 mM NaCl and

and Demourt{ 1998; BreSIauer et al, 1986; SantaIUCiaS mM NaOH, pH 7.5. All of the experiments reported here were done in
1998), but this measurement is necessarily made at theis buffer.

melting temperature of the DNA, which is generally much To assure that the beads remained connected by at least one strand of
greater than room temperature. Our experiments provide apNA at high temperatures, the DNA used was biotinylated on both ends of

alternate measurement of the DNA melting entropy belovx}h.e same DNA str‘and, rather than on opposite str/ands. To do this, a 69-bp
oligonucleotide with one end complementary to ‘al2-bp overhang of

the te_mperature range normaIIy accessible to Calor'metrxacteriophaga DNA was annealed to one end of the DNA molecule. A
experiments. 30-bp oligo was annealed to thé @&d of the 69-bp oligo to be used as a
Our results from stretching DNA in high and low pH as primer. The DNA was then incubated with biotin-11-dCTP (Sigma Chem-

well as the temperature dependence of the overstretchirigal' Co., St. (’L\IOUiSEMCI’)v(?ABT'T'STTBP’ d?TPM :)”de'g'lL(i”‘l‘?f DN?N
e . . . olymerase ew englan lolapns, beverly, . Igase ew
transition prowde strong evidence that the 0VerStretChIningland Biolabs) was added at 16°C to attach the oligos and repair

trans!t!on is a force-induced melting transition, rather than "%ingle-strand nicks. The labeled strand has four biotin sites spaced evenly
transition between two double-stranded forms of DNA. Thepetween nucleotides 30 and 69 on one end and six biotin sites in the last 12
strong sensitivity of the overstretching transition to temper-base pairs at the other end of the strand.

ature and to the DNA melting point are both clear indica- When a single molecule was t‘zthifed between thhef‘WO bea‘:fv ;°'C§j
tions that the overstretching transition involves a change ir‘iq)(ter‘s'on measurements were made by measuring the force on the bead in
the trap while moving the pipette a known distance. A schematic diagram

?mmpy' and the resulting estimate of .the transition entropyy e experiment is shown in Fig. 1. The absolute extension of the
is very close to that expected for melting. Furthermore, thenolecule was estimated by measuring the distance between the centers of
temperature dependence of the entropy allows determinahe two beads using an image captured with a CCD camera (Edmund

tion of the change in heat Capacity of DNA upon memng' Industrial Optics, Barrington, NJ). The change in pgsition of 'the pipetteT

which is also in good agreement with calorimetric measureyvas meast_Jred using a feedback—comper?sated_plezoelectrlc tran_s_latlon

stage that is accurate to 5 nm (Melles Griot, Irvine, CA). The position

ments. measurement was converted to a measurement of the molecular extension
by correcting for the trap stiffness, which was 623 pN/um. For the
measurements reported here, the pipette was moved in 500-nm steps, and

MATERIALS AND METHODS after each step the force was measured 100 times and averaged, thus
averaging out contributions of thermal motion to the force measurement.

The dual-beam optical tweezers instrument used in this study consists dach step took-0.5 s. At forces below 70 pN, the force-extension curves

two counter-propagating 150-mW, 850-nm diode lasers (SDL, San Josalid not change significantly when the pulling rate was varied by changing

CA) focused to a small spot inside a liquid flow cell with 1.0 NA Nikon the step size from 10 to 500 nm.

water-immersion microscope objectives. The force measurement was cal-

ibrated by applying a known external force to a bead in the optical trap and

measuring the resulting change in bead position using position-sensitvBESULTS

photodiode detectors (UDT Sensors, Hawthorne, CA). After trapping a . . .

bead, the liquid cell surrounding the bead was oscillated at a knowr typical overstretching curve for DNA stretched in the

frequency and amplitude. The amplitude of the observed oscillating forcdethering buffer at 21°C is shown in Fig. 2. The foré¢g (

Biophysical Journal 80(4) 1932-1939



1934 Williams et al.

Laser Light whereb,. is the extension of the molecule per base pair. For

Objective the fit shown in the figure, we obtain a contour length for

: dsDNA of bj* = 0.34 nm/bp, a persistence lengthRyf, =

Polystyrene Bead 50 nm, and an elastic stretch modulusSyf = 1300 pN.

Objective These values are in good agreement with those that have
been reported previously using other optical tweezers in-

Laser Light struments (Baumann et al., 1997; Wang et al., 1997).

The data obtained from stretching dsDNA match this
curve exactly until the force reaches 65 pN, at which point
the force plateaus. The change in force over this plateau is
a few pN as the DNA molecule is pulled tel.7 times its

Glass Micropipette B-form contour length. We believe the plateau represents a
transition from the double-stranded state, the left solid line
FIGURE 1 Schematic drawing (not to scale) of an optical tweezersin F|g 2' to the Single_stranded state represented by the nght
experiment in which a single DNA molecule is stretched between twog i |ine  After the plateau, the force increases rapidly with
poly_styrene‘beads. One bead is held on the end‘of a glass micropipette ta/ | h d d h hich th .
suction, while another bead is held in an optical trap. Two counter- slope that depends on the rate at which the DNA is
propagating laser beams focused to a common point form the optical tragstretched. This part of the transition represents the removal
of the last bonds connecting the DNA strands, as discussed
in the Introduction.

tensi b & beains (o ri th The ssDNA force-extension curve is described by the
\IIDeNr,SAuE el_x Qnsmtn pgrd?se P )furve eg?lns ? ”S? as the fextensible freely jointed chain (FJC) model, which is gov-
elix1s extended fo near 1S norma’ contour [ength ot g, 0 g by the relation (Smith et al., 1992)

0.34 nm/bp. As the force increases to 65 pN, the elasticity
can be described by the extensible worm-like chain (WLC) . 1 =
model. The extension of the WLC in response to an applied by(F) = bg‘:"‘<cotr(2F) - ~)<1 + ) 2
force is described in the limit of high forc8R /KT > 1) by 2F s

(Odijk, 1995)

Polystyrene Bead

DNA molecule

whereF = FP_JkgT is the reduced forcé®*is the contour
1/ keT\¥2 F length per base in sSSDNA, ariRl, is the persistence length
bulF) = ?sax{l - Z(de> + Sd}’ (1) of ssDNA. Experimental measurements of sSDNA stretch-
* ° ing were made by Smith et al. (1996). The measured curve
can be fit well to either the WLC or FJC models by varying
100 the three parameters, with the latter model providing a
n slightly better fit. The actual flexibility of the sSDNA mol-
80 1 ecule is most likely between these two limiting regimes of
polymer flexibility. For ssDNA stretching at pH 8 and 150
60 - mM ionic strength the FJC fit values weRe, = 0.75 nm,
bl = 0.56 nm, and5,; — 800 pN (Smith et al., 1996).
40 The stretching portions of the force-extension curves as a
function of temperature are shown in Fig. 3. The over-
20 - stretching force clearly decreases as temperature is in-
creased, as expected for a force-induced melting transition.
01 : ‘ We confirmed that the sensitivity of the force measurement
0.2 0.4 0.6 did not change with temperature by performing a calibration
b (nm) at the lowest and highest temperatures used. For tempera-
tures below 45°C, all of the force-extension data matched
FIGURE 2 Typical room temperature force-extension (per base pairthe room-temperature WLC curve shown in Fig. 2 at forces
curve for a single quNA molecule ip 500 mM ionic strength buffer. atpH |ass than 40 pN. For temperatures above 45°C, the DNA
7.5. The data obtained while stretching the DNA @nd the data obtained L . . .
when the DNA is relaxedl) are almost identical, so there is very little r_nOIecmeS exhibited partlglly Smgl_e_s_tranded CharaCte”S__
hysteresis under these conditions. The solid line on the leftis the theoreticdICS. We have observed this behavior in many cases, and it
curve for an extensible worm-like chain (dsDNA) with a persistence lengthdoes not affect the overstretching force. Many of these
of 50 nm, a contour length of 0.34 nm/bp, and an elastic stretch modulugnolecules broke while being extended, which may be due to

'of' 1300 pN.' The solid Iing on the right is the curve for an extensible freelysing|e_strand nicks in the DNA strand attached to the beads
jointed chain (ssDNA) with a persistence length of 0.75 nm, a contour d ite the treat t with i d in th
length of 0.56 nm/bp, and an elastic stretch modulus of 800 pN (Smith e( espite the treatment wi Igase) or a decrease In e

al., 1996). The data are interpreted as a transition between dsDNA anBiOtin-streptavidin bond strength with increasing tempera-
SSDNA. ture (Hyre et al., 2000). Due to the difficulty of pulling a

Force (pN)
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80 ' stranded. When stretched at 45°C, almost the entire length
_ ;g of DNA that was stretched remains single-stranded as it is
2 65- relaxed. This shows that even when the DNA molecule is
g 60~ stretched only partially through the overstretching transi-
£ 23 , tion, at high temperatures the two strands do not re-anneal

45 - /‘ on the time scale of the experiment. This hysteresis can be

40 Wi— 4 a T T

explained by the slow recombination kinetics of DNA at
high temperatures. In traditional melting, the recombination
kinetics are strongly affected by the equilibrium concentra-
FIGURE 3 Temperature dependence of DNA stretching in 500 mMmtion of the single strands in solution. In our single-molecule
ionic strength Hepes buffer at pH 7.5. The data are shown as lines betweeéxperiment this concentration is zero, but the local effective
data points separated by 500 nm. The data were obtained at 11fC (' concentration of recombining strands depends on the length

21°C @), 28°C (©), 31°C (), 35°C (1), 40°C (&), 45°C (0), and 52°C . N -
(®). As the temperature of the environment surrounding the DNA iSof the melted portions as well as their diffusion coefficient,

increased, the overstretching force decreases, as expected forforce—indudé/(ﬁ.'i(_:h in turn may S.trongly dgpend on tgmperature. A quan-
DNA melting. For the curves shown at the highest temperatures, the DNAitative understanding of this recombination process will
strand was already partially single-stranded, so at low extensions the forgeequire a separate study.

does not match the otherc_urves. Thg data obtained at Iesgthgn 45°C exhibit To ana|yze the Stretching behavior quantitatively, we
the standard force-extension behavior shown by the data in Flg.Zatforcei,s]ave taken all the curves shown in Fig. 3 and fit the
below 40 pN. All of these curves were obtained when stretching the DNA. . ; ; . . ;
transition region to a straight line. The line matching each
transition was evaluated at its intersection with the WLC
curves for dsDNA and ssDNA. We define the overstretch-
ing force as the force required to stretch a DNA molecule
alfway through the overstretching transition, or half the
length between the dsDNA curve and the ssDNA curve
shown in Fig. 2. The position along the fit line correspond-

0.3 0.35 0.4 0.45 0.5 0.55 0.6
b (nm)

DNA strand completely through the overstretching transi-
tion, especially at high temperatures, many of the curve
shown in Fig. 3 show only part of the transition and do not
extend to high forces.

The stretching and relaxation portions of two force-ex-; " .
tension curves are shown in Fig. 4 as a function of temper'—ng tq the .transmon midpoint was evaluated, and the fqrce
ature. When the DNA is stretched at 35°C, the relaxatiorf. this .p0|r)t, denmed:ovef,stfetc'" for ea}ch temperature IS
curve follows the ssDNA curve from 66 pN to 48 pN before shown in Fig. 5. The maximum error in the overstretching

beginning to re-anneal and become double-stranded. Thfgrce measurement, represented by the error bars in Fig. 5,
: idS the root mean square of the instrumental force measure-

temperature part of the DNA molecule remains Single_ment error and any error due to extrapolation of the curves

Force (pN)
Fovers’tretch (pN)
N
o

0 20 40 60 80 100

Extension (nm) Temperature (°C)

FIGURE 4 The hysteresis between the stretching and relaxation of DNAFIGURE 5 Measured overstretching force as a function of temperature
increases greatly at high temperature. When the DNA is stretched at 35°@t pH 7.5, 500 mM ionic strength®) as measured in this study using
(), the relaxation force[(]) drops from 66 to 48 pN before beginning to optical tweezers. Also shown are the data of Clausen-Schaumann(ég) al. (
re-anneal and become double-stranded. When stretched at 45°@lI{ measured in 150 mM ionic strength using AFM (Clausen-Schaumann et
most the entire length of DNA that was stretched remains single-strandedl., 2000). The solid lines are calculations from our model Wi@), = 60

as it is relaxed 4). As shown in Fig. 2, there is very little hysteresis at cal/K mol bp andAS(T,,) = 24.7 cal/K mol bp using melting temperatures
room temperature. The worm-like chain fit for dsDNkeft line) and the calculated using Eq. 14 for 150 mM ionic streng®) @nd 500 mM ionic

FJC fit for ssSDNA (ight line) with the same parameters used in Fig. 2 are strength (). The fit to the data represents a least-squares fit with the
shown for comparison. constraint thaf,,¢rsiretcn= 0 atT = T,

Biophysical Journal 80(4) 1932-1939
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of Fig. 3. The measured width of the overstretching transichange in DNA heat capacity upon melting, this leads to the
tion remained approximately constanta4 pN. Our results  following temperature dependence of the melting entropy:
agree within experimental error with published data ob- T

tained at 150 mM ionic strength using atomic force micros- AS= AST.) + AC. X In() 5
copy (AFM), which is also shown in Fig. 5 (Clausen- ST P Tm ®)
Schaumann et al., 2000). The uncertainty in our

measurement of the overstretching force is much lower, Sb—lereACp is the change in the DNA heat capacity per base

our data can be used to obtain an accurate measurement g YPON melting, and, is the DNA meltmg temperature.
the melting entropy of dsDNA BecauseAS(T,,) can be measured by calorimetry, our data

provide a measurement &C,. Although AC, has long
been assumed to be negligible (Blake and Delcourt, 1998;
Breslauer et al., 1986; Grosberg and Khokhlov, 1994; Gru-
DISCUSSION enwedel, 1975; Petruska and Goodman, 1995; Santalucia,
If the overstretching transition of dsDNA is force-induced 1998), a number of workers have recently demonstrated that
melting, then the transition forcE, e sveicnShould be a it is finite and positive (Chalikian et al., 1999; Holbrook et
sensitive function of the temperature. The stability of theal., 1999; Jelesarov et al., 1999; Mrevlishvili et al., 1996;
double helix with respect to two single strand$3(T), isa  Rouzina and Bloomfield, 1999). Mrevlishvili et al. (1996)
strong function of the temperature. This is because theneasured\C, = 46.2 = 15 cal/(K mol bp) aff,, = 77°C.
entropy of the highly flexible single strands is significantly Holbrook et al. (1999) measureiC, of short DNA du-
higher than that of the rigid double helix. Thus, increasingplexes to be 57 29 cal/(K mol bp) at 66°C and 93 7
the temperature drastically reduces the duplex stability, andal/(K mol bp) averaged over a range of temperatures be-
leads to its melting at 40—-100°C depending on solutiontween 9°C and 39°C. Measurement of a series of synthetic
conditions and DNA composition. In contrast, the transitionpolynucleotides by Chalikian et al. (1999) yielded an aver-
between any two double-helical forms of DNA should beage value ofAC, = 64.6 = 21.4 cal/(K mol bp). These
practically temperature independent, because such transiheasurements were later shown to agree with thermody-
tions involve the restructuring of intra-strand bonds, whichnamic data on short DNA duplexes (Jelesarov et al., 1999).
have a primarily enthalpic nature. Therefore, our experi- We assume that the total transition free energy can be
mental study of the temperature dependence of the overepresented as a sum of the temperature-dependent transi-
stretching transition should definitively distinguish betweention free energy in the absence of forc®G(T), and a
force-induced DNA melting and a B- to S-DNA transition. force-induced partAd®d(F), which is relatively independent
The phase boundary between the helix and the coil in thef the temperature:

(F,T) plane can be found from the condition of zero total
transition free energy: AG(F, T) = AG(T) + AD(F). (6)

AG(F, T) = 0 3) It can be shown (Rouzina and Bloomfield, 2001a) thaF the

' changes in transition entropy induced by the force within

The slope 0fF e <rercn(T) €an be found by analogy to the Our range of interest are minor compared w_ith its total value.

Clausius-Clapeyron relation from the condition of zero total  ®(F) is a one-dimensional thermodynamic potential anal-
derivative of the transition free energy at the transition090us to the Gibbs free energy and is given by

midpoint, dAG,,(F,T)/dT = 0:

d Foverstretch_

oT Ab(F,T) 4)

0

: - . This free energy can be obtained by direct integration of the
\évr?;r:g eAi Itshéhleenzrt]:]r?)?{hzfr;r;?etcrlejlgs;)t:a()rnk;aas,rfge;isr kt)r(]e(teweeWLC or FJC cgurves shown in Fig. 2. The force-dependent
the helix and coil states (Smith et al. 1996). Here we havr—f?ee energy change from the helix to coil state is therefore
used the relationASF,T) = —dAG(F T)/dT and F
Ab(F,T) = —dAG(F,T)/dF (Rouzina and Bloomfield, AD(F) = _f
2001a) for the transition entropy and elongation. Both quan-
tities should be taken at the force and temperafd(€ sietch
(T) of the transition. These quantities can be calculated fronin Fig. 6 A we preseniA®(F) obtained numerically accord-
the WLC curves of Fig. 2. ThusAS can be obtained by ing to Eq. 8 using a FJC fit to the experimental stretching
fitting the data in Fig. 5 to Eq. 4. curve of ssDNA measured at room temperature and 150
If ASis not a function of temperature, the data shown inmM ionic strength (Smith et al., 1996) and a fit of the

Fig. 5 should be linear. However, if there is a significantextensible WLC model to our room-temperature dsDNA

[befF’) — baF")JdF". (8)

0
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05 where
A
—~ 0~ AH(T) = AH(T,) + ACK(T — Ty). (20)
Q.
% 057 We expand Eg. 5 to obtain
E -1
%_154 _ T-—Tn (T—Tw?
K] .2 AS(T) = AST,) + AC, T o, )
g -2.5 Gty
) Substituting Egs. 10 and 11 into Eq. 9 gives
-3 T T T T
0 20 40 60 80 100 AG(T) = AST)(To — T) — AG, (T- Tm)z'
Force (pN) 2 T (12)
In Fig. 6 B we present the free energy of melting as a
2 B function of temperature as calculated from Eq. 12 with the
. parameters from our fit obtained below. Combining Egs. 3,
g 154 6, 8, and 12 gives the following quadratic equation:
K]
£ AC, (T — Ty
E 1 A(I)(Foverstretci) + AS(T )T —T) — Tp-l—im =0
m
= (13)
O 0.5 A
< Specifically, AQ(F gy ersiretch 1S Obtained by numerical inte-
0 gration of Eqg. 8. We then use the values from this calcula-

tion to numerically solve Eq. 13 foF(F,,ersiretch- NOte that
0 20 40 60 80 100 A(I)(Foverstretca =0and thereforgoverstretch: OatT = Tm'
Temperature (°C) We then varyAC, andAS(T,) and perform a least-squares
fit to the data for each value of these parameters. For our
FIGURE 6 () Force-dependent part of the transition free enexdyF) calculation we used a theoretical value for the melting

between dsDNA and ssDNA as a function of applied force. The line istemperature of\. DNA in 500 mM ionic strength buffer
calculated by integrating the curves shown in Fig. 2 using Eq. 8. At low

forces, the double-stranded state is energetically more favorable, but as tl(glake and Delcourt, 1998):

force is increased the single-stranded state has a lower en&)lrée oy _
energy of melting at zero forc&G(T) of dsDNA calculated using Eq. 12. Tn(°C) = 193.67 (3.09— X5c)[34.47— 6.52 logl)(]i4)

The overstretching transition occurs whad = —AG.
wherel is the ionic strength angl; is the average GC base
composition, which is 0.5 fon DNA. The results of the

stretching curve measured in 500 mM ionic strength. Ther&@lculation withT,, = 99°C are shown as solid lines in Figs.
are no experimental data on ssDNA stretching at 500 mM and 8. The curvature in the fit at low forces is due to the
ionic strength and the temperatures used in this studych@nge in sign oA®(F), as shown in Fig. &. We obtain
According to fluorescence recovery after photobleaching"® Pest fit with a value cA(T,) = 24.7= 1 cal/mol K bp
(FRAP) experiments, the persistence length of ssDNAANAAC, = 60 = 10 cal/mol K bp. This corresponds to a
changes from~10 A to ~7 A between 150 mM and 500 melting entropy at room temperature of 10.3 cal/mol K bp.
mM ionic strength based on the FIC model (Tinland et al. These values are in agreement with the calorimetric mea-
1997). This should increase the work required to stretcifurements cited above. The data of Clausen-Schaumann et
ssDNA by only a few percent. It is known that the temper-&l- (2000), which was measured in 150 mM ionic strength
ature usually decreases the persistence length of a polymbfing AFM, also fit well to our model (Fig. 5) by changing
as P(T) ~ 1/T (Grosberg and Khokhlov, 1994), so the only the valqe ofT,,, as calculated using Eq. 13. AIthqugh
relative change in persistence length is small over the tenfn€ data points all lie between the reported error in our
perature range reported here. Thus, the temperature afgeasurement ad(T,) andAC,, there is no single value of
ionic strength difference between the data used for oufCp that gives a perfect fit. This is most likely due to a

calculation and the conditions used in this study should hav¥ariation of AC, with temperature. Holbrook et al. (1999)
only a minor effect omA®(F). report a significant increase IiAC, as temperature is de-

The free energy of melting is given by creased, which would give an increased curvature to the
predictions ofF ¢ sreickdS FOOM temperature is approached
AG(T) = AH(T) — TAS(T), (9) from above in Figs. 5, 7, and 8. However, we do not have
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CONCLUSIONS

In this work we have measured the DNA overstretching
transition force as a function of temperature. We have
shown that destabilizing the DNA double helix by increas-
ing its temperature causes a decrease in the overstretching
force, as is expected for a force-induced melting transition.
We have applied the force-induced melting theory of
Rouzina and Bloomfield (2001b) to predict the change in
overstretching force with temperature. We find excellent
agreement between theory and experiment and obtain an

Foverstretch (pN)

0 T T T T A4
0 20 40 60 80 100 accurate measurement of the change in heat capacity of

DNA upon melting AC,,. This measurement is in agreement
with reported values obtained using calorimetry.
FIGURE 7 Predicted temperature dependence of the overstretching tran- Ou_r_data support the mterpre_tatlon of the _OverStret_C_hmg
sition. The measured data#( are fit well by our modellpwer solid ling  transition of dsDNA as a force-induced melting transition.
with AS = 24.7 cal/K mol bp and\C,, = 60 cal/K mol bp. Also shown are  In addition to the agreement between the prediction of the
fits with AC, = 50 cal/K mol bp @pper dashed lineandAC, = 70 callk  temperature dependence of the overstretching transition and
mol bp (ower dashgd lingto |Ilgstrate the error in our measurement of. the measured data, we also see significant hysteresis at high
AC,. Also shown is the predicted temperature dependence assumln{; t h the DNA double helix is destabilized
AC,, = 0 (upper solid ling. The fit to the data represents a least-squares fit empera ures, when the ouble helix 1s destabilized.
with the constraint thaF g ersyecn= 0 atT = T, At high temperature, a DNA strand that was stretched only
partially through the overstretching transition relaxed as
almost completely single-stranded DNA, whereas at room
a model to explain this temperature dependence, so we ha\;(émﬁerature there W:S verg little h%/s:]ereas. .
not included it in our calculations. T e temperature depen ence o the overstretching tran-
In Fig. 7 we also show the calculated overstretching forces'ft'ohn also supporr]t_s our earlier work”_on the pHI dependence
assumingAC, = 0 and usingAS(T,) = 25 cal/mol K bp of the overstretching transition (Wi |ams_et al., 2001). In
from calorimetric measurements (Blake and Delcourt, 199gthat work we found that the overstretching force closely

Breslauer et al., 1986; Santalucia, 1998). This clearly demfollowed the melting temperature in its dependence on
onstrates that the large positive valueAsE, has a strong solution pH. Based on that data we were able to determine

effect on the stability of DNA. In fact, DNA is 30% less the melting entropy of DNA at room temperature. The value

stable at room temperature than would be predictesiC of 9.5 cal/m_ol K bp ol_Jte_lined from the pH dep_endence of the
were zero. overstretching force is in good agreement with the measure-

ment of 10.3 cal/mol K bp obtained in this work from the
temperature dependence of the overstretching transition.
Our primary evidence for the force-induced melting
model is the quantitative prediction of the temperature de-
pendence of the overstretching transition from first princi-
ples, which yields reasonable values for the relevant calo-
rimetric parameters. Our model is also supported by its
ability to explain a large collection of independent experi-
mental data. This includes the observed transition hystere-
sis, the pH dependence of the transition, the cooperative
nature of the transition, and the ionic strength dependence of
the transition. In contrast, although our prediction comes
0 T ‘ ‘ ‘ o from first principles, the existence of the overstretched
double-stranded S-DNA is mere speculation, because all of
0 20 40 €0 80 100 the modeling studies predict that dsDNA overstretching
Temp (°C) should happen much less cooperatively and at forces almost

, , an order of magnitude higher.
FIGURE 8 Predicted temperature dependence of the overstretching tran-

sition. The measured data#( are fit well by our model folid ling)

assumingAS = 24.7 cal/K mol bp andC,, = 60 cal/K mol bp. Also shown

are fits withAS = 25.7 cal/K mol bp ¢pper dashed lineandAS = 23.7 We thank Prof. Matthew Tirrell and the University of Minnesota Center for
cal/K mol bp {ower dashed lingto illustrate the error in our measurement Interfacial Engineering for funding and assistance in starting the optical
of AS The fit to the data represents a least-squares fit with the constraintweezers project. We are grateful to Drs. Steve Smith and Christoph
that Foyersiretcn= 0 atT = T, Baumann for help with protocols and instrument-building advice. We also

Temp (°C)

Foverstretch (pN)
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thank Dori Henderson for taking the time to make a number of glass and transition state energetics of the streptavidin-biotin sys&eotein
micropipettes for use in our experiments. Sci.9:878-885.
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