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Force-Induced Melting of the DNA Double Helix
1. Thermodynamic Analysis

loulia Rouzina and Victor A. Bloomfield

Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, 1479 Gortner Avenue,
St. Paul, Minnesota 55108 USA

ABSTRACT The highly cooperative elongation of a single B-DNA molecule to almost twice its contour length upon
application of a stretching force is interpreted as force-induced DNA melting. This interpretation is based on the similarity
between experimental and calculated stretching profiles, when the force-dependent free energy of melting is obtained directly
from the experimental force versus extension curves of double- and single-stranded DNA. The high cooperativity of the
overstretching transition is consistent with a melting interpretation. The ability of nicked DNA to withstand forces greater than
that at the transition midpoint is explained as a result of the one-dimensional nature of the melting transition, which leads to
alternating zones of melted and unmelted DNA even substantially above the melting midpoint. We discuss the relationship
between force-induced melting and the B-to-S transition suggested by other authors. The recently measured effect on T7
DNA polymerase activity of the force applied to a ssDNA template is interpreted in terms of preferential stabilization of dsDNA
by weak forces ~7 pN.

INTRODUCTION

Application to DNA of the powerful new technique of high forces if an extensive dissociation of the two strands
single molecule manipulation with optical tweezers has ledrom each other occurred at the transition force. This argu-
to the discovery of a striking overstretching transition ment was later strengthened by measurement via atomic
(Smith et al., 1996). Under moderate foréesid extensions force microscopy (AFM) of the stretching profiles of
x up to their contour lengths, the double-stranded (ds) and-DNA and of synthetic alternating AT and GC DNAs
single-stranded (ss) forms of DNA can be characterized afClausen-Schaumann et al., 2000; Rief et al., 1999). It was
slightly extensible worm-like chains (WLC) and freely shown that, while the overstretching plateau seemed to be at
jointed chains (FJC), respectively (Marko and Siggia, 1995gquilibrium, the actual unbinding events happened at rate-
Smith et al., 1992, 1996). But at a force of about 65 pN, theand sequence-dependent forces in the range 150-300 pN,
dsDNA elongates to about 1.7 times the normal B-DNAmuch higher than the transition force. Therefore, DNA
contour length (see Fig. 1). The transition is highly coop-overstretching was attributed (Clausen-Schaumann et al.,
erative, the width of thé — x plateau being only a few pN. 2000; Cluzel et al., 1996; Rief et al., 1999; Smith et al.,
At forces above the overstretching plateau, the dsDNA1996) to a double-stranded form, nearly twice as long as
extension profile converges to that of ssDNA, eventuallyB-DNA, called S-DNA.
approaching the ssDNA contour length. This idea inspired several molecular modeling studies of
The convergence to the sSDNA- x curve and contour  S-DNA (Konrad and Bolonick, 1996; Kosikov et al., 1999;
length led initially to the speculation that dsDNA could be | ebrun and Lavery, 1996). Despite differences in details of
converted to ssDNA (i.e., melted) in the course of themolecular structure and energetics, these studies agree that
overstretching transition (Marko and Siggia, 1995; Smith elB-DNA can be stretched to about twice its normal length
al., 1996). This possibility was discarded because of twayithout losing interbase hydrogen bonding, but giving up
arguments: (i) the overstretching transition seems too coopahout every other base stacking interaction. The calculated
erative for a common melting process; and (ii) dsDNA is deformation energies per base pair of the resulting S-DNA
able to withstand forces up about 150 pN, much larger thagre about 10 to 20 kcal/mol or 17 to 84T whereks is the
the overstretching force of 65 pN. Since the double-strande@gltzmann constant and the Kelvin temperature (about
A-DNA molecule in these experiments was pulled on its twopgs K at room temperature). However, these transition
different single strands by attachment of polystyrene lateXnergies are about an order of magnitude higher than those
beads to the Soverhangs at each end, it seemed virtuallyestimated from the experimental stretching curves, and the
impossible that the two strands would not separate at Suctliboperativity of the modeled B-S transition is much less
than is seen experimentally. Both of these discrepancies
were attributed to the limitations of the finite size, periodic
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the experimental dsDNA and ssDNA stretching curves can 100
be used to obtain the force-dependent contributions to the
free energy of the transition between the helix and coil
states of the molecule. Comparing the force-induced desta-
bilization free energy with the free energy change of DNA
melting without an applied force, we conclude that melting 60
of B-DNA should occur at 60 to 80 pN of applied force.

In the following section, “Application of helix-coil tran-
sition theory,” we use the force-dependent transition free
energy to calculate the fraction of helix and coil base pairs
as a function of the force, using Bragg-Zimm theory (Zimm 20
and Bragg, 1959). This allows calculation of the complete
DNA stretching profile, which exactly superimposes on the 0 parararat it
measured — x curve with a plausible choice of the coop- 0 01 02 03 04 05 06 07
erativity parametew. Then, in “Cooperativity of melting b, nm
and the overstretch transition,” we interpoein terms of the
standard theory of DNA melting, which involves consider- FIGURE 1 Force as a function of extension per base pair for the single-

ations of boundary free energies, DNA sequence heterogégranded,thm solid ling and double-strandedigshed ling DNA. The

. X atter was obtained as an extension of the experimental dsDNA stretching
neity, and loop ?ntmpy- We show that the observed width lof:urve, assuming no overstretching transition, according to slightly exten-
the overstretching transition agrees reasonably well withsible WLC theory. Thebold solid lineis the DNA stretching curve,
expectations from a melting transition. In the section onassuming force-induced melting, calculated according to Eq. 3Avit{f)
“Hysteresis and kinetic effects,” we discuss the impncationsobtained by numerical integration of the ssDNA and dsDNA stretching
of one-dimensional phase traﬁsition theory, and of hysterez-"’c> according to Eq. 4. The parameters 5@ = 2.3 kT, ~ 1.36

X i . p i N Y Yy ek(:al/mol ands = 8 X 10 4. The arrows mark two characteristic forces: the
SIS and k!qet|c effects, for mterp_retanqn of the O_VerStretCh'crossoverforce‘c,, at which ssDNA and dsDNA have equal extension, and
ing transition. Finally, in the Discussion, we discuss ourf,, at which the overstretching transition occurs. Data from Smith et al.
results and the potential relevance of S-DNA. We note thaf1996) onA-DNA, taken at pH 8, 150 mM NaCl, room temperature.
the B-DNA to S-DNA transition might well occur if DNA
is complexed with a protein that rigidly fixes the over-
stretched conformation, thereby reducing the entropy gaitengthb:
that drives the transition to the coil state.

. . . b
In the accompanying paper (Rouzina and Bloomfield, F(b) = j f(b')db. @

80

f, pN

40

2001), we discuss the application of these ideas to over-

stretching behavior as a function of solution conditions,

including variations in temperature, pH, and ionic strengthThis is analogous to the Helmholtz free energy if one substitutées b

All of these factors affect the melting behavior of DNA, and and P for —f. F(b) is always positive and equal to the area under the

thereby modify its force-extension behavior in a way thatequilibriumf(b) curve (Fig. 2). o _

can be theoretically predicted and Compared with experi- The other thermodynamic potential is analogous to the Gibbs free
. i energy and is related t6 b

ment. These results provide additional support for the prop- o Y

osition that the overstretching transition in DNA is a force- O(f) = F(f) — - b(f)

induced melting transition.

0

b(f) i
=[ f(b')db' — f-b(f) = —jb(f’)df’. )
0 0

THERMODYNAMICS OF FORCE-INDUCED

B-DNA MELTING The —fb(f) term is the negative potential energy in the external field
(Fixman and Kovac, 1973). The third equality in Eq. 2 expresses the free
Free energy of a macromolecule subject to an energy as an integral over the force rather than the exten®idncan be
applied force graphically presented as a negative of the area undeb(fheurve, or
above thd(b) curve, as in Fig. 2. The equalities 1 and 2 can also be written
In this section we show how to use the experimental stretching curves imn differential form aséF = féb and 6® = —bdf.

Fig. 1 for dsDNA and ssDNA to characterize the effect of the applied force  Minimization of the appropriate thermodynamic potentigb, f) or
f on the relative stability of these two forms. All energies and lengths ared(b, f) yields the equilibrium stretching profile. For different experimental
calculated per base pair, &) is the average equilibrium projection of a setups, one or the other of these potentials will be more suitable. A
base pair in the direction of the applied force, equal to the end-to-endhanomechanical device such as an optical tweezers or AFM usually con-
extension of the molecule divided by its number of base pairs. trols the molecular end-to-end extension and measures the average force.
Two potentials can be used to describe the state of a macromolecul€ontrol of the applied force through a feedback loop by adjusting the
stretched by an applied force. One is the free energy at a given extensioextension is also possible (Wuite et al., 2000). But even when the instru-
equal to the work done by the force in stretching the molecule to the fixedment fixes the end-to-end extension, different parts of the molecule can
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100 , often depend on the pulling rate, since most structures seem inextensible
only on a certain time scale.

80
Force-dependent contribution to the transition
free energy
60
ZQ_ f' According to Eq. 2, the state of the polymer with the larger end-to-end
O / extension will experience a greater reduction in Gibbs free energy and will
401 / be preferentially stabilized at any given force. The corresponding contri-
bution to the transition free energy between the two states can be calculated
- O(f ) as
20¢
f
F(b AD(f) = @, — Dy = — [ [by(f") = by(f)]df".  (4)
0] o e NN 1|1r|xl\(||l1|x|
0 01 02 03 04 05 06 0.7 0
b, nm b' We can obtain analytical estimates & (f) from the equation for the
extensible worm-like chain (WLC) model (Marko and Siggia, 1995; Smith
FIGURE 2 Two kinds of thermodynamic free energies characterizinget al., 1996):
the molecule under tension—the Helmholtz free eneifgffp), and the 1 1
Gibbs free energyd(f)— calculated as integrals of the equilibrium stretch- f 1] + 5 (5)

(1+fK—-b?

Heref = fAlkT, b = b(f)/b™is the relative extension of the molecule in

the direction of the applied forcb"®*is the length per bp, i.e., the contour
deform independently from each other, so that only the total extension i¢ength of the molecule divided by the number of Bpis the persistence
fixed, while the extension of any particular part of the molecule canlength, anK is the elastic modulus allowing for the linear extension of the
fluctuate. Such a situation occurs, for example, when multiple weak bondsnolecule beyond its contour lengt.includes the effects of the molecular
in the molecule gradually yield, or when a polymer with conformational elasticity of the nonentropic nature, which can become important at high
flexibility is stretched. Such is true of DNA undergoing the overstretching forces. Eq. 5 is an interpolation formula between the two analytical limiting
transition at a defined force. The fixed molecular extension in this case isases of lowf << 1,
a weighted average of its extensions in the two possible sha§sand

ing curve,f(b). 4

b(f): b= 27, (6)
b(f) = O(fby(f) + [1 — O(F)Jou(f). Q) and highf > 1

Here®(f) and 1— O(f) are the fractions of base pairs in the first and second N 1 f

states (e.g., helix and coil, or B and S). Th@sjs an internal degree of b=1- PN + R (7)

freedom, which allows the molecule to extend gradually at constant force (4f )

along its length, while high cooperativity of the transition is ensured by the
large boundary energy between the two states.

Formally, minimization ofF(b) with respect to internal degrees o
freedom of a molecule under the constraint of fixed end-to-end extensio
b(f) is equivalent to minimization ofb(f), if force is used as a Lagrange LG wie
multiplier to extension, Eq. 2. In other word€(f) is an appropriate 1§vOL(’:“M NaCl, the parametehs =0.61 nmA;™" = 1.05 nm, and
thermodynamic potential of the molecule in the case of constant force/<ss ~ — 1000 = 100 pN represent the data fairly well.

Minimization of d(f) for the freely jointed chain and wormlike chain have A Slightly better fit for ssSDNA can be obtained with the FJC model
been performed analytically, and explicit expressions f{bj obtained 1
(Birshtein and Ptitsyn, 1966; Fixman and Kovac, 1973; Marko and Siggia, 6 - [COtI’(Z]?) —
1995). 2f

Thus, in DNA stretching experiments the force, rather than extension, is
the macroscopic variable under experimental control and defined throughwhich in the low and high force limits gives
out the molecule. Therefore, the phase transition between the two states

The best-fit parameters for the B-DNA double helix &F> = 0.34
£ Nm, Ay =50 = 5 nm, andKys = 10q0i 100 pN. The change from low
{o high force behavior should occurfat 1, i.e., atf ~ kgT/A = 0.08 pN.
The fit to the WLC model for ssDNA is not quite as good, but in high salt,

f
1+R' (8)

occurs when their Gibbs free energies become equal at the particular b=f 9)
transition forced,(f,,) = ®,(f,,). Such a transition is characterized by
abrupt molecular elongation. and

In contrast to the above scenario of gradual molecular stretching, there 1 f
can arise a situation in which all of the soft degrees of freedom in the b=1- -4+ (10)
molecule are pulled out. Further extension can proceed only by abrupt 2% K’

yielding of the structure. Extension of the molecule at the transition point

then is a definite, nonfluctuating quantity. The transition itself is deter- respectively. For the FJC model the best-fit parameterbigte= 0.58 nm,
mined by equality of the Helmholtz free energies of the two phases at thé\,, = 0.7 nm, andK., = 900 = 100 pN. The value oAY-“/AFJC =
particular extensiorb*, when F,(b*, f;) = F,(b* f,). The molecular =~ 1.05/0.7= 1.5, as expected from the low force expansions in the two
stretching curve in this case displays an abrupt drop in ford#.abuch models, Egs. 6 and 9. The valuekbftomes from the AFM study of Gaub
jagged force-versus-extension curves are typical of many molecules an(Rief et al., 1999), in which forces up to about 800 pN were applied. The
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transition between low and high forces comes at about 6 pN. Note fronmshortening of DNA and other polymers upon melting with application of a
Fig. 1 that dsDNA is already well into the high force regime at this point. weak force has been observed experimentally (Rupprecht et al., 1994, and

Single-stranded DNA is probably neither purely WLC nor FJC, but early references in Birshtein and Ptitsyn, 1966), and considered theoreti-
rather has some intermediate rotational-isomeric flexibility (Birshtein andcally (Birshtein and Ptitsyn, 1966; Buhot and Halperin, 2000).

Ptitsyn, 1966; Grosberg and Khokhlov, 1994). In addition, its persistence In contrast, it follows from Egs. 7 and 10 that at high fordesx 7) pN,
length increases strongly in low salt (Smith et al., 1996; Tinland et al.,the DNA duplex is destabilized by the amoux ~ —(bIi™ — bi)f +
1997). In this paper we consider high salt behavior, but in the accompaeonst, in accord with our numerical results presented below. Thus the
nying one (Rouzina and Bloomfield, 2000) we consider effects of ionic application of a weak stretching force causes a maximum in the relative
strength variation. stability of dsDNA (Fig. 3a).

Diffusion measurements on ssDNA in high salt (Tinland et al., 1997) Simple analytical results are obtained only at low and high forces. In
yield AZJC = 0.8 if b is fixed at 0.43 nm. The latter estimate is in Fig. 3a, we presentAd(f) for the entire range of forces, calculated
reasonable agreement withJ¢ determination from ssDNA stretching numerically according to Eq. 4 from the experimental stretching cutises
curves (Rief et al., 1999; Smith et al., 1996). However, this persistencéor dsDNA and ssDNA in Fig. 1.
length is significantly lower than the high salt value of 1.5 to 2 nm  Consider first the case in which only one of the two ssDNA strands
measured by transient electric birefringence (Mills et al., 1999) for un-remains intact and able to exert tensisnl{d linein Fig. 3a). One can see
stacked poly(dT) ssDNA with the rise per base flf*= 0.5 — 0.7 nm. that forces=15 pN stabilize dsDNA relative to ssDNA. This stabilization
Poly(dA) ssDNA stacked at 4°C has even higig® = 5.2 nm and
bM@* = 0.32 nm. This strong disagreementify “values most likely is due

to a significant number of hairpins that form in the long natural ssDNA at 0 20 40 60 80 100
low forces. Pulling out a DNA hairpin requires up to 10-15 pN force L o e L L e
according to recent studies (Essevaz-Roulet et al., 1997a, 1997b; Rief et al,
1999); see “Unzipping the double helix” section below. This force should cr
strongly depend on DNA sequence and solution conditions. Indeed in a
recent study (Maier et al., 2000) it was shown that sSSDNA with the higher >
GC content required a few pN stronger stretching force=t10 pN. _ ’_Q..
Therefore the FJC is not a very good physical model for natural sSSDNA ;n - gl
stretching at low forces. The fitted value AfJ° should underestimate the =~ z
actual ssDNA persistence length. Also it seems that the FJC model beg 2L e
comes inapplicable at the very high forces 100 N < 800 pN studied g
experimentally with AFM by Gaub et al. (Clausen-Schaumann et al., 2000; i
Rief et al., 1999), when ssDNA extends with significant bond deformation. 3L ©
Despite the physical inadequacy of these simple models, we can in
practice use either Eg. 5 or Eqg. 8 to analytically represent the measured
ssDNA stretching curve in the range of interest 100 pN. We calculate gl v e e
the Gibbs free energy of a chain from Eq. 2 and the low and high force 0 f 20 40 60 80 100
limiting expressions fof(b) from the WLC Egs. 6 and 7: A cr f, pN
f Tphmax 0.3 0.3
PME(F) = — | b(f")df" = — k.% A f2, (11) one melted strand < ApMax
o £ oo | under tension T 0.2
. e .
max 1 " -~
q)WLC(f) — _bma)cf+ kBT'i'fl/Z_ibmax‘fz, (12) “:/w 0.1} / \ - 0.1
A 2K < / two melted strands
' under tension
and from the FJC Egs. 9 and 10: e 0 0
ke T ™ T ooal / 4-0.1
FJ _ JF2 —_ .
Df) > A f5 (13) =
T b L < 02 {-0.2
FJ _ ma: P Ty pmax, f2
V) =~ + e In(F) — S B2 (14) P N A P
0 f 20 40 60 § 80 100
Therefore, the force-dependent difference in Gibbs free energy of theB cr f,pN ov

two states in the low force limit is
FIGURE 3 @) Force-dependent contributiod®d(f), to the Gibbs free
praA bmaXAdS) (15) energy of DNA melting, obtained by numerical integration of dsDNA and
b ds ssDNA stretching curves according to Eq. Qolid and dashed lines
correspond to DNA melting into a state with one or two single strands
for the WLC model. (The Gibbs free energy difference using FIC param-under tension, respectively. The crossover forces and corresponding max-
eters is 3/2 this value.) In this regimed > O, i.e., the double helix is ima in transition free energy are marked by arrows. Experimental
stabilized by a small applied force, because the ssDNA extension is smalle@longation per base pakb(f) = b.(f) — byJf) as a function of applied
than that of dsDNA. That ih.{f) — by(f) = (kg T)(bsAss — byAgd < force. Maximum elongatiodb™®* = Ab(f — «) corresponding to com-
0, due to the much shorter ssSDNA persistence lengthfA,s ~ 0.015, pletely stretched dsDNA and ssDNA is marked by an arrow. Elongation at
despite its longer contour length,/by, ~ 1.7. The phenomenon of the the transition forceAb® = Ab(f,,) = 0.22 nm.

2

AD = Oy — Oy = _ﬁ'(
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is moderate and reaches its maximad(f.,) =~ 0.23kgT = 0.14 kcal/mol of melted regions in it will be a weighted average. In other words, the
atf, =~ 7 pN andT = 295 K. At this force the derivativeAd/of = actual force-dependent contribution to the transition free energy will lie
—Ab(f) = —[b.{f) — by{f)] changes its sign, i.e., sSSDNA becomes longer between the two limiting cases given by the solid and dashed lines in Fig.
than dsDNA, as seen in Fig.t8 The crossover forcé (Ab = 0) is an 3a. Some information on the actual configuration of the two melted
important parameter, which lies between the two characteristic forces fostrands in\-DNA can be obtained from the salt dependence of the over-
ds- and ssDNA, i.ekgT/Ay < f < kgT/Ass As discussed abovég has a stretching force, which will be discussed in the following paper (Rouzina
meaning of an apparent persistence length, which can include the effect @nd Bloomfield, 2001).
the hairpin formation in ssDNA at low forces. Since flexibility of both The alternative case of torsionally constrained DNA leads to DNA
forms of DNA depend on solution conditions such as salt, temperature, pHoverstretching at much higher force, about 110 pN (Clausen-Schaumann et
etc., specific value of,,, as well as maximum dsDNA stabilization by al., 2000; Leger et al., 1999; Marko, 1998). We believe that the overstretch-
force, A®(f,,), should also vary with these parameters. ing transition in this case is still a force-induced melting. Thé5 pN

At higher forcesAb(f) > 0 and saturates (see Figurd)3In the range  increase in the overstretching force in this case has two causes. The first is
of forces where the transition happens, 60—80 ANis almost constant  that both melted DNA strands are under tension along their whole length.
with a valueAb, ~ 0.22 nm. ThereforeAd becomes a linearly decaying The second cause is even more significant: the melted strands of torsionally
function off, constrained DNA are at a huge entropic disadvantage compared to the

torsionally unconstrained single strands. These issues will be treated in a

AD(f) = —Aby(f — f*) = 0.8kT — Abyf. (16)  separate publication.

Eq. 16 is convenient for the estimates of the force-induced destabilization
of dsDNA relative to ssSDNA. However, in our calculations of the complete Force dependence of WLC and FJC entropy
DNA overstretching curves below, we will use the exact formAdi(f),
given by Eq. 4 with numerically integrated experimertiglf) and by{{). High force has only minor effects on dsDNA structure until it over-
stretches. But forces typical of the overstretching transitfos, 65 pN,
may significantly reduce the entroi8of ssDNA. This is a major factor in
Stretching of one or two melted strands understanding the energetics of DNA melting. In the intermediate range of
forces 15 pN= f = 100 pN when all hairpins are pulled out the entropic
So far we have considered stretching just one single strand in the meltegolymer model of ssDNA elasticity should adequately describe its physical
state of DNA, but two single strands are produced upon dsDNA melting.nature. Then the analytical expressions f{f) obtained above allow
Here we should note that in this paper we consider only stretching of thezalculation of the effect of force on polymer entropy. At high forces for the
torsionally unconstrained DNA, in which the two strands can freely rotateWLC model one obtains
around each other. Such a situation is realized when at least one single-
stranded end of the DNA is unattached, or DNA has at least one single- ~
stranded nick. In the regular optical tweezer experiments DNA remains SNLC(f) == oT = —ke(1 - V/Z)T fy2. (18)
torsionally unconstrained even if there are no free ends or nicks in it,
because DNA is attached to the polystyrene beads, which are free to rotafgere we used Eq. 12 and took into account that only its second term
within the laser trap. depends on temperature. In addition to the explicit dependen@&ihis
For the torsionally unconstrained DNA, two qualitatively different term contains the persistence lengttwhich behaves witf as (Grosberg
situations are possible. First, melting can proceed from the free end of ongnd Khokhlov, 1994):
strand or a nick, so that only one strand is under tension while the other is
relaxed. Second, the melted fragment can nucleate to form an interior r 1w
ssDNA region, so that both melted strands are under tension. In actual A(T) = E = A(Tr)(-l-> . (19)
stretching experiments with polymeric DNA, both types of melted regions

should coexist. Therefore, a significant fraction of melted DNA exists in aperex(T) = «(T,) - (T/T,)” is the weaklyT-dependent bending elasticity of

state of the first type, which has a force-dependent free energy of singlghe polymer in units of energylength, andT, is a reference temperature

strand stretching and leads AsP(f) given by the solid line in Fig. 3. (~room temperature). The powér| is small, <1, so the dominan®
On the other hand, in melted regions of the second type, the force tQependence of is ~1/T.

stretch two parallel single strands should be twice the force needed to The FJC expression fob(f), Eq. 14 yields an only slightly different

extend one single strand to the same extension, fhg(h) = 2f.(b). result for (f):

Therefore, the force-dependent part of free energy for the melted state can

be found from the experimental stretching curve of the single DNA stand 9Pprc ks max

as follows: S = — T T E(l — V/Z)T In(f). (20)

Bsd12) 72 Egs. 18 and 20 give the force-induced entropy reduction per base pair (or
Do) = 2f(b")db’ — fo(f/2) = =2 b f')df". base) of a WLC or FJC polymer. The reductionA™**fold larger per
0 0 persistence length. Sincefat 65 pN,f., = 11>> 1, SHAD™™ ~ —1.5
a7 kg; i.€., the backbone degrees of freedom in the WLC or FJC models for
ssDNA are completely pulled out by this force.
The dashed line in Fig. & showsA®(f) = dy(f) — D,.{f). This force- For comparison, the conventional thermal melting transition in poly-
dependent contribution to melting free energy applies to the case of DNAmeric DNA at high salt has an entropy increase per base pair of:
with no free ends or nicks, but with the rotationally unconstrained attach- cal
ment. Obviously the force-induced destabilization of the double helix is
much weaker in this case, since it is harder to extend two single strands A = S‘gs N S‘gs =25 mol - K = 12.5ks. (21)
compared to one. As follows from Fig.&8 the DNA melting forcef,, in
these two cases should differ by20 pN. This means that about exp(12.5) 2.7 - 10° degrees of freedom are
Since the force along the whole molecule is everywhere the same, whiléberated upon melting of the single DNA base pair. This corresponds to
the extensions are additiva®(f) for the whole molecule with both types about 6 independent rotations per nucleotide, or 12 per basepair;Bith

WLC max
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preferred rotational-isomeric states for each bond (Cantor and Schimmetension, we can introduce the force-dependent free energy
1980). On this scale, the force-induced entropy reduction of a single strangyf the DNA melting transition:
9. = —1.4kg, is minor, whereas for dsDNA it is essentially negligible:

S = —0.2kg. The net effect of the overstretching force on the entropy of AG(f) = G{f) — Gydf) = AD(f) + AGP = AD — AD(f,,),
the DNA melting transition is therefore a reduction fra®°® = 12.5k to (25)

AS= (12.5— (1.4 — 0.2)kg = 11.3kg = 22.6 cal/mok K. This estimate
gives the upper bound of the effect, since it uses the FJC model of ssDNAvhich can be used for a complete description of melting
with the lowest estimatgd value Agsand assumes = 0 in Eq. 20. T.hiS within the conventional |sing model theory (Grosberg and
result allows us to con5|de_r force-induced DNA meltlng as essentlally thq(hokhlov, 1994: Vedenov et al., 1972; Zimm and Bragg,
same process as conventional thermal melting, to which the force |ntr01 ni . | f ictl licabl | h
duces only a minor perturbation. 959). In its simplest form, strictly app icable only to sin-
gle-stranded homopolymers, the theory involves only two

parameters,

AG(f) 2AG,
s= exp(kBT) ando = exp(— KT > (26)

Beresis the equilibrium constant for converting a helical
melting transition without forcG° = G2, — GY¢ residue to a coil residue at the end of a helical segment, and
o is the cooperativity parameter determined by the extra
AD(f,) = —AG. 22) P y para ; by the e
free energy of the two coil boundaries flanking a helical
Here AG® should be taken from conventional thermal melting studies. Itsregion, 2AGg. (We use this definition ofr, following Gros-
value depends on the temperature and all other solution conditions, as welferg and Khokhlov (1994), rather than the definition by
as on DNA composition. In most cases it is ad®°, but rather the melting Zimm and Bragg (1959) which involves only one junction.)

Prediction of the melting force

We have shown that high force destabilizes the DNA double helix relative
to its single-stranded state. But can it really melt B-DNA? To answer this
question we must estimate the force at which the absolute value of th
destabilizing free energy-Ad(f) becomes equal to the free energy of

temperaturd,,,, which is known experimentally. The dependencé gfon
solution ionic strength and average base compositigf. = 1 — X1 has
been summarized as (Blake and Delcourt, 1998):

T, = 360.314 34.4%c + (20.15— 6.520)log(l).

The fraction of base pairs which remain in the helical
state at forcd then is (Grosberg and Khokhlov, 1994):

(s) — 1)

1
0f) =5+ 27
(23) =5 (27)
For a DNA stretching experiment performed at 150 mM with A-DNA,
Xsc = 0.5, Eq. 23 predictd,, = 360K = 87°C.
The conventional way to estimaes® at temperaturd@ from the known
T, is to use the expression

AGY = AH — TAS= AST, - T) (24)

where T,, = AH/AS. Using the measured entropy value A = 25
cal/mol- K at 150 mM salt, we obtaidG® = 1.7 kcal/mol= 2.9k;T, at 10 %, This value ofo reflects the small width of the over-

room temperaturd, = 293K. From Fig. @ we find —A®(f,,) = AG° = stretching transition in terms of the force:
2.9kgT, at forces between 80 and 100 pN depending on the state of sSDNA.

2((s(f) — 1* + 4s(f)o)**

where the dependence bn f is given by Eqgs. 25 and 26.
Figure 1 shows the extension per base péjrcalculated
according to Eq. 3. Her®(f) was obtained with the exper-
imental AG(f), assuming a transition to one single strand
under tension. The calculatdff) for f = f, is indistin-
guishable from the experimental stretching curve # 8 X

This is close to, but somewhat higher than, the measured transition force of of 0s of ke T
65 pN. If we accept that dSDNA melts &, = 65 pN, theAd(f) function of = 76 =50 s = 4g*2- Ab’ (28)
of Fig. 3a can be used to estimate the®° lies between 1.k5T, and 2.3 s=1 1195y

T, depending on the state of ssDNA. Again, these numbers are somewhat, . _ .
kaT: depending g which for o = 8 X 10 * andAb(f = 65 pN) = 0.22 nm is

lower than our estimate according to Eq. 24. We will later discuss the 8 ]
temperature dependence of dsDNA stability in more detail, and show tha®f = 2 pN. Although small, our value af is still almost ten
this is a real effect related to the recently discovered (Chalikian et al., 1999%times larger than the value typical of homopolymer melting,
Holbrook et al., 1999; Rouzina and Bloomfield, 1999a) large positive heat; ~ 10*4, which according to Eq. 26 would correspond to
capacity of DNA melting, which leads to a nonlinear dependence ofa transition width ofsf = 0.7 pN. This is not surprising
AGYT)onT. . . ) ’ !
This close prediction of the melting force does not by itself prove thatsmce)"DNA IS nOt_ a homOPOIYmer' .
the overstretching transition in B-DNA is a melting phenomenon. How-  In the next section we will discuss the two main factors
ever, it implies that given enough time for local equilibrium between determining the width of the force-dependent melting tran-
dsDNA and ssDNA to set in, such forces would necessarily induce DNAgjtion: DNA sequence heterogeneity and the |00p factor for
melting. the double helix. We will show that the observafdcan be
reasonably understood in terms of these conventional DNA
APPLICATION OF HELIX-COIL melting factors.

TRANSITION THEORY

Theory for a single-stranded homopolymer Integrity of nicked DNA under stretching

Using our conclusion that the functi@(f) = ®(f) + G%is  The main argument against interpretation of the overstretch-
a proper thermodynamic potential for a molecule undeiing transition as force-induced melting has been that if
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strand separation occurs at force$,,, and if each of the with s(f) obtained as described above from the experimental
single strands has several nicks, as is generally the casstretching curves with the fitted value= 8 x 10 % The
then overstretched DNA should break at forcds,. We  two strands of DNA will not completely separate urkil
believe that there are two answers to this argument. Fdbecomes equal to the length of DNA under tension, or the
forces=100 pN, much higher than the transition force, thedistance between two nicks in the same strand. According to
endurance of the double-stranded DNA is kinetic (Clausenfig. 4, a 10,000-bp-long DNA without nicks should be able
Schaumann et al., 2000; Rief et al., 1999). This will beto withstand forces up te-100 pN, whereas a 1000-bp
discussed in a forthcoming paper (Rouzina and Bloomfieldfragment can withstand up te-80 pN. Both are much
in preparation). However, even in thermodynamic equilib-higher thanf,, = 65 pN.
rium melted DNA should be able to sustain forces signifi- Thus standard helix-coil transition theory predicts strong
cantly higher tharf,,, because of the one-dimensional na-dependence of the DNA breaking point on DNA length and
ture of DNA melting. nicking. This is routinely observed in experiments with
In a true phase transition, the two phases tend to comA-DNA. In many cases the two DNA strands either perma-
pletely separate at the transition point. The more stabl@ently unbind or lose a piece of single strand, leading to
phase occupies the whole sample, while the less stablgermanent alteration of the stretching behavior (Baumann et
phase can only exist as a metastable nucleus. By contrast, &h., 1997; Smith et al., 1996; Williams et al., 2000a, 2000b),
a one-dimensional system the two phases do not separatéich is different for each DNA molecule. This interpreta-
but instead remain mixed (Grosberg and Khokhlov, 1994tion will not be qualitatively changed by refinements such
Landau and Lifshitz, 1988), since the energy of the boundas heteropolymer composition and loop statistics (Fixman
ary does not depend on the extent of the phase in onand Freire, 1977; Grosberg and Khokhlov, 1994).
dimension. Thus, at any point in the transition there are an
equilibration number of boundaries, defining the average
sizes of the melteds,, and helicalk,s regions (Buhot and COOPERATIVITY OF MELTING AND THE
Halperin, 2000; Grosherg and Khokhlov, 1994): OVERSTRETCH TRANSITION

1+ s+ ((s— 1)% + 4s0)”2 Effects of compositional heterogeneity
ST 1—s+ ((5— 17+ 4s0)™? (29)

To obtain a more realistic fit to the force-induced melting
transition inA-DNA, we must take account of its composi-

_1+s+((s— 1)? + 4s0)V? 30 tional heterogeneity. The theory of melting of long random
S s— 1+ ((s— 1)+ 4so)¥* (30) heteropolymers (Grosberg and Khokhlov, 1994; Vedenov et
al., 1972) gives, for the melting temperature,

The lengthk = kys + ks cONtaining two boundaries has a
minimum kmm_:4 1 + o Y2 at the transition midpoins = T, = XecToc + (1 — X Tar, (31)
1. Foro = 107, k., = 100. . . -

In Fig. 4 we plotk..andk, as functions of applied force, and, for the width of the thermal melting transition,

,_)(TGC — Tar)?AS* Xoc(1 — Xac)

8Theteroz < AGS ) (32)
10°
e which for A-DNA evaluates t06T;qero = 6 K with the
- FA-DNA is 48.5 kbp long high-salt homopolymer value of = 10> (Kozyavkin et al.
o 10 3 (1987) and references cited therein).
T e F \ This estimateddT;qiero Value is much smaller than the
o 8 1000E Ay, size of Av. size of difference between the melting temperatures of pure AT and
sS= F helical fragment coil fragment GC DNAs, (Tgc — Tar = 40 K atl = 0.15 M according to
53 - Eq. 23), because the difference in transition free energy of
ﬁ(—‘, 100§ the two types of base pair§dc — Tap)AS =~ 1.7 kT, is
g% - smaller than the boundary free enerdyG, = —¥2kgT,
Q< 10L In(10°) = 5.7kgT,. However, it is much larger thas,, o
< F for the homopolymer with the same cooperativity parameter:
1 T L Y i
0 20 40 60 80 100 120 8Thomo = 402 ke T (33)
omo AS 1
f,pN
. _ 75 . -
FIGURE 4 Average size of a ss- or dsDNA domain as a function ofWhICh foro = 10"is ]_U_SF 0.3 K'O Lo
applied force calculated according to Egs. 29 and 30 willff) according Because of the additivity 0AG"(xg¢) within the force-
to Egs. 25 and 4 and = 8 X 10 % dependent transition free enerdys(f), and the linearity of
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AG(f) with force at the high forces typical of the over- 0.12
stretching transition, this theory can be directly translated
into the language of force-induced melting. The melting 0.1 \
force as a function of composition for a long random DNA C
molecule should be c 008[ \
= i
fy = Xacfoc + (1 — Xg)far- (34) EQ: 0.06 _ \
The variations of duplex stability on the temperature and % -
force scales are related by a Clausius-Clapeyron relation- 8 0.04 |-
ship, 8G = 8T - AS® = &f - Ab(f), so i \
AS pN 0021 / .
of STAb 0.8K oT. (35) . _ / ~
55 60 65 70 75

The factor 0.8 comes froMS® = 25 cal/mol-K andAb =
0.22 nm, after conversion from calories to Joules. This

yieldsfec — far = 0.8(Tgc — Tar) = 32 pN, in very good FIGURE 5 Smoothed derivativi/of of typical experimental stretching

agreement with the value measured by AFMQf — for = dataf(b) taken under hysteresis-free conditions at 250 mM NaCl, pH 6.1.
65 — 35 = 30 pN (Clausen-Schaumann et al., 2000; Rief etShort dashed linestretchingjlong dashed lingrelaxation. (Data courtesy
al., 1999). of M. Williams and J. Wenner.)

We note and explain an apparent inconsistency here:
Gaub and coauthors (Clausen-Schaumann et al., 2000; Rief

et al., 1999) measurefy, ~ 65 pN for A-DNA, in agrée-  oqjted in a shift of the transition midpoint, but the apparent
ment with other determinations df,. Equation 34 then g of hothab/af peaks is 4 to 5 pN, in agreement with the
predicts thafgc = 80 pN andfar = 50 pN, rather than the g 16 estimate from Eq. 35 6f = 0.85T = 0.8 6 = 4.8
measured valuek,-. = 65 pN andf,+ = 35 pN (Clausen- pN, or equivalently from Eq. 36.

Schaumann et al., 2000; Rief et al., 1999). The apparently 1o abovesf value is larger thadf = (9f/00)¢_y, ~ 2
lower stability of the synthetic DNAs can be attributed to pN: i.e., the width is not fully determined by the ;Iope of the
the fact that both polynucleotides are self-complementaryy,e(siretching plateau at the transition midpoint. This oc-
so that the single strands can form hairpin structures. So thg, s for two physical reasons. The first is that the lengths of
DNA duplex may well have melted not into two single oh ssDNA and dsDNA depend on applied force, which
strands, but rather into one single strand und.er_tens[on, andads to transition broadening at the beginning and end of
another relaxed strand in the form of a hairpin. Since gpg pateau. The second and more important consideration is

hairpin has a much lower energy than a single str@r@‘f that the actual width of the peak cannot be described within
should be significantly smaller than for regular melting. The, o homopolymer model. Taking these two factors into

shift-down of the melting force by 15 pN would correspond 5c.c.ynt, we may conclude that the width of the overstretch-

to the lowering of the double helix stability by about 0.8 j, transition in DNA is in general agreement with a force-
kgT,, which is almost half of the average stability of a base;q,,ced melting model.

pair without hairpin formation~2 kgT,.
The width of the heteropolymer overstretching transition

can be calculated analogously to Eq. 32: Unzipping the double helix
(foc = far)Xec(1 — Xac)Ab When the DNA double helix is opened like a zipper by
Shetero= AG: , (36)  pulling on the 3- and 3-strand termini at the same end of

the molecule, i.e., in the direction perpendicular to the helix

which for xgc = 0.5 evaluates to 4.8 pN. As expected, thisaxis, the strand separation forces obtained from fitting the
value is much larger than the width of the homopolymerequilibriumf — x curve forA-DNA aref, 5 = 15 pN and
transition widthéf,,,,,, = 0.24 pN with the same cooperat- f, ,+ = 10 pN (Essevaz-Roulet et al., 1997a, 1997b). Ex-
ivity parametero = 10~ ° calculated according to Eq. 35. periments on poly(dG) poly(dC) and poly(dA) poly(dT)

In Fig. 5 we plot two derivative curves from representa-give fairly similar resultsf, s = 20 pN andf, .+ = 9 pN
tive dsDNA stretching experiments. The solid line is the(Clausen-Schaumann et al., 2000). These perpendicular
derivative of the smoothed stretching curve from Smith etforces are significantly lower than the parallel overstretch-
al. (1996) obtained at 150 mM NaCl, 10 mM Tris, and pH ing force of 65 pN, but they reflect the same equilibrium
8. The dashed line is the derivative of the original data byfree energy change upon DNA meltingG® ~ fy- Ab =
Williams et al. (2000b) taken at 250 mM NaCl, 1 mM f, - Ab,. The extension per base pair in the perpendicular
cacodylate, and pH 6. The change in solution conditiongjeometry is about twice the length per base in a single
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strand at the transition force of about 20 pN, i&h, ~ 2- become quite important for broadening of the overstretching

0.5 nm= 1 nm. This is about 4.5 times longer thab, ~ transition in torsionally constrained DNA.

0.22 nm. The average perpendicular unbinding force should

be lower than the parallel force by the same facfor=

fH/4.5 = 65/4.5= 14.5 PN. The difference between AT and HYSTERESIS AND KINETIC EFFECTS

GC perpendicular unbinding forces should also be propor-

tionally lower: ~30 pN/4.5= 7 pN. Both estimates are in Another argument in favor of force-induced melting comes

reasonable agreement with experiment, supporting the idefom the frequent observation of hysteresis during stretch-

that in both stretching experiments the same process dfg experiments. In all reported experiments the two strands

equilibrium DNA strand separation occurs. reanneal during the relaxation phase of the stretch-release

Although the DNA melting force applied in parallel to cycle. If the reannealing reaction is fast enough, fft%

DNA axis is well defined, the unzipping forde strongly ~ curve on the way back is the same as on the way out. In this

fluctuates through the DNA opening process (Essevaz-Rousase the process is reversible, with no total energy change or

let et al., 1997a, 1997b). This is easy to understand, remenfiet work done during the cycle. However, it is often ob-

bering that the overstretching force is averaged over théerved experimentally that forces measured during release

whole DNA sequence to which it is applied according to Eq.are lower than those during stretching. A plausible expla-

34, while the local value of, reflects the composition of hation is that the reannealing of the two strands is too slow

the next Cooperative|y Opening end fragment of DNA. to accommodate the deCfeaSing molecular extension im-
posed by experiment. Typical rates of shortening are about
1 s per step of 1 to 1000 nm. This is a very long time on the
molecular scale, making it unlikely that the observed hys-

Effects of loop entropy teresis is related to a local structural reorganization, such as

The value of the cooperativity parameter~ 10~°, used  Would be involved in an S-B transition. However, the rena-

for our estimates in the previous subsection is an order ofuration of two single strands can easily take this long. All
magnitude lower than the experimental homopolymer valudresently available experimental data show that every solu-
Ohomo = 1077, and at the upper end of the measureer tion change which slows down recombination of DNA
10 — 10 ®for double-stranded DNA melting (Kozyavkin Strands (low salt, high pH, and elevated temperature) also
etal., 1987; Lubchenko et al., 1976). The much lower valuggnhances hysteresis in DNA stretching. -

of the cooperativity parameter for melting of a double- or In support of the force-induced melting hypothesis is the
multi-stranded polymer, compared to for a single- observation that hysteresis is essentially eliminated by
stranded po|ymer’ is known to arise from |00p entropycrOSS"nking the two strands (Sm|th et al., 1996) Only very
effects (Grosberg and Khokhlov, 1994; Zimm, 1960). Theweak hysteresis was seen even at very low salt concentra-
low probabmty that the two ends of a |00p, in which each tionS, ~1 mM. AlSO, StretChing of torSiona”y constrained
strand containd\ monomers (or persistence lengths), will DNA (Clausen-Schaumann et al., 2000; Leger et al., 1999;
meet each other reducesy a factor proportional t& =2, Marko, 1998) does not exhibit hysteresis, as should be the
which can amount to several orders of magnitude for longcase if it is equivalent to the melting of closed circular
chains. DNA.

There is less reduction ofr by loop formation in The connection of hysteresis with melting was mentioned
stretched DNA, because the stretched single strands in tH¥ Bustamante and coworkers (Smith et al., 1996), but their
loop are constrained and have less entropy to lose whepicture was that stretching first produces a double-stranded
forming a loop. We have treated the effect of stretching on>-DNA form, and that melting occurs only at higher exten-
o in detail in a separate paper (Rouzina and Bloomfield, inSions or longer times. This explanation, however, is incon-

preparation). We find that for large force$A(/ksT) > 1,  Sistentwith the observation that hysteresis was seen in every
stretch/release cycle in which DNA was overstretched, in-

o = aoNHfAIKT)?, (37)  dependent of the point at which the stretching was reversed.
There is no basis in experiment to separate a putative first
wherea, is the value in the absence of both loop formationStage of the double-stranded B-to-S transition from a second

and stretching. Thus, stretching can partially counteract th§t@ge of melting.

sharpening of the transition by loop formation, leading to a

breadth more characteristic of the single-stranded helix-coil

transition. DISCUSSION
This effect of the force-induced transition broadening

will not be strong compared to thermal melting for stretch-

ing of DNA with free ends or nicks, since a significant We have shown that essentially all of the published phe-

fraction of all base pairs melt from the ends. But it will nomena associated with the overstretching transition can be

Overstretching as force-induced melting
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explained as force-induced melting. To recapitulate, thdorces. Each basepair is bound by two (AT) or three (GC)

main arguments are: hydrogen bonds corresponding to about 6 to ki@ of

binding enthalpy, and there is about 10 tokd per bp of

and ssDNA are used for calculating the free energy mbinding enthalpy due to _base stacking. Itwould seem easier

DNA melting as a function of force, one obtains a0 stretgh the double helix beyond 't§ B-form contourlength
by retaining some of these bonds, i.e., by overstretching it

transition force and stretching profile very similar to that . . -
observed experimentally. into some other double-stranded form. Despite their differ-

2. The cooperativity of the overstretching transition is Veryences, all of the modeling studies agree thaF I IS possible to
high, in agreement with experimental and theoreticaIeXtend double—straljded DNA Fo about twice its B-form
melting behavior. contour Iength_, _Whlle maintaining most of the hydroggn

3. Overstretched DNA in which the strands are Iargely.bond'ng and giving up only abogt half of the bqse stacking
melted is mechanically stable despite the presence of th tera.tctlons (Konrad and Bolonick, 1996; K03|kpv et al.,
free ends or single-stranded nicks. This happens due t 999; Lebrun and Lavery, 1996). Such de_forr_natlon has an
the one-dimensional nature of DNA melting, which leadsS"ergy cost of about 10 to 24T per bp, which is less than

to the fact that the average length of the melted fragmenlf'a:_f| the cost FO breatl_< al 0: t:]he bonds._ til) DNA

is shorter than the average distance between two nicks int tovr\:.ever, Inspec I':(?n (1) _the g'XE:elflmeg_mt) that th
the same strand, even at forces significantly above thg'retehing curve n +1g. L immediately indicates that the
transition midpoint. deformation free energies involved are only abolg?, an

4. The DNA melting force in the perpendicular stretching order of magnitude smaller than for the putative B-S tran-
geometry is lower than the melting force in the parallelsmon’ and similar to the typical energy of DNA melting.

stretching geometry by the same factor as the elongationt?1 It :S relaiuvely ?asyt:]o lmel':_lthf ?g'ﬁ (Eiroqble Ihellxtbecause
in the two geometries differ. e large loss of enthalpy s!, IS aimost com-

5. The dependence of the overstretching transition on DNﬁgrllsited ?}' ‘i‘;']m'llar gann Cort‘f%r_?"?“‘”t‘g' ZneilAIQ;E -
base composition is consistent with a force-induce s |, SO that the free energy stabriizing the dup G.
melting explanation. 2 ksT, is about an order of magnitude smaller than either of

6. The relaxation part of the DNA stretch/release cycleitS components. This r_n_argin_al stability of the_ dou_b le h_elix
exhibits hysteresis whenever the DNA is stretched bedt phys!ologlcal conditions is essential for its biological

yond its B-DNA contour length, but never before that. fuTCt'OEmg' ds. the | bility of the DNA double hell

The farther into the overstretch transition, the more hys- h other words, the low stability of the ouble nelix

teresis is observed. There is no experimental basis fo\{yith regpect to melting is due to the large entropy O.f the
separating “initial B-S transition without hysteresis” DNA single strandsAS® = 25 calimol-K for polymeric

from “subsequent melting.” Hysteresis becomes progres'—DNA in high salt. This corresponds to a large numbeér:

— 25 __ H
sively more prominent in lower salt, as would be ex- pr(g§/ Ke) —bexp1 ~2.7X 1|0_5’ of Ilg_eratecli( degrg_eﬁs_ Ofl
pected for melting. reedom per bp upon DNA melting. This makes it difficult

to model even a relatively short piece of single-stranded

In related papers (Rouzina and Bloomfield, 2000; Wil- DNA.
liams et al., 2000a, 2000b) we show thgtfollows changes The largeAS® of DNA melting is also responsible for the
in DNA stability as solution temperature, ionic strength, orhigh cooperativity of this transition. In fact, no other known
pH are varied, in accord with a melting explanation of thistransition between two double-stranded DNA structures,
transition. such as B-A or B-Z, is as cooperative as melting. Indeed, the
high free energy of the helix-coil boundaryA@, =
—In(o = 104 ~ 9.2ksT ~ AH, is due to the fact that the
base pair at the boundary loses most of its binding enthalpy
The picture of force-induced DNA melting developed in without gaining enough compensating conformational free-
this study contradicts the generally accepted point of viewdom. This value is much larger than any likely boundary
that the overstretched form of DNA is double-strandedenergy between two double-stranded forms, which amounts
S-DNA. The existence of an S-form was suggested in pioto only a fraction of the total binding enthalpy per base pair.
neering works of Bustamante and Lavery and their cowork- On the other hand, if the overstretched DNA is rigidly
ers (Cluzel et al., 1996; Smith et al., 1996), and severafixed in space due to its binding to some protein or ligand,
detailed modeling studies of overstretched S-DNA haveas in the case of complexes with RecA or TATA box
appeared within the last several years (Bertucat et al., 199%inding proteins, then the entropic advantage of DNA melt-
Cluzel et al., 1996; Konrad and Bolonick, 1996; Kosikov eting is gone, and the DNA deformation pathways suggested
al., 1999; Lebrun and Lavery, 1996). in the modeling studies (Bertucat et al., 1999; Konrad and

The two strands of the DNA double helix are held to- Bolonick, 1996; Kosikov et al., 1999; Lebrun and Lavery,
gether by strong hydrogen, van der Waals, and electrostatit996) should be appropriate.

1. When the experimental stretching curf@s for dsDNA

Critique of modeling studies
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