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Overstretching and force-driven strand separation of double-helix DNA
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We analyze whether the “overstretched,” & form of double-stranded DNA consists of essentially sepa-
rated, or essentially interacting, polynucleotide strands. Comparison of force-extension dafaNér and
single-stranded DNA showS&-DNA to be distinct from both double helix and single-stranded forms. We use a
simple thermodynamical model for tension-melted double-stranded DNA, which indicates that the overstretch-
ing transition near 65 piconewtons cannot be explained in terms of conversion of double helix to noninteracting
polynucleotide strands. However, the single-strand-like response observed in some experiments can be ex-
plained in terms of “unpeeling” of large regions of one strand, starting from nicks on the original double helix.
We show thatS-DNA becomes unstable to unpeeling at large forces, and that at low ionic strength, or for
weakly base-paired sequences, unpeeling can preempt format®DNA. We also analyze the kinetics of
unpeeling including the effect of sequence-generated free energy inhomogeneity. We find that strongly base-
paired regions generate large barriers that stabilize DNA against unpeeling. For long genomic sequences, these
barriers to unpeeling cannot be kinetically crossed until force exceeds approximately 150 piconewtons.
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I. INTRODUCTION both ssDNAJFig. 1(a)], and(b) “unpeeled” DNA where one

Several experimental groups have observed that doublé&frand has fallen off the other, with tension therefore sup-
stranded DNAdsDNA) when placed under tensions exceed-Ported by one ssDNAFig. 1(b), part C]. The parallel-
ing about 65 piconewtongN), transforms from its usual Separated form has been suggested by Weehex. [10],
B-form, to a new form approximately 1.7 times tBeform  While the unpeeled form has been suggested to occur at low
length[1-6]. The transition fromB-DNA to highly stretched ionic strength by Smitfet al. [2]. For these two states, we
(“overstretched) DNA is remarkably sharp, occurring be-

tween roughly 60 and 70 pN, depending on ionic strength @ Length per base pair 0.58 nm
[7]. This stretched form of DNA, sometimes called “ NN TR L SR ANTYY F>For.
SDNA,” can support tensions of up to 400 p§], and is L L LU

stable at 80 pN for=10 min[7], suggesting that under some
solution conditions it is a distinct, stable state of the double (b)
helix.

Rouzina and Bloomfiel@9,8] have developed a theory of
tension-driven strand separatigftension-melting’} of ds-
DNA, and in collaboration with Wenner and Willianj40]
applied it to analysis of single molecule experiments. They
concluded that overstretched DNA is in fact strand separated { Low salt

[see Fig. 18], i.e., that 65 pN tension depresses the melting c
temperature of the double helix to room temperature. A se-
ries of experiments by Wennet al. showed that changes in

solution conditions which favor melting of the double helix {Relaxtension
all reduce the force needed for overstretchjag]. Wenner D : /
et al. interpret these results as indicating tH&DNA is ‘ o P
tension-melted DNA.

In this paper we examine the tension-melting hypothesis

of Ro_uzmaet al, In the “g.ht of data from a number of FIG. 1. Proposed structures of overstretched dsDNA. At
expenr_nents. We first consider data for the t_enS|0n VErsU$s5o mm Nacl andpH 7.5, the double helix abruptly increases in
extension of single-stranded DN@&sSDNA), which shows |onqih by about 70% when a force of about 65 pN is appliad.
that the force response &DNA does not match either that \yenneret al. [10] propose that the lengthened DNA is “tension
of one ssDNA, or that of two, parallel ssDNASec. I). This  melted” or strand separated, thus with half the total applied tension
comparison indicates th&DNA is not simply ssDNA. supported by each ssDN#eproduced from Ref10]). (b) Smithet

Second, we use the approach of Rouzina and Bloomfield|. [2] propose that at high salt, the lengthened DNA is still base
[9,8] to construct the free energy of tension-melted dsDNApaired (B,B'); they also propose that at low salt unpeeling from
(Sec. lll). We consider two possible tension-melted forms:nicks may occutC) which can lead to strong hysteresis when ten-
(a) parallel-separated strands where tension is supported kyjon is reducedD) (reproduced from Ref2]).
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use ssDNA elasticity data to estimate their stretching fregeeling double helix twist was constrained, suppressing for-
energles. mation of SSDNA which is known to be unwound relative to
The theory of Sec. Il uses interstrand binding free energys-DNA [5].
estimated directly from DNA “unzipping” experiments  \ve have generalized our model to other ionic conditions.
[4,6,11-13 where dSDNA is mechanically converted 0 tWo ¢ oy salt, ssDNA elasticity, the strength of base-pairing
SSDNA by direct mechanical pulling. These experiments projeractions, and the free energy ®DNA are all modified.
vide for us, in a model-independent way, a value for the freq,;, yhese effects added, our model predicts a force vs salt-
energy difference between dsDNA and separated ssDN Concentration phase diagram. At low sédt25 mM NaC)

strands at ambient temperat|t6-1g. We then show that . .
our results based on DNA unzipping data are consistent witl{P€€ling of B-DNA preempts formation ofSDNA. At

predictions of free energy models based on DNA meltingi9her salt we find two transitions: a low-foréto S tran-
[14]. Therefore, unzipping and melting experiments providesition, and a higher forcé& to unpeeling transition.
independent and consistent estimates of the free energy cost Effects of base-pair composition are then discussed. The
of separating paired bases. results mentioned above are for a sequence-averaged model
We consider the two tension-melted forms of DNA to beWith AT/GC composition close to that of-DNA (adenine
distinct from the third possibility of a novel stretched and and thymine, or A and T, are less strongly base paired than
unwound double heliXS-DNA), where the two strands are guanine and cytosine, or G and.@Jsing AT- or GC-rich
bound togethefFig. 1(b), partB]. This model has been sug- DNA will shift the base-pairing energies appreciably and
gested by Cluzett al.[1] and Légert al.[5,7,19, based on  modify our results. We are able to quantitatively understand
the observation that the state found at tensions of 60—140 pBxperiments of Riefet al. [6,4] which show that AT-rich
is mechanically distinct from ssDN/]. Measurements of a DNA goes through a single unpeelinglike transition, while
well-defined =35 base pair(bp) helical pitch for over- GC-rich DNA s observed to display formation 8fand then
stretched DNA[19,5 also suggest that it has a regular sec-unpeeling, as force is increased.
ondary structure, and is not simply disordered ssDNA We consider the sequence-dependent free energy of the
strands. A further piece of evidence follows from observa-tension-separated parallel-strand si@ec. I\V) in more de-
tions oftwo force-plateau transitions, the second higher-forcetail. Using equilibrium statistical mechanics, we show that
one leading to a ssDNA-like force resporid®,4]. This im-  although some small “bubbles” of locally strand-separated
plies that the lower-forcé~65 pN) transition is not strand DNA may form below the overstretching transition, these
unpairing. cannot account for the large length change that occurs
The notion that overstretched DNA has a secondary strucaround 65 pN. We employ a model of base-pair interactions
ture distinct from that of unpaired stretched ssDNA strandg14] widely used to gauge stability of double-stranded
has been theoretically examined by Lebrun and Lay26y  nucleic acids. The only element of the “classical” theory of
using molecular modeling, and by Cizeau and Vidad] DNA melting that we do not include is the long-range inter-
using coarse-grained models. Recently Storm and Nelsoaction introduced by the constraint that ssSDNA bubbles in-
[22] have analyzed experimental data to show B@NA  ternal to a long dsDNA have associated with them a loop-
has a bending persistence lengti0 nm, much larger than closure entropy contributiofil5]. Rouzina and Bloomfield
the 0.7 nm persistence length of ssDINA. have noted that cooperativity generated by loop entropy is
We thus use experimental data to estimate the free energyreatly reduced by applied for¢8], making it a much less
of overstretched DNA, and we compare our results withimportant physical effect for tension melting than for purely
those for tension-melted forms of DNA. For physiological thermal DNA melting. This, plus the fact that in the tension-
solution conditions(room temperature, pH 7.5, 150 mM melting case the free energy of sSDNA is dominated by its
NaCl) we find that near 65 pN&-DNA is more stable than extensive stretching free energy, makes it reasonable to ne-
either separated or unpeeled ssDNA states, for the averaggect the logarithmic loop interaction.
sequence composition afDNA (typical of genomic DNA. Finally (Sec. Vj, we consider the dynamics of unpeeling
However, at higher forces=120 pN, SDNA becomes un- of B-DNA. As in DNA unzipping[18,24—-2T, unpeeling one
stable to unpeeling of one strand. Thus, for DNA understrand from a double helix will require passing over a series
physiological conditions, the 65 pN transition is fr@drto a  of sequence-generated free-energy barriers. We first intro-
distinct S-state of DNA. Depending on precisely how many duce a model for unpeeling which includes sequence depen-
nicks (intermittent breaks along the backbopese found dence. We then analyze the dynamics of unpeeling for forces
along a molecule one may observe a second, higher-forceear 65 pN and show that the sequence-generated barriers
transition to unpeeled DNA with ssDNA-like elastic re- cannot be dynamically crossed. This provides further evi-
sponse, as observed in some experiméhis, 12. dence for our major conclusion th&DNA is stable near
We also find that at physiological conditiorS,and un- 65 pN, but now accounting for both kinetic and sequence-
peeled DNA states preempt tension-driven strand separatiomhomogeneity effects. At higher forces near 150 pN,
However, if the transitions t& and unpeeled DNA are sup- sequence-generated barriers to unpeeling can be crossed.
pressed, it may be possible to observe separated strands. TRigring unpeeling elongation rate-dependent force-extension
provides a rough microscopic picture for the transition to aoccurs, similar to that observed experimentdty4]. When
strand-separated and highly overwound form of the doubleinpeeling occurs, our dynamical model generates force-
helix called ‘P-DNA,” observed by Allemanctt al. [23]. In  extension hysteresis similar to that observed in a few differ-
those experiments on unnicked moleculésrbidding un-  ent experiment$2—-4,6,7,10.
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FIG. 2. Force vs extension of ds and ssDNA. Squares show F!G. 3. Force vs extension of ds and ssDNA as in Fig. 2 show-
experimental dsDNA data of Léget al. [7,5] for 500 mM NaCl  ing 65 pN force plateau and adjacent states. AboveBthe S tran-
buffer, diamonds show experimental dsDNA data of Sretthl. [2] sition, the elastic behavior &-DNA is not in accord with either
for 1 M NaCl buffer. Data forphysiological salinity(150 mM  that of one ssDNAsolid curve following circles or of two ssD-
NaCl) are similar, but have a plateau shifted a few pN below theNAS (dashed curve
500 mM result, see Ref§10,7]. Circles show experimental data of
Bustamanteet al. [12] for ssDNA; stars show high-force ssDNA This formula includes the first correction in inverse powers
data of Riefet al. [4]. The left, lower-extension curve is for of f from bending fluctuations, plus linear helix stretching.
150 mM NacCl, while the right, higher-extension curve is for  Note that the force constanty for B-DNA) corresponds
2.5 mM NacCl. The two ssDNA datasets converge at hlgh force, th the S|ope of the force vs extension curves of F|g 2, mul-

the behaviox~In f. Solid curves show the theoretical models for tjpjied by theB-form length per base paih=0.34 nm/bp.
B-DNA, SDNA, and single ssDNAs used in the text. The dashed

curves indicate the force response of two parallel ssDNAs for

150 mM (left) and 2.5 mM(right) NaCl. B. Transition to S-DNA
Il. COMPARISON OF B-DNA, S-DNA, AND ssDNA At 500 MM and 1 M salt concentrations, just above
. 60 pN, the double helix changes from about 1.05 to 1.7 times
A. B-DNA elasticity B-form length(from about 0.36 to 0.58 nm/bp, see Figs. 2

Figure 2 shows experimental data of Légaral. [7,5,  and 3. Beyond this B to S’ transition, a stiff force response
showing the B to S transition of a single EMBL3N  occurs, characterized by a spring constant per base pair of
-DNA 44.2 kb in length in phosphate buffer of pH 7.4 with ~1600/0.34 pN/nm, more than the force constant onBhe
500 mM NaCl(squares In the same plot data of Smidtal.  sjde of the transitionSDNA can be extended to more than
[2] are shown, for overstretching of a SamDNA 48.5 kb 1 g times the original double helix lengt.62 nm/bp by
in length in Tris buffer with 1 M NaCldiamonds. Exten-  forces near 200 pN. At these forces the single-molecule teth-
sion is given in nm/bp units; the contour lengthBDNAis o5 have a lifetime of a few seconds at most, necessitating
0.34 nm/bp. These data agree on the lengths per base palr&fjick experiments. However, at lower force80 pN, Léger
the B and S forms, suggesting that systematic errors in they5¢ reported-DNA to be stable for greater than 10 min in
length measurements are small. 500 mM NaCl[7].

_For forces below 65 pN, the molecule is in tBeform, There is a gradual reduction of the transition plateau force
with force response of a persistent chain polymer with peryit decreasing salt concentration. Over 1—0.100 M NaCl
sistence length of roughly 50 nm, with slight contour-lengthypg drop is about 5 pN per decade of salt concentration
elastic extensibilityf28]. Chain bending fluctuations generate [10,7. In this range of salt concentration, little hysteresis is
the nonlinear low-force elasticity, while elastic stretching of 5sarved for molecules which do not contain large numbers
the double helix generates the _roughly linear stretching _be(—)f nicks [7]. For lower salt concentration®.1 M to 1 mM
tween 20 and 50 pN, with a spring constant per base pair Qfnjyalent sal, the plateau drops down faster with salt, closer
fg/h~1200/0.34 pN/nm. The forcés is often quoted as 4 g pN per decade reduction in sgli0]. In this lower-salt

the stretching elastic constant of the double helix. The SO"Qegime appreciable hysteresis is often obsefd&il
curve following the squares for forces below 40 pN in Fig. 2 ’

is the extension per base pair,

f } C. ssDNA

1) Figure 2 also shows data of Smit#it al. [12] for the
elastic response of a single strand of the 48502-bp Sam7

for B-form persistence lengtih=50 nm, force constantg DNA (circles. Results for Tris buffer with NaCl concentra-

=1230 pN, and contour length per base phai¥0.34 nm. tions of 2.5 mM(left curve) and 150 mM(right curve are

Xod ) = h[l -—
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shown. Raw data in microns have been divided by the sessDNAs can only be about 1(&bout 0.51 nm/bp Finally,
quence lengths to obtain nanometers per base(paifbp.  the force constant of two parallel ssDNA's is only about one-
Also shown are high-force measurements of Rieél. [6,4]  third that of SDNA. Two parallel noninteracting ssDNAs
(starg which have been converted to bases/nm using a factarannot quantitatively explain the mechanical propertieS of
of 0.34 nm/base. Although we do not include them in this-DNA.
figure, data of Dessingest al. [29] are consistent with the Without any thermodynamical or statistical-mechanical
data shown. analysis, examination of experimental data indicates &at

A single strand can be extended to about 0.7 nm/base PNA has mechanical properties distinct from ssDNA. One
high forces, but for low forces ssDNA has less extensionmight argue[8—10Q that SDNA is made up of a mixture of
than aB-DNA of the same sequence length. There is norelatively large islands of separated ssDNA, and remnant
overstretching transition for ssDNA, but instead a graduabase-pairedB-DNA. In this “B-ss” scenario, the over-
extension occurs. The ssDNA extension depends strongly ostretched state should have a force constant between that of
ionic strength; for low concentration of NaGk10 mM) the B and ssDNA, again less than that observed. So, a simple
extension goes roughly as log of force; for high NaCl con-mixed-phase picture d&-DNA is problematic as well.
centration, a force threshold @2 pN must be passed for
appreciable extension to occur. This effect is due to a com-
bination of screening of electrostatic self-repulsion, and lll. FREE ENERGY OF TENSION-DRIVEN MELTING
sticking of the exposed bases to one anof3ér3Q. OF DNA

The solid curves passing through the ssDNA data are a |n this section we discuss a simple free energy model for
phenomenological model for the extension per base paifension-driven melting of DNA, using the approach of
Xs{f). This model is described in the Appendix, and includesRouzina and Bloomfield9,8]. We consider for the moment
the effect of NaCl concentration. It is a smooth and convesolution conditions of 150 mM NaCl, and sequence-
nient representation of the experimental result over forces URveraged free energies. From force-extension data the free
to 200 pN, for NaCl concentrations from 1 mM to 1 M. Note energy per base pajper base for ssDNpat constant force,

that there is variation imgswith sequencg30,7], and that the  can be obtained by integration of extension:
particular form assumed here describes the 48502xbp

-DNA studied by Bustamantet al. [12]. w(f) = ff A x(f") (3)
0

D. Comparison of S-DNA to SSDNA This can be carried out either for ssSDNA or for dsDNA, and

At 65 pN, the length of ssDNA is close to 1.7 times gives a free energy relative to zero force. From a statistical-
B-form length (0.58 bp/nm, close to the length o&form  mechanical point of view, Eq3) is the log of the partition
DNA just past theB to S transition. This coincidence sug- function of the molecules in the fixed-force ensem|i§y;
gests that th&s-form might be ssDNA, especially when the note that more positive values of this free energy indicate
data are plotted as in Fig. 2. However, this line of reasoningnore probable states. Thermodynamically, E8) is the
has a few problems. Legendre transform of the Helmholtz-free-energy-like me-

Figure 3 shows the experimental data of Fig. 2, replottecthanical workdxf naturally defined as a function of exten-
to focus in on theS end of the transition. Again, boxes show sion [8]. Note that the molecules are tethered, so there is no
dsDNA data of Légeet al,, diamonds show dsDNA data of concentration dependence to these free energies. Figure 4
Smithet al. [2], and circles show ssDNA data of Bustamanteshows the free energy for ssDNAy{f), obtained by nu-
et al.[12]. TheB to Stransition ends at an extension of about merical integration ofk.{f) for 150 mM NacCl.

0.58 nm/bp and a force of 68 pN, again coinciding with the

ssDNA data. However, the ssDNA spring constant per base ) _ o
(280/0.34 pN/nmis less than one-fifth of that d&DNA. A. Relative free energies oB-DNA and ssDNA from unzipping
Thus SDNA is not easily modeled using the ssDNA force  From the definition(3), at zero force we have/,{0)=0

response. ) _ ) o and wg(0)=0. To be treated as relative free energies, we
A further problem with this ssSDNA interpretation is that myst include the base-pairing free energy of the double helix.
the coincidence of extensions at 68 pN occurs 3DNA e introduce this as a positive free energy per baseggair

and only onepolynucleotide strand. The double helix con- Thys relative tong(f), the free energy oB-DNA is w(f)
sists of two strands, and therefore the most reasonable ssy

DNA model for SDNA should have two parallel and nonin-  “\ne can estimatey, from experimental data farnzipping

teracting strands, with a force response of DNA, where the two strands are pulled apart from one
- another[4,11,13. This type of experiment is unique in pro-

Xosd ) = x:41/2). @ viding information about the relative free energies of equith-
Figure 3 includes this responggashed curvesthis shows ermal ssDNA and3-DNA. Previously, estimates of this free
that if two parallel and noninteracting ssDNAs were energy difference came from studies of thermal DNA melt-
stretched to extensions of 10758 nm/bp, a total force ing [32,14, via potentially inaccurate extrapolation of free
double that of one ssDNA would be required, more thanenergies measured near melting points typicaly0 C,
100 pN. Alternately, at 65 pN the extension of two paralleldown to room temperature.
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S

L L L B R B applied to this molecule. However, the

’ 70% AT 156GMac DNA studied by Léget al. [7] has an
extension versus force which is about 7% longer than that of
N-DNA. If this effect occurs proportionally with AT fraction
for a 100% AT DNA, the ssDNA stretching free energ)
would be almost 20% higher than theresult shown in Fig.

4. Consequently the estimate @ for pure AT from unzip-
ping experiments would be shifted up to k4T.

No data are at present available to test the question of
whether highly GC-rich ssDNAs are proportionally shorter.
However, if pure GC-ssDNA is 20% shorter the#DNA, its
stretching free energy would be about 20% less than that
shown in Fig. 2. The value of, inferred from unzipping

S <go/2>, A—DNA

ssDNA free energy (units of kgT/base)
0
T T T T I T T T T | T T T T | T T T

Ry A= S I B experiments in this case would by shifted down to &s8.
0 10 20 30 40 These shifts in the ssSDNA free energy are appreciable, but do
force (pN) not lead to large quantitative changes in our results. We do
, not consider the sequence dependence of ssDNA length fur-
FIG. 4. Free energy per base of ssDNWJf), obtained by ther below.

numerical integration of extensigsee text Results are shown for . : ) .
2.5 mM (left,dashegl and 150 mM NaCl(right,solid). Horizontal We emphasize that'the e§t|mat¢s of strand-separation free
energy(go per base pajrof this section have been computed

line at 1.2%gT indicates half the average base-pairing free energy;, : -
per base fon-DNA at 150 mM, and intercepts the 150 mM ssDNA ‘l‘ndep_enc’i,ently of any partlcu!ar detailed theory of DNA
melting,” usually studied at high temperatures0 C. In-

curve at the experimentally observed mean unzipping force of d h d | . | N d
15 pN. Variations in 150 mM NaCl unzipping forces from 10 to St€ad We have used only experimental unzipping data at

20 pN observed experimentally indicate that the base-opening fref0M temperature. In Sec. IV we will show that well-
energies vary with sequence from 1.2 tok3 per base pair. established theories of the detailed sequence dependence of

base-pairing free energies are consistent with the results of

The free energy per pair of unzipped bagasder tension this section.

f), relative to that of zipped3-DNA (which is not under
tension along its lengjhis just

Agy(f) = 2we{f) — go. (4)

B. Tension-driven melting of B-DNA
1. Unpeeling of one strand

. L . . . Using the free energies of ss aBeDNA we can calculate
When this quantity is negativé-DNA is stable, the situa- he free energy of tension-melted states, following the ap-
tion at zero force, whergo>0 andws{0)=0. When Eq(4)  yroach of Bloomfield and Rouzingg]. First, we consider
is positive, ssDNA is stable, which is guaranteed to occur folgnversion of a stretcheB-DNA to one single strand, via
sufficient force sincevs{f) rises monotonically. The forck, unpeeling of the other strand. The free energy of one
whereg,(f,)=0, or whenws{f,)=go/2 is the threshold for stretched strand plus the free energy of one relaxed

unzipping to occur. Unzipping experiments &FDNA find  peeled strand(which has been chosen to be Zerelative to
f,=15 pN for 150 mM Na& buffer. This allows us to deter- stretched double helix is

mine go=2.%gT (Fig. 4).
AgunpeeI: Wss.(f) - WB(f) ~ Jo; (5)

1. Sequence effects which is plotted forgy=2.5%gT (Fig. 5, solid.

The same considerations applied to the sequence- This free energy difference passes through zero at 62 pN,
dependent variations of force observed experimentg@ly about where theB to S transition is observed. Using the
indicate that the most tightly bound sequences unzip fobase-pairing free energy sequence dependence obtained from
forces close to 20 pN, givingy gc=3.4kgT. This can be seen analysis of unzippingg, between 1.RsT and 3.4gT), in the
by examining Fig. 4, and locating the free energy of ssDNAabsence ofS-DNA, unpeeling will occur for a range of
for 150 mM NaCl at 20 pN; by Eq(4) this is half the un- forces from 40 pN(in Fig. 4, where the unpeeling free en-
zipping free energy per base. The most weakly bound seergy of Fig. 5 is about —1KT) to 80 pN(where the unpeel-
quences have unzipping forces close to 10 pN, giving vidng free energy is about +gr).

Fig. 4 9o at=1.X5T. In Sec. IV we will show that thesgy Thus, it is possible to observe tension-driven unpeeling
estimates obtained from unzipping experiments agree weilvhere one strand falls off the other, over a broad range of
with base-pairing free energies obtained from analysis oforces(40—80 pN. This is a likely situation when there are
thermal DNA melting[14]. plenty of nicks along a duplex, allowing the melting away of

Although there is almost no dependence of the length peweakly bound regions starting at around 40 pN. However,
base pair of double helix on sequence, there is evidence @omplete melting away of one strand will require one to sit at
appreciable dependence of the elasticity of SSDNA on its ATa force above 80 pNnote that the free energy &DNA
fraction. The ssDNA data of Fig. 2 are farDNA which is  will be less than that oB-DNA). If experiments are done on
almost exactly 50% AT; most of the analysis of this paper ismolecules with no or only a handful of nicks, then only those
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A —— L T C. Free energy ofS-DNA

Above we have considered tension-driven melting of
, B-DNA. We did not yet consider th&DNA state apparent
. in Figs. 2 and 3. We compute the free energySdDNA at
L ‘ 1 500 mM NacCl by considering the transition to begin from
- ,’ q the B-DNA state at a forcefp=62 pN, where theB-DNA
extension is=0.95 times theB-form contour length(about
i ‘ 7 Xo=0.32 nm/bp. The transition region for 500 mM NaCl is
’ approximated as being linear, from tBeDNA curve at force
, fo, to the end of the transition at an extension of about 1.705
‘ times the B-form length (x;=0.58 nm/bp and force f;
L . g =68 pN. Then, we approximate tf2DNA force response
|, A beyond x; as linear, but now with a slopeS
0 50 100 =(1600/0.34pN/nm(i.e., by fs=f;+9x—x,]). The stiffness
force (pN) S indicates the force needed to extend one base pa$ of
-DNA by a given length.
FIG. 5. Free energy per base pair of unpeefgalid line) and To compute thes-DNA free energy at arbitrary force, we

parallel-strand-separate@ashed ling DNA, relative to B-form integrate along this force curve to obtain
double helix, for 150 mM NaCl. The curves are calculated for

B-DNA base-pairing energy of /T, the average value for w(f) = Wel(fo) + [ (Xg + X1 (1 = fo) + 2xy(f = 1)
N-DNA at 150 mM NaCl. When these free energy curves reach +(f—f )2/8] 7
—-1.3 and +0.BgT, B-DNA regions with base-pairing energies of 1.2 1 '
(AT rich) and 3.4gT per base pai(GC rich) become unstable. |ike wg, wg does not include the base-pairing free eneggy
Unpeeling of one strand occurs over a broad force range frongquation(7) is free energy per base pair provided that the
43 pN for AT-rich DNA, to 85 pN for GC-rich DNA. True tension- extensions are in units of length per base pair, andShe
driven melting, or parallel-st.rand separation, occurs over a higherpNA stiffnessSis in units of force per length. The resultant
force range, from 65 pNAT rich) to 110 pN(GC rich). linear Sform force response is included in Figs. 2 and 3
(solid line passing through squares above 68 @hd is close
nicks which are in or very near to large patches of AT-richto the experimental data for forces between 68 and 150 pN.
DNA are going to cause an observable extension signal. In For NaCl concentrations other than 500 mM, we correct
Sec. V we will show that for heterogeneous sequences urthe forcesf, andf; by shifting them down by 5 pN for each
peeling will occur out of equilibrium, as an essentially irre- decade reduction in NaCl concentration in accord with the
versible process, due to the different unpeeling force assoceffect observed in Ref410,5. As salt concentration is re-

o
|
N
| ~

(@]
N
N

free energy (units of kgT/base pair)
|
N
|
|

ated with AT and GC rich regions. duced, the free energy of tt@DNA state thus is reduced.
We do not include the increase in double-helix persistence
2. Parallel separated strands length that occurs with decreasing salt concentrafid®i

since most of theS-DNA free energy is generated by the
A second possibility is that tension-driven melting occurs,transition relative to that coming from the initial extension of
leaving two parallel, isolated strands. Under the assumptiothe double helix.
that there are no interactions between the two strands, the The free energy o6-DNA at 150 mM NaCl is plotted in
relevant free energy difference is between two single strandBig. 6 relative to the unpeeling free enerdgyys(f)+gq
each under tensiofY2 and the double helix under tensién  -w.(f), solid curvg, and relative to the parallel-strand-
separation free enerdyg(f) +go—2w.{f/2), dashed cunje
(6) for 150 mM NaCl, and for the sequence-averaged base-
pairing energygy=2.5gT. For this caseS-DNA is favorable
relative to unpeeling in the force range of 20—120 [&N.
This free energy differencérig. 5, dashed line, again for -DNA is even more favored over unpaired strands, having a
0o=2.5%gT) passes through zero at a force of about 93 pNhigher free energy for all forces above 10 pN.
For weakly and strongly bound sequences the melting points Sequence dependence of the free energy difference be-
are 60 and 110 pN, corresponding to Wha,,,; Crosses tweenS and unpeeled DNA can be roughly gauged from the
-1.3 and 0.8gT. solid curve in Fig. 6. For example, the stability 8felative
In the second “unpairing” scenario, tension-driven melt-to unpeeling for GC-rich DNA is determined by when the
ing occurs at a force above that of tBeo Stransition under free energy difference shown is greater than kg9 thus
physiological conditions. The elasticity of the melted stateS-DNA is favored over unpeeling for GC-rich DNA for the
must be that of two parallel single strands each under tensioentire force range shown. For AT-rich DNA, unpeeling is
f/2, which has an extension of only 1.5 timBdength near favored ovelS-DNA when the free energy shown in Fig. 6 is
65 pN. This scenario also requires that the highly tensedess than approximately +kg3r, showing that unpeeling is
single strands, which are increasingly forced near one arfavored over the whole force range. Thus, on a real molecule
other at high forces, not interact. with inhomogeneous sequence, unpeeling of AT-rich mol-

Agunpair: Z\Nss(flz) - WB(f) ~Jo-
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FIG. 6. Free energy per base pair®DNA, relative to that of FIG. 7. Salt-force “phase diagram,” for sequence-averaged

unpeeled DNA(solid line), and relative to separated-parallel strands model of DNA (base-pairing interaction gy=[2.5
(dashed ling for 150 mM NaCl and base-pairing interaction of +0.2 INM/0.15]kgT whereM is molar NaCl concentration For
2.5%gT. SDNA is stable relative to unpeeled DNA for forces from high salt,B-DNA transforms first intdc5-DNA, and then unpeels, as
about 20 to 120 pNS-DNA is also stable relative to base-unpaired force is increased. For low saB;DNA directly unpeels. Formation
DNA for all forces (dashed curve A shift of the average base- of parallel separated strands frdBADNA occurs at a higher force
pairing free energy down by kgT/bp is sufficient to make un- (dashed ling parallel separated strands are never favorable relative
peeling favorable relative t§8-DNA for all forces. to unpeeled DNA.

ecule may occur, but GC-rich regions will keep it from
spreading to the whole molecule, as long as there are not tdourthermore, our model predicts that unpeeling becomes
many nicks. This will be discussed in more detail in Sec. V.more favorable with increasing for¢Eig. 6). At high salt we
Similarly, the dashed curve of Fig. 6 shows that parallel-therefore expect &-S transition followed by a second
strand separation is not thermodynamically favorable orf5-unpeeling transition at higher force; at low salt we expect
most of ax-DNA. Parallel-strand separation is only favor- only the B-unpeeling transition.
able for the most AT-rich sequences, and even then only for By including the salt dependence $fDNA and ssDNA
forces below about 60 pkthe point where the dashed curve we can compute a force-salt “phase diagrais&e Appen-
of Fig. 6 reaches +1K3T). Parallel-strand separation can dix). To do this we include an ionic strength correction to
occur at any point in an unnicked double helix; thus, Fig. 6base-pairing free energy suggested by Santa Letcih [14],
suggests that a small fractigthe most AT-rich regionsof a ~ Agp=0.2 ITM/0.150, whereM is the molar NaCl concen-
A-DNA might undergo parallel-strand separation in a win-tration. Thus higher ionic strength stabilizes the double helix.
dow of forces near 60 pN. This will be considered in moreThe resulting phase diagram for the averagBNA base-
detail in Sec. IV. pairing interaction of 2.%gT is shown in Fig. 7. At high salt,
The thermodynamical model developed here allows us tave pass fronB to Sto unpeeled DNA with increasing force.
draw a few conclusions. First, for 150 mM NaCl the transi- At low salt, we pass directly frorB to unpeeled DNA.
tion near 65 pN is not force-driven melting, but is a transi- The dashed line in Fig. 7 shows the tension-driven strand-
tion to a novel DNA state, i.e.SDNA. However, force- separation lingB-DNA to two parallel ssDNAy which is
driven unpeeling can be observed on molecules with nicksabove the unpeeling transitiqB to one ssDNA under ten-
to a degree that will depend on the precise sequence and tis®n, the other relaxgdor all salt concentrations. Separated
nick locations. From the free energy model, the likely situa-strands are always less favorable than unpeeled DNA. How-
tion for a small number of nicks on-DNA (or other DNAs  ever, if unpeeling and formation &-DNA are suppressed,
with similar AT/GC composition is that small regions of tension-driven unpairing might be observable. One way this
unpeeling may occur near 40 pN, in nicks that happen to bean be done is by using unnicked molecules and by fixing
in or very near AT-rich patches. However, GC-rich regionsDNA twist so that the untwisting of the double helix charac-
will stop unpeeling from spreading, and the 65 pN transitionteristic of theB to Stransition[5,7,19 cannot occur. In fact,
to the stiff SDNA state will thus occur. this has been done, with the result that a transition to an
The free energy difference betwe&MDNA and unpeeled base-unpaired state callé#DNA is observed at forces of
DNA is not terribly large. At 150 mM NaCIS-DNA is more  about 110 pN. Our model is a starting point for a micro-
favorable by about 0KRT/bp on average near the 65 pN scopic model forP-DNA. The main additional ingredient
transition(Fig. 6). Changing the solution conditions so as to required is an estimate of the free energy of the tight right-
favor strand separatiofreduction in salt concentration or handed winding characteristic of the unpaired ssDNAs inside
pH) will increase the degree to which unpeeling will occur. P-DNA [23].
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TABLE I. Base-pairing-stacking free energies of Santa Luciamal melting of large DNAs, since this long-ranged interac-
[14]. Free energies are ikgT units, and are for 25 C, 150 mM tion suppresses small bubbles, and leads to cooperative for-
NaCl, pH=7.5. For other salt concentrations the values must benation of >100 bp ssDNA region§l5].

corrected(see text However, for stretched dsDNA this loop entropy contri-
bution is not quantitatively important. We are concerned
Free energy, strictly with force-driven strand separation occuring at forces
Basei andi+1(5' —3’) (150 mM NaCl,pH 7.5, 25 § of at least a few piconewtons. The ssDNA regions will either
be free-endedstarting from a nick and therefore not loops
AA 1.68 at all, or internal loop regions under tension. In the latter case
AT 1.42 a few piconewtons of tension will greatly reduce the entropic
AG 2.19 cost of a loop, as qualitatively discussed by Rouzina and
AC 242 Bloomfield [8]. Furthermore, the dominant contribution to
TA 0.97 the ssDNA free energy will be the stretching free energy of
' Sec. Ill, which is proportional to ssDNA length. Compared
TG 242 to the stretching free energy, the loop entropy is a relatively
TC 212 small correction. Finally, note that the logarithmic term sup-
GG 3.00 presses DNA strand separation, and therefore our model
GC 3.75 overestimates the likelihood of observation of the parallel-
cG 3.68 ssDNA state.
Figure §a) plots theJ; for the \-DNA sequence, using the
model of Santa Luci@l4] for 150 mM NaCl, pH 7 and 25 C
IV. SEQUENCE-DEPENDENT FREE ENERGY buffer. Th_e average pairing free energy(1]$>:2.48<BT, in
OF TENSION-DRIVEN MELTING accord with the mean valugy=2.5%gT taken in Sec. lll.

However, the local contributions are quite inhomogeneous.

Above we have considered homogeneous sequences, ukhe first ha_lf of jche sequence is riqher in GC than the seco_nd

ing constant pairing free energy, or=1.%sT for a poly ~ half, resulting in larger base-pairing free energy density

(dA-dT) sequencegy cc=3.4sT for a poly (dG-dQ se-  along the first half. For comparison we also show the base-

quence, and the averaged valgg=2.53T for A-DNA. In  Pairing free energy distribution along the 156Gmac plasmid
this section we consider sequence effects in detail. studied by Légeet al. [33] [Fig. &b)]. This plasmid is about

" 0% AT, and has a lower average pairing energy of about
We use a base-pairing free energy based on the neare%— - : ) -
neighbor model of Santa Lucifl4]. Santa Lucia’s model 5i>—2.16<BT. Again, there are abrupt shifts along the pairing

can be described in terms of base-pairing variabjeghich free energy distribution.

. . Note that the free energies plotted in Fig. 8 have been
we take to be O for _b_ase palraiDNA_and 1 for unpaired subjected to a 15 bp-width gaussian smoothing to show the
bases. The base-pairing free energy is

variation in free energy at-15 bp scales; without smooth-

N1 ing, one would see just the ten energy levels of Table I.

Gpp= > {Jbb, +C[1- b, b, 1 (8) A. Parallel-strand separation
=1 We now use the Santa Lucia model to study whether in-

) homogeneous sequence will affect the main conclusion of
where theJ; are the sequence-dependent “stacking” free ensec. i1, that theB to S transition preempts formation of an
ergies that depend on the base pair at sequence poséiwh  appreciable amount of tension-melted DNA, in the case
i+1 as shown in Table |, and whef@ is the energy cost where unpeeling cannot ocot#.g., for un-nicked DNA We
associated with the boundaries betwerand ssDNA re- treat this using an equilibrium model, since the stretched
gions. TheJ;’s are the generalization of the base-pairing freestrands can be expected to be able to fluctuate between
energyqg,, to the sequence-dependent case. For 25 C, pH 7paired and unpaired states. Unpeeling, which can be ex-
and 150 mM NaCIB-DNA is stable, and thd; are positive pected to show a more irreversible character, is described in
free energy “costs” of breaking base pairs. There is a rathdhe next subsection using a nonequilibrium model.
wide variation in the);s, from 1.0 to 3.8kgT. The boundary =~ We extend the Santa Lucia model by supposing that each
energyC is known to be aboutigT, the value we take here. base paiii can take one of three statd%DNA (b;=0), ss-

This model is representative of typical modern theories o©ONAs (bj=1) and SDNA (b;=2). We treat base-pairing in-
the sequence-dependence of base-pairing interacf®4js _teractions using the model despribed above, and the mgchan-
and describes the free energy contributions from local disics of the three DNA conformations using the free energies
ruption of hydrogen bonds. The data for such moq@tble  ©f Sec. lll. Thus, the free energy describing a given base-
) are based on study of the thermal melting of sliosually ~ Pairing state{b}, under tensiorf is

<20 bp DNA double helices. There is another, longer- N

ranged, entropic contribution to partially melted DNA under G=>{C[1- 5bi'bi+l] + ;0,101 WB(f)5bi,o

zero tension which is important to purely thermal melting. i=1

This is the entropy of internal ssDNA “loops,” leading to a _ ss(f)5bi,1—Ws(f)5bi,z}- (9)

free energy cost of bubble creation proportional to the log of
the bubble sequence lendi36,35. This is important to ther- The first terms describe the cooperativity and sequence de-
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FIG. 8. Base-pairing free energy densities at
zero force for(a) A\-DNA (top) and (b) the AT-

Pairing free energy g, (units of k;T)

15, 10000 20000 30000 20000 50000 rich DNA 156Gmac, calculated using the model
of Santa Lucia[14] for 150 mM NaCl,pH 7.5
35 : l and 25°C(see Table)l Curves shown here are
(b) 156 Gmac DNA smoothed using a 15 bp width Gaussian to show
3r . large-scale variation in free energy density, see
text.
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pendence of base-unpairing, while the last three terms set thenic conditions (150 mM NaC), in accord with the
relative free energies of the three conformational states. Noteequence-averaged model of Sec. Ill, but now generalizing it
that C also is the energy foB-S and ssS boundaries. In  to inhomogeneous sequence. If unpeeling is suppressed, e.g.,
principle these are independent parameters, but for simplicitpy having a low density of nicks as occurs in vivo, then at
we take them all to be the same; estimates ofsf@bound- ~ forces of 40-50 pN, only the most unstable, AT-rich regions
ary energy are in fact close ©=3kgT [1]. of the molecule start to strand—separate._ Then, wAdre-

The partition function associated with tfe} fluctuations ~ comes favorable relative 18, the molecule is transformed to

uses the Boltzmann fact@® (we takekgT as our energy S form, including the regions which were starting to strand
unit), and can be written as separate. This is the origin of the well-defined peak in the

ssDNA fraction[Fig. 9b)].

N1 An interesting feature of the ssSDNA density is that at zero
z= 2 - 2 Il exdwsdy ot 2Weds 1+ Wsdy o force and 150 mM NaCl, about 0.5% of the molecule is
b=0.1,2  by=0,1,2i=1 single strandedFig. Ab)]; this fraction actually iseduced
-C(1- 6bivbi+1) _Jigbiylgbwl]_ (10) by forces of 10—20 pN. This effect is due BBDNA being

more easily extended than parallel ssDNAs in this force
This can be considered to be a producfNo8x 3 matrices, range, as has been noted by Rouzina and Bloomfi&ld
reflecting the one-dimensional, nearest-neighbor-couplethcreasing force above 20 pN drives increasing single-strand
structure of Eq.(9). Salt dependence is taken into accountbubble formation up to 50 pN. These “40 pN bubbles” are
via the salt dependences of theand thew's. highly AT-rich regions.

We computeZ numerically forA-DNA by explicitly car- The results of this section are a prediction for experiments
rying out the matrix product of Eq.10), using the known on a dsDNA with no nicks and covalent closure of its ends
sequence. The average value of the molecule extension {some viruses carry DNAs which naturally have this struc-
ksgTdln Z/of, and the averaged number of melted sites isture, e.g., vaccinig37]). To have zero torque in the molecule
din Z15(2wgg [19]. during stretching, single-bond connections could be engi-

Figure 9a) shows DNA force versus extension for neered, e.g., to single biotins located at the ends. Alternately,
N-DNA. The solid curve is the result for 150 mM NacCl; the one could test our predictions using molecules with ssDNA
dashed curve is 10 mM NaCl; and the dotted curve isend anchors but where a small fraction of the base pairs are
2.5 mM NacCl. As salt concentration is reduced, the transichemically crosslinked together, or with terminal GC-rich
tion plateau is reduced, in accord with the results of theregions, both of which would block unpeeling from the ends
previous section. Figure(®) shows the fraction of the bases while allowing free rotation of the molecule. Including the
which are strand separatéde., neitherB nor S form); for  effect of the entropy cost of ssDNA “bubbles” will suppress
each case, a peak occurs in the ssDNA fraction at roughly thihe formation of large unpaired regions, and therefore the
midpoint of the overstretching transition. The amount ofpresent theory at worst slightly overestimates the stability of
strand separation increases with decreasing salt concentrignsion-driven unpairing.
tion, but even at 2.5 mM at most only about 10% of the .
molecule strand separates. B. Unpeeling free energy at constant force

This calculation verifies that parallel-strand-separated Recall that for an average base pair free eneggy
DNA is not the favorable state at any force, for physiological=2.5%gT the unpeeled DNA is thermodynamically stable
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100+ Unpeeling of a heterogeneous sequence should thus be
described using a nonequilibrium model of the motion of the
80 dsDNA-ssDNA “fork.” This situation is closely related to the
dynamics of unzipping of a dsDNA which is done by pulling
S 60 the two ssDNAs apart by sequence dependent 10—20 pN
2 forces[13,11]. Our model for unpeeling dynamics is closely
8 40 related to the sequence-dependent dynamical theory of DNA
5 unzipping[17].
204 We begin by describing the free energy of unpeeling, at
first for the simplest case where the only nick on a molecule
0 is at one endsequence position=0), so that unpeeling can
12 14 16 18 20 22 24 26 28 30 proceed in only one directiotthis can be achieved using a
Length ( pm ) single-strand anchor at one end, and a double-strand anchor
at the other end, see Rdfl0]). Since end attachments are
0.10+ usually made to the'3end, we suppose the strand to unpeel
(b) . in the 5 — 3’ direction. Unpeeling is thus described in terms
< 0084 ;': of the sequence position of the dsSDNA-ssDNA fork. We con-
2 > sider unpeeling of a dsDNA that, depending on the force, is
& 0.06- o initially in either B or S form.
< N For a tethered -DNA we imagine unpeeling bases from
Z 0044 sequence position {conventionally called the “left engl”
] Given that usually the '3strand ends are tethered, this cor-
0.024 responds to unpeeling thé Strand end, in the'5— 3’ direc-
tion. Using Eq.(8), the base-pairing free energy cost is
0.000 260 n-1
Force (pN) C+2>J. (11

i=1

FIG. 9. Inhomogenous-sequence model of equilibrium distribu-SinCe theJ; of Santa Lucia are the sequence-dependent ana-

tion of B, S, and parallel-strand-separated states along an unnickel% : -
; ) of the averaged), used in Sec. Ill, the unpairing free
48.5 kbA-DNA. (@) Force-extension curve; solid curve shows result 9 gedy n b 9

for 150 mM NaCl, where the transition is predominanByto S. energy for opening the first bases i;-, go(0.n), where
Dashed curve shows result for 10 mM NacCl; plateau is shifted C n=1

down mainly by the salt-dependence of thstate free energy. Dot- 9o(0,n) = { _ (12)
ted curve shows result for 2.5 mM NacCl; the further shift of the -y n=2

force plateau down te=50 pN is partly due to parallel-strand sepa- is the incremental free energy cost of unpeelingrtiebase
ration. (b) Fraction of bases which are in strand-separated conforfrom the end.

mation, vs force, with different curves for different salt conditions |t 3 nick is made midmolecule, between base pajrand
as in(a). The only case where appreciable strand separation occur|§0+1 then unpeeling can proceed in either the-8' “for-

is low salt (dotted, 2.5 mM NaQl Note that at zero force, the \y5rq” direction. or in the opposite’3-5' “reverse” direc-
molecule is about=0.5% SSDNA. tion. The generalization of Eq12) is straightforward:

againstS-DNA [i.e., wg{f) —wg(f) —gy>0] for forces larger C n==1

than 110 pN, for 150 mM NaCl. Thus for a hypothetical go(Ng,n) = Jn0+n_1 n=2 (13
molecule with homogeneous sequence and uniform base
pairing energygy=2.5%gT, we predict aB to S transition at

65 pN, and then ars to unpeeled transitioassuming the  for unpeeling|n| bases, with the sign of indicating the two
presence of a nigkat 110 pN. However, as shown above, the directions of strand unpeeling.

heterogeneity of genomic sequen¢es.,\-DNA) leads to a Given the sequence dependeptn,,i), we can write the

rough base-pairing free energy landscape. free energy of a molecule with its first bases after the
The consequences of this are first, that for a heterogesnd-nick unpeeled, in the’5- 3’ direction:

neous sequence, we can expect unpeeling to depend on the .

position(s) of nick(s) along the molecule. Recall that for the .

3'-strand end anchors routinely used foDNA [38], there Gi(n) = [wadf) —wedF)In + 21 90(0.0), (14)
are always two locations at the molecule ends at which un- =

peeling can start. Unpeeling from a particular nick must fol-wherewydf) is the work done by the force during the exten-
low a pathway where a series of high barriers associated witkion of the double-stranded state, up to the fdrfe right-
GC-rich regions much be crossed. This means that barriemost integral term of Eq(3)]. The force-extension for ds-
crossing dynamics will dominate unpeeling, much as occur®NA includes the B elasticity1) up to the plateau force,
in unzipping of DNA at constant forc@4,25,27. then theB-S transition andS elasticity as discussed in Sec.

Jn0+n+1 ns<-2
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4000 there is a giant barrier of about 30Qd. Thus, while an
inhomogeneous-sequence equilibrium theory would predict
f=t10pN unpeeling from the end at around 110 pN, kinetically unpeel-
e X0r ing will still be blocked at this force. Quantitative description
g of unpeeling of inhomogeneous DNA requires a kinetic
"E 2000 - theory.
s For the general case of an nick at sequence posiidar
g from either end, the ssDNAs either to the left or the right of
5 00 | | the nick may unpesdlin opposite 5— 3’ and 3 —5’ direc-
£ tions along that strandThen,
n, n_
° - Gr(n.n) = 2 ol i) + 2 Gol(No,— i) — nwid )
i=1 i=1
-1000 : - s ‘ — (N = nmwgf), (15
0 10000 20000 30000 40000 50000
base pair number wheren=n_+n+, and where the indeixon the nicked strand

_ _ increases 5—-3'.
FIG. 10. Free energy of unpeeling from a nick at the éngl

=0) of a A\-DNA, under constant force of 110 pt50 mM NacCl, ) . )
pH 7.5, 25 Q. The two minima forSDNA (n=0) and for com- C. Unpeeling free energy at fixed extension

pletely unpeeled ssDNfn=48 503 are in thermodynamical equi- Experimentally theB-S-ssDNA transition has most often
librium. However, crossing the huge barrier of 3RgD between

SUTETEL e ) been studied by stretching the DNA at a constant rate, using
thg two minima is kinetically forbidden. The free energy has beenmanipulators that control the positions of the etels., laser
shifted to zero an=0. traps, cantileveps In this case the free energy landscape is
complex since the amount it is “tilted” will jump up and

IlI'C. Note that Eq.(14) is zero whenn=0; i.e., it is free  gdown as the molecule responds via a series of barrier-

energy relative to the double-stranded form. crossing events.
Figure 10 shows the free energy for unpeeling $ferm The free energy of ahl-base pair DNA held at extension

beginning of the sequence, calculated using the Santa Lucia

model[14] for 150 mM NaCl, pH 7, 25 C. At this force, the Gy(n) = N x f=nwgdf) = (N = n)wy(f)

states withn=0 andn=48 502(completely double-stranded n, n_

and completely unpeeled states, respectiveive the same = go(No, +i) = > go(No, =), (16)
free energy, and in an equilibrium theory would have equal i=1 i=1

probability. However, the inhomogeneous sequence gener- _ d. wheref=f is th | ¢ th
ates barriers on many sequence scales. At the largest scdl&€ré n=n.+n. and, wheref=f(x,n) is the value of the
force for which the unpeeled ssDNA and tBONA are in
2000 , , , , equilibrium, i.e., the solution of the equation:

N _
X= %xsgf) ¥ Tnxds(f). (17)

g
o

% 1
200 5700 6200 In Fig. 11 we show the free energy landscape obtained for a

nick at the origin and extensiox=0.6 nm/bp(the free en-
ergy has been shifted by a consparithe minimum is at
~10 000 unpeeled base pairs; although the |®BNA and
unpeeled states have equal free energy, there is a KH00
barrier separating these stafptis many other much smaller
but still insurmountable barriexrs The inset shows local
minima separated by free energy barriers. So, when increas-
ing the extension at a constant rate unpeeling will take place
: . . . by abrupt jumps between minima. This is the unpeeling ana-
0 10000 20000 30000 40000 50000 log of the “stick-slip” motion seen during unzipping of DNA
base pair number at fixed extension13].

Free energy G, (units of k,T)
2
o

500

FIG. 11. Free energy of &DNA as a function of the number of

base pairs unpeeled from a nick at the ¢ngk=0), for fixed exten- V. KINETICS OF STRAND UNPEELING

sion per base paix=0.6 nm/bp(150 mM NaCl,pH 7.5, 25 Q. AT FIXED EXTENSION

The minimum (equilibrium) is at n=10 000; local minima sepa-

rated by barriers cause “stick-slip” motion when extensids in- The sequence-generated barrigrggs. 10 and 1), plus
creased at fixed rate. the necessity of following a sequential pathway over them,
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make unpeeling an intrinsically slow process. Laser trapping18]. Our model(19) plus the Gaussian-smoothey pro-
experiments[10,12 typically use 1-2 min for stretch- vides a coarse-grained description suitable for studying the
release cycles. For-DNA (16.3 um B-form length this cor-  relatively slow and driven unpeeling of the molecule as a
responds to stretching rates of 300—600 nm/s. In atomicwhole.

force-microscope work of Riedt al. [6,4] rates of 0.15 to 3

pum/s were studied. Existing experiments show the follow- A. Unpeeling of A DNA at 150 mM NaCl

ing evidence for our favored scenario, that a well-defiBed
to S transition occurs near 65 pN for physiological ionic

; _ sequence-dependent pairing free energies NoDNA in
f;;ecgfga?ng:z?;;;:égsiigﬁ:r;s@NA undergoes unpeel buffer with pH 7, 25 C, and 150 mM NaCl. The nick posi-

(1) The ~60 pN B to S plateau forx DNA at 150 mm 10N Mo hag &ee” Vag'ed- f':'g- @I SJ‘%WS force extension
NaCl shows little hysteresis and little change with pulling curves an € humber of unpeeled base pairs, for difieren

rate; however, at higher extension and fofee- 0.6 nm/bp, pulling rate, forA-DNA with a nick at one endn,=0). At

f>100 pN) the stretching curves show a strong puIIing—rateIOW pulling rates, unpeeling starts when the tension reaches
dependencé, 4] about 180 pN; for further extension, unpeeling progresses

(2) After reaching high forcesf>100 pN, relaxation [Fig. 12a), insei. As pulling rate is increased, “F‘pee””g.
shows force hysteresis that increases at larger{#a€e7] progresses slowly. These curves compare well with experi-

(3) At low ionic strength, and for the AT-rich 156Gmac at Mental resultgsee Fig. 4 of Clausen-Schaumaeinal. [6]),

35 C, force hysteresis is observed after stretching to force%hiCh ShO\_N a pulling-rate-independ@tto Stransitior_l and
<100 pN[7,2]. then a higher-force, less-well-defined, and pulling-rate-

pendent “melting” transition.
The unpeeling transition depends on the number and po-
sition of the nicks. In the one nick case, if the nick is located
in the middle of the sequence the unpeeling is more favor-
ble relative to a nick at one end, since there are two melting
irections. Figure 1) shows force-extension curves for a
few different nick positions, for =300 nm/s; unpeeling al-
1dn dG,(n) ways begins near 150 pN, well separated from Bhéo S
rdt == " dn (18 transition. The sequence that unpeels more rapidly is the one
with the nick at positiomy=23 000, corresponding roughly
We use the force-balance relatigh7), and eliminate time to the top of the free energy barrier of Fig. 10.

We numerically integrat€l9) for the Gaussian-smoothed

We now present a simple model for the kinetics of unpeel-de
ing. We consider experiments at constant pulling igtei-
ther stretching(v >0) or relaxation(v <0). For a dsDNA
with a nick at sequence positian, unpeeling of the nicked
strand is described using dissipative dynamics driven by th
free energy at fixed extensiqi6):

(dt=dx/v) to find fork position equations Figure 13 shows a stretch-relax cycle fox&DNA with a
. r nick atny=23 000, for different pulling rates. Stretching fol-
v _ L _ _ lows the B-S force-extension curves up to a force of about
dx v{WSif(X'n)] Wad FC6 ] = ol Mo, +1, 0013 150 pN at which unpeeling begins. The force during unpeel-
ing is pulling-rate dependent behavior, as in experiments of
dn. r Clausen-Schaumanet al. (see Fig. 4 of Ref[6]). During
i ;{Wss[f(X,n)] = wad f(x,n)] =g [no,— n-(X)]}. retraction from an unpeeled configuration, the force comes

down initially along the ssDNA force-extension curve, show-
(19 ing hysteresis. The molecule starts to reanneal when the
force approaches the 60 pN plateau. Reannealing is less
complete at higher relaxing rates; at the lowest relaxation
rate (100 nm/3$ sequence dependent forces are observed.

Heref(x,n) is obtained by solving the equilibrium condition
(17). To describe increasing extension, we integ(a® with
initial conditionn,(x)=0, n_(x)=0, starting from the value of
extension at whiclws+gy=wy, and ending at an extension )
of x=0.74 nm/bp. We use a microscopic base-opening rate B. Unpeeling of 156Gmac at 150 mM NaCl
of r=10°s", and we vary v between 1nm/sec to  The 156Gmac DNA is a 70% AT-rich DNA with a lower
1500 nm/sec. For a relaxation run we use a negativeurate average pairing free energy thax-DNA (see Fig. 8
in Eq. (19), starting from a fully unpeeled stat@=N) at  Unpeeling-reannealing dynamics for extension followed by
extensionx=0.74 nm/bp. retraction at 300 nm/s are shown in Fig.(8¢ for 150 mM
Finally, in order to make integration of E¢L9) numeri-  NaCl and 35 C. We have used the temperature correction
cally tractable, we smooth the base-pairing potentialgiven by Santa Lucigl4]; note that the theory has no ad-
Oo(Ng, N) using the  Gaussian kernel  dxp justable parameters. For this AT-rich molecule and elevated
-n?/[202])1(2m8%) V2. This preserves the barrier structure of temperature, unpeeling is highly favored in its AT-rich re-
the fixed-extension free energy landscapee Fig. 11 at  gions, and so it provides an interesting test case for our
scales larger thad, while making Eqs(19) smooth enough theory.
at scales smaller thafito be easily integrated. We have used This case is also attractive because it has been experimen-
a smoothing scale o$=15 bp, which eliminates barriers tally studied. Figure 1) shows an extension-retraction ex-
which are less than EgT high. The dynamics associated periment on a nicked 156Gmac at 35 C by Lé§ér at a
with these small barriers will be fast and thermally drivenrate of about 200 nm/s. Three extension-retraction cycles
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800 / were done, to three successively higher for¢8s pN,
/f | 140 pN, 180 pN. During the first cycle(solid), aB to S
/ transition is almost reversibly traversed. On the second cycle
/ 1 (dotted the B to S transition is followed, but then during
L | return the force falls below the transition, and instead fol-
i / /7 lows a jagged return curve. Finally on the third cy@ashed
g ‘ 1 line) a transition to a ssDNA response is observed, with a
08 emnsgffnmm e | smooth ssDNA-like response curve during return.
/ Figure 14 shows results for our theory, for a series of
three extension-retraction cycles to successively higher peak
forces (100 pN, 110 pN, 180 pN, indicated by stars in the
figure). On the first extensiolsolid), unpeeling starts from
%3 ~— : o6 o5 the nick(located on a weakly bound regipat about 50 pN,
extension (nm/bp) before theB-Stransition. However, unpeeling then stops at a
more tightly bound region, an example of blockage of un-

300 ! ‘ peeling by GC-rich “insulating” regions. During the first re-
turn, both unpeeled strands reanneal at least partially, result-
ing in a small amount of hysteresis. However, on the second
cycle, only one strand reanneals, causing a larger amount of
hysteresis. Finally, the third cycle to 180 pN results in full
unpeeling and an ssDNA-like return. Thus, our theory is able
to describe this rather complex situation where one is gradu-
ally driving more of the molecule into the unpeeled state.
This example also emphasizes the difference between the
reversibleB to Stransition which occurs over a rather narrow
force range, and the irreversible unpeeling transition which
occurs over a broad force window.

'
o
T

600 -

unpeeled bp (kbp)
S 8

-
o

force (pN)
s
o
o

- C. Low-salt unpeeling kinetics

The above results were for the physiological ionic
strength of 150 mM NaCl. Significantly lower ionic
strengths reduce the base-pairing free energy, but als8 the
free energy. Based on the sequence-averaged analysis of Sec.
Ill, we expect unpeeling to dominate for ionic strengths be-
low 25 mM. In our kinetic model we account for NaCl con-
centrations below 150 mM using the experimental results for
Sand ssDNA at lower ionic strengtisee Sec. Il § plus the
ionic-strength correction for the base-pairing free energy
given by Ref.[14]) [Agy=0.2 IN(M/0.150, whereM is the
/ molarity of NaCl.

: ! ‘ ‘ ‘ gi%gr% 1?a) sho_wks _theore;;(_:a_l Lesult_s fo:jf 1% lr\ll1A|\/I(NaCI
an , for a nick in an AT-rich region Ng

0.55 0.6 . 0.65 0.7 =23000. Two separate extension-retraction cycles are

extension (nm/bp) shown, the first to 80 pNdasheg, the second to 150 pN

) ) ) (solid). During extension, partial unpeeling occurs at

FIG. 12. (3 Stretchingh-DNA with constant extension rate; _ 5 oN - at an extension of about 0.35 bp/nm, but then GC
k‘a:&%?_"“;%l 'géegcﬂﬂgzeﬁgg ;:;?SAfrggsDtﬁg fs)rri ;Orr“ Cllf’gthregions stop unpeeling, aIIowi.n_g the remainder of the
the beginning of the sequent®,=0); black curves show extension :E?Llﬁrﬁlr%rf gg%ﬂgg Zr;[]%ﬁgrigig?gfafgfsqteess.iglijsnzgstgfved
rateso =100 nm/s(solid), 300 nm/s(dotteg, 1500 nm/g(dashed! At the low-extension end of the plateau, rather like the 35 C

Force is shown vs extension per base pair; for slow extension, u . . .
peeling starts at around 170 pN; rapid extension causes the tensiJ#GG_maC result of the preceding section. However, if exten-
in the molecule during unpeeling to increase. Gray curves show!on IS made out to 0.70 nm/bp and 150 pN, the molecule
equilibrium B, S, and ssDNA force response. Inset shows corre-fully unpeels, and an ssDNA-like response is observed dur-

sponding number of unpeeled base pairs vs relative extendipn. NG retraction.

Calculated unpeeling of-DNA extension rate)=300 nm/s, for Figure 1%b) shows an experimental extension-retraction
DNA, showing results for different nick positions. Force vs the curve forA-DNA in 10 mM NacCl buffer at 25 C, of Leger
extension relative toB-DNA extension for ny=23 000 (solid), [7]. In this run, a peak force of 75 pN was used. A small
30 000 (dotted, 10 000 (dashey, O (long dashey Gray curves amount of hysteresis is observed, similar to that observed
show equilibriumB-DNA, SDNA, and ssDNA force responses.  theoretically[Fig. 15a)].

f (pN)
N
o
o

011910-13



COCCOet al.

PHYSICAL REVIEW E 70, 011910(2004)

*
400 © 30 T T T T T ’: /! .
g 77 / l’
g 2 0 R Uy A R
,* 7 :/
$ Pl /7 [ 7
a 0 ¢ 1 L 1 2| 1 1 | ;
S 0.6 0.65 0.7 0.3 04 05 0.
z . /
= extension (nm/bp)
8
S 200
0 ——
0.2

extension (nm/bp)

FIG. 13. Force during extension-retraction cycle ’eDNA, with unpeeling occurring from a nick in the middle of the molec(ig
=23 000 for different ratesv =100 nm/g(solid), 300 nm/g(dotted, 1500 nm/gdashedl Gray curve shows equilibriuf@ to Sand ssDNA
force responses. For all rates, extension follows the equilibrium B-S force response up to the force of around 150 pN at which unpeeling
starts to occur from the nick. The unpeeling force-extension curves depends on the pulling rate; when unpeeling is complete it reaches the
ssDNA curves. During relaxation starting from the position indicated by the star, the reannealing curves follows the ssDNA curve down to
roughly theB-S plateau force; then the two strands of DNA begin to hybridize, and the force-extension curve becomes dependent on the
retraction rate. The number of unpeeled base pairs vs relative extension is shown in the left inset during stretching and in the right inset

during relaxation.

) | e
(a) . |
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€0l |
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& |
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| i
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| ‘
z > Y02 0.7 / ; ,;
g extension (nmibp) |/ i
100 , 0 ”
8 Ny
8 iie
50
0 ) S
0.3 o |
extension (um)

extension '(nm/bp)

FIG. 14. (a) Theoretical force vs extension during stretch-relax cycle=a800 nm/s, for AT-rich DNA 156Gmac, with a nick at
=11 000, at 35 C. During stretchirigolid, arrows leading to higher force and extengionpeeling starts at 50 pN, before tBeS transition.
Unpeeling proceeds during and after S transition; the molecule becomes completely unpeeled at 150 pN. Retraction results are shown
for three cases where extension is stopped and retraction stsidegl at 100 pN(solid), 110 pN(dotted and 180 pN(dashegl Hysteresis
during retraction is associated with the amount of unpeeling during extension. For the 110 pN case only one of the two unpeeled ssDNAs
recombines during retraction; for the 180 pN case the unpeeled DNA remains as ssDNA during retflactomerimental datd7] on
156Gmac for 35 C, at a rate of approximately 200 nm/s. The molecule was subjected to three stretching-relaxation cycles to progres-
sively higher peak forces; forces at which retraction was begun were 8§5qiid), 140 pN(dotted, and 180 pN(dashegl
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FIG. 15. (a) Theoretical stretching and reannealing dynamics for ] /
N-DNA, for 10 mM NacCl, nick positiomy=23 000, and extension/
retraction velocityp =300 nm/sec Stars indicate points at which 50 ; — e
retraction begins. The equilibriurB-S plateau(gray) is shifted /
down because of low salt, t&55 pN. B-DNA starts to unpeel at /
40 pN, and is completely unpeeled at 140 ¢lid). Results are 4
shown for retractions beginning at 80 pdotted, and 160 pN s ;
(solid); for the higher peak force more hysteresis occurs during 03 0:4 . e
retraction. Left inset: number of unpeeled base pairs during stretch- extension (nm/bp)
ing. Right inset: number of unpeeled bases during relaxation. FIG. 16. Theoretical stretching and reannealing dynamics for
Experimental data Qf Legdf] for A DNA stretched and relgxgd iN \-DNA at 2.5 mM NaCl and 25 C, nick at,=23 000. (a) For
phosphate buffer with 25 mM NaCl, at 25 C. The hysteresis is simi-gytensjon/retraction rate of 300 nm/sBeDNA unpeels at about
lar to that found in the calculation, in the case where relaxation is; pN. Retraction leads to large hysteregis.Extension/retraction
started at 80 pN. rate of 700 nm/sec. At this rate unpeeling transition is smoother

o ) than the top curve. Reannealing follows the ssDNA force-extension
At an even lower ionic concentration of 2.5 mM NaCl ¢ ne.

and an extension rate of 300 nm/s the unpeeling transition
completely preempts th-S transition[Fig. 16@a)]. Arough  others under physiological solution conditiofusd 7.5 buff-
sequence-dependent unpeeling occurs at forces lower thamned aqueous solution with 150 mM Naor at higher NaCl
the B-S plateau. During retraction hysteresis shows up. For &oncentrations, cannot be explained in terms of separated
larger rate of 700 nm/sefFig. 16b)] unpeeling does not DNA strands. The mechanical properties®DNA are dis-
occur completely before thB-S transition and the force- tinct from those of either ongunpeeleg or two parallel
extension curves are smoother. single strands. Most simpl\g-DNA has a larger spring con-
We do not show results for ionic strengths above 150 mMstant than either sSDNA, two parallel sSDNAs,B3DNA at
NaCl. The stabilization of base-paired DNA makes unpeelingabout the same elongatig8ec. 1)). This is perhaps the most
progressively unfavorable at higher salt. A shBrfp Stran-  clear experimental signature supporting a picture of the
sition followed by a higher-force unpeeling transition occurs65 pN 150 mM NaCl transition as being to a dsDNA state
in our kinetic calculation in this regime. with a reasonably robust secondary structure.
VI, CONCLUSION To support this_conclusic_m we hgve an_alyzed the fr_ee en-
‘ ergy of tension-driven melting9,8], first using DNA unzip-
The main conclusion of this paper is thi&®DNA as ob-  ping data[4,6,13 to fix the relative free energies of SSDNA
served by the groups of Smit al.[2], Cluzelet al.[1] and and B-DNA (Sec. Ill), and then using established base-

v=700 nm/s
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pairing-free-energie$14]. to account for sequence effects. zer systenj39], one should expect a totally different charac-
We then have compared these strand-separated state free &r-of the two transitions. At 65 pN, one will see a reversible
ergies to that ofSSDNA, also computed from experimental force-extension curve, but as unpeeling starts to occur, one
data. should observe a series of extension plategumps in
For 150 mM NaCl, over the force range of 48T-rich length corresponding to thermal activation of the unpeeling
DNA unpeeling from B to >150 pN(GC-rich DNA unpeel-  fork over GC-rich barrier regions. This is closely related to
ing from S) it becomes favorable for one strand oBeDNA similar dynamics of DNA unzipping at fixed force
to ‘unpeel’ so that the remaining ssDNA carries all the ten-[24,25,27,4]
sion. We emphasize that unpeeling depends on breaks, or On a molecule with nicks only at its ends, unpeeling
“nicks” in the DNA backbone, which allow the unpeeled might occur near the ends if they are AT rich, fs®0 to
strand to reach a thermodynamically favorable highly50 pN, but only until the first GC-rich “barrier” is reached.
extended state. Given the typical sequence distribution along genomic
We also have analyzed the thermodynamics of a seconBNAs, this will typically be only a few hundred base pajes
scenario for tension-driven melting, namely, the generatiomick in a particularly long AT-rich region may cause longer
of parallel, noninteracting strands, where the two strandsinpeeling at 150 mM NaCl below th# to S transition, as
each carry half the total tensidd0,8. Neglecting the pos- we have shown for 156GmadAfter unpeeling stalls at the
sibility of unpeeling, parallel-strand separation becomes fafirst GC-rich barrier, the remainder of the molecule will con-
vorable toB-DNA for tensions of 60(AT-rich) to 120 pN  vert to SDNA at 62—-68 pN. Finally, at higher forces
(GC-rich), at 150 mM NacCl. This force range is higher than =150 pN, unpeeling will become favorable, and all barriers
that for unpeeling, reflecting the larger free energy cost tdo unpeeling will disappear at200 pN, causing the second
create the parallel-strand-separated state. The origin of theansition to a ssDNA-like force response. We note that we
lower free energy cost of unpeeling is simply that the re-have also found that for 150 mM NaCl, small bubbles of
leased strand can relax into a random coil state. parallel-strand separation occur in the most weakly bound
Experimental data allows us to estimate the free energy afegions of moleculétypically AT-rich regiong near 50 pN.
SDNA and to compare it to these two strand-separated On molecules with many nicks, many unpeeling initiation
states. At 150 mM NaCIS-DNA becomes thermodynami- sites will reduce the force threshold at which unpeeling ef-
cally favorable relative to both unpeeled and unpaired statefects will be seen, causing a merger®fo S and unpeeling,
for all but the most weakly boundtypically AT-richy  and molecular rupture at forces near 60 pN. For solution
sequences, near 65 pN. conditions that favor double-helix melting.g., low salt or
Unpeeling does become more favorable ti®DNA for elevated temperatureeither unpeeling, or if no nicks are
larger forces: thermodynamically it becomes favorable apresent, partial parallel-strand separation, can preempt for-
120 pN, but barriers generated by GC-rich regions will keepmation of SSDNA.
it from propagating or\-DNA until about 150-200 pN. Our Thus a 3-3’ (“same strandy’ tether ought to undergo a
model gives a clear interpretation for the two transitions ob-gradual unpeeling transition as force is slowly raised above
served in some experimenfd2,6. The first transition at 43 pN; note that the beginning of unpeeling will occur from
65 pN isB to SSDNA; on molecules with only a few nicks theB state, while much of the unpeeling will occur from the
this is a sharp and reversible transitigf). The second tran- S state. If the “free” strand is in fact in the form of many
sition at higher forceé=150 pN for small numbers of nicks short fragments, they might be observed to leave the
is unpeeling of DNA. stretched strand starting at 38 pN. Nicks introduced at
In DNAs of natural origin which have inhomogeneous known positions along one strand as would be obtained with
sequence we have shown that unpeeling will occur inhomosingle-strand-cutting“nickase” restriction enzymes could
geneously. With increasing force, unpeeling will occur firstallow precise experiments to test our model. Another con-
from nicks that happen to be in weakly bou@AT-rich) re-  trolled experimental situation would be a molecule with no
gions of a molecule; unpeeling will then spread to stronglynicks except at one engd.e., an unnicked molecule with a
bound regions(GC-rich) only at higher forces>150 pN.  single-strand connection at one end, and a double-strand an-
GC-rich regions thus act to “insulate” against unpeeling. Thechor at the othgr we expect two transitions at 150 mM
details of how unpeeling will spread on an inhomogeneoudNaCl: first a nearly reversiblB to Stransition at 62 pN, and
molecule will depend on sequence, and will show a series athen unpeeling from the single-strand-anchor end near
plateaus at constant force, or a series of spikes at constabhb0 pN. To eliminate other nicks, such an experiment would
extension rate corresponding to pushing the unpeeling forke best done on a rather short DN&g., 5 kb.
through a series of GC-rich regions. The latter unpeeling The B-DNA double helix, unpeeled DNA anf-DNA all
transition will vary in character from molecule to molecule if have nearly the same free energy for 25 mM NaCl, near
the nicks occur randomly. Unpeeling should generally shows0 pN (the B-S-ssDNA “triple point” of Fig. §. Near this
strong stretching-rate dependence and strong hysteresis point, small changes in sequence will determine whether a
retraction. double helix with a nick in it will retain a base-paired struc-
Most experiments that show the 65 and 150 pN transiture (as will occur for GC-rich DNA, or alternately whether
tions have been done in “fixed-extension” setups where tha short ssDNA region will unpeglas for AT-rich DNA).
force transducer has a rather stiff force const®&kM, op-  Such a mechanism suggests a way for DNA sequence to
tical trap [12,6]). We expect that if one carries out DNA regulate initiation of general recombination. In the bacterium
stretching afixed forceas can be done with a magnetic twee- E. coliit is thought that an invading ssDNA becomes coated
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with the protein RecA, which facilitates its displacement andare grateful to S. Kowalczykowski and R. Monasson for dis-
replacement of the homologous ssDNA in the recipient chroeussions of this problem.

mosome[41]. Intriguingly, RecA has been shown to be able
to generate tensions of up to 100 pN on a single DNA mol-
ecule[33]. Perhaps part of RecAss function during the early

stages of recombination is to apply some tension to the ds- The ssDNA free energy used in this paper is phenomeno-
DNA being invaded; nicks adjacent to particularly AT rich |ogical, chosen to combine the logarithmic dependence of
regions would, according to our analysis, release ssDNAsxtension on force seen atmM NaCl concentration, with
which could facilitate initiation of strand exchange. the force-threshold observed for extension seer%® mM

A second possible biological relevance of our work con-ngc| concentration[2,12,30,29. These effects have been
cerns the opening of parallel single-stranded regions, whichgyed to be due to a competition between long-ranged Cou-
can occur for forces slightly below the to S transition for  |omp repulsion of the charges along the ssDNA backbone
highly AT rich regions. Qene transcription initiation sitgsjust and short-ranged self-adhesion of the bases on the basis of
happen to be very AT rich, and have been shown to in gencomputer calculation[31,29. Similar conclusions follow
eral melt at relatively low temperatur¢d2] and to be the  fom analytical calculations based on semiflexible polymers
first sequences to open when a molecule is supercgied  \yith screened Coulomb interactiofd0].
untwisted [43]. Our sequence-specific calculations suggest The extension per base pair we use is
that DNA tension in the 50—60 pN range could play a role in
opening AT-rich transcription initiation sites, a necessary step _ h( ayin f/f; —a.— f/f )
for transcription to begin. RNA polymerase is known to be ss 1+a,e 2 3)
capable of generating this level of for§é4], and so if an o
RNA polymerase were anchorge.g., by its transcript as is where the external forcé is in piconewtons, and where
thought to be the case in E. cptension transmitted to the =0-34 nm, a,=0.21, 8,=0.34, f;=0.0037 pN, f,=2.9 pN,

DNA template could open nearby initiation sites. This pro-fnd f3=8000 pN. The parameter  ag
vides a mechanism for cooperative transcription of adjacenit 2-1 IN(M/0.0025/In(0.15/0.0025-0.1 depends on NaCl
genes. concentrationM (in Mol/litre). It is possible for the above

Note added in proofe note that Zhowet al. have for- ~ €xtension formula to be less than zero; in this case, we set

mulated a model of thB-DNA to ERRORS-DNA transition, the extension to be zero. This provides the force threshold
based on failure of stacking interactions, without base unheeded for extension of ssDNA observed for NaCl concen-

pairing [45]. We thank Z.-C. Ou-Yang for bringing this work trations>50 mM[2,12,30,29.

to our attention. The Inf provides the characteristic log-force dependence
of extension discussed by Zhamyg al. [31], while the de-
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