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Abstract

Ž Ž . .In single molecule experiments Smith et al. Science 271 1996 795 have unwound the B-DNA helix by stretching
it in an aqueous salt solution. They found that the stretching force required for the transition decreases significantly
with lowering of the salt concentration. We show that the observed salt effect is consistent with a uniformly charged
cylinder model of DNA surrounded by a Poisson]Boltzmann ionic atmosphere. We also derive a simple connection
between the sharpness of the center part of the transition and its cooperativity in terms of an average block size of
base pairs that unwinds or rewinds. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Effects of salts on the stability of B-DNA are
well documented. Early work concerned the in-
fluence of the ionic environment on the melting

w xtemperature of DNA 1]5 . The melting process
includes unwinding of the duplex DNA followed
by strand separation. A satisfactory comparison of
theory and experiment was difficult for at least

Ž .two reasons. i Variation of the melting tempera-
ture by salt addition introduced two unknown
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parameters, the non-ionic contributions to the
entropy of melting and to the enthalpy of melting

Ž .of duplex DNA. ii The electrostatic free energy
Ž .of the double helix the starting point and the

Ž .single stranded DNA coil the end point had to
be treated on the same footing.

w xMore recently Smith et al. 6 have unwound
duplex DNA at constant temperature by stretch-
ing single molecules in buffered salt solutions.
Fig. 1 gives force-extension data of single
molecules of cross-linked l-DNA in solutions of
various ionic strengths. The curves show three
parts, corresponding to three different processes.
Ž .i Up to a force of a few pN the coiled B-DNA is
essentially being stretched into a straight double
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Fig. 1. Force-extension curve of cross-linked l-phage DNA molecules in solutions of different ionic strength corresponding to,
from top to bottom, 0.15 M, 0.005 M, 0.0025 M, and 0.000625 M NaCl. Cross-linking about 5% after exposure to 4,59,8-trimethyl

w xpsoralen. Adapted from Smith et al. 6 .

˚ Ž .helix with contour length 3.38 A per bp. ii
Subjected to forces between about 5 pN and 20 to
65 pN, depending on ionic strength, the DNA
extends slowly due to elastic stretch of the double

Ž .helix. iii This is followed by a rapid extension
Ž .overstretching to a contour length of about 5.7
Årbp. The force required for overstretching in-

Ž . Ž .creases at higher ionic strength. Parts i and ii
of the stretch curves in Fig. 1 have been well

w xdiscussed 6,7 . Here we treat the energetics of
the unwinding of B-DNA, based on the upper

Ž .part iii of the stretch curves.
w xCizeau and Viovy 8 have treated the energet-

ics of overstretching on the basis of a one dimen-
sional Ising model, assuming only nearest neigh-

Ž .bor interactions between base pairs bps , but
excluding consideration of the effect of ionic
strength. In this communication we deal with the
electrostatics of unwinding of DNA. We show
that a uniformly charged rod model, surrounded
by a Poisson]Boltzmann ionic atmosphere, ex-
plains the overstretching of DNA in solutions

with different concentrations of monovalent salt.
Because the process occurs at constant tempera-
ture, only a single unknown parameter, for the
non-ionic free energy change, is involved. We also
discuss the sharpness of the transition.

2. Overstretching of duplex DNA and
electrostatics

For the experiments in Fig. 1 the DNA was
cross-linked by 5% intercalation with psoralen to
minimize strand separation after unwinding. For
the higher salt concentrations reversibility of the
stretch curves in Fig. 1 indicates that the double
stranded structure remains essentially intact. At
the lower salt concentrations in Fig. 1, however,
the stretch curve is not completely reversible, but
shows hysteresis. This suggests that between

Ž .cross-links on average about one per 20 bps the
unwound, double stranded structure is unstable
and may melt into single strands that bow out
between crosslinks. Upon decreasing the force, a
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different path, through incorrectly paired bases,
may be required to return to the original double
helix, leading to hysteresis in the stretch curve.
We assume that in the case of hysteresis the
upper data points in Fig. 1, for increasing force,
refer to the unwinding transition. We first derive
the free energy of the transition from the experi-
mental data.

The free energy change, D F, in the unwinding
process is given by the work integral

l2 Ž . Ž .D Fs t l d l 1H
l1

where l is the extension at the beginning and l1 2
Ž .at the end of the transition, and t l is the

stretching force or tension in the DNA. Ignoring
Ž .hysteresis, we assume that part iii of the stretch

curves is symmetrical with respect to the horizon-
tal axis. Then we can take the force at the mid-

Ž .point, t 1r2 at line c in Fig. 1, as the average
force between l and l . We also assume that the1 2
values of l are on line a and the values of l on1 2
line b in Fig. 1. We discount the slope of lines a
and b which is caused by elastic stretch of DNA.
The relevant errors in our final results are insig-

Ž .nificant. Then Eq. 1 becomes

Ž .Ž . Ž .D Fst 1r2 l y l 22 1

where we read l and l from Fig. 1. With a1 2
contour length at ts0 of 16.4 mm, corresponding

˚ w xto 3.38 Arbp 6 , we find the data for l and l in1 2
˚ y22Table 1. Then the conversion 1 pN=1 As10

J, and at room temperature kTs4.12=10y21 J,
yields the data for D FrkT per bp in Table 1.

The salt effect on the unwinding is easily un-
derstood. The repulsion between the charged
phosphate groups promotes unwinding, but this
repulsion is shielded by the addition of salt. To
make this argument quantitative we model the
B-DNA double helix as a cylinder with a uniform

˚surface charge, a radius of 10 A, and linear charge
˚density 2rl erA. Unwinding does not change the1

distance between the phosphate charges in a bp.
Therefore, we model the unwound double
stranded DNA as a rod with the same radius of

˚10 A, but now with a linear charge density 2rl2

Table 1
Experimental free energy of unwinding B-DNA

Ž .M t 1r2 l l D FNaCl 1 2

˚ ˚Ž . Ž . Ž . Ž .pN Arbp Arbp kTrbp

0.15 67.1 3.56 5.72 3.50
0.005 58.1 3.55 5.70 3.03
0.0025 50.5 3.53 5.69 2.64
0.000625 45.7 3.51 5.67 2.38

˚erA. The charged cylinders are surrounded by a
Poisson]Boltzmann atmosphere of univalent ions
in equilibrium with salt concentration M . TheNaCl
electrical free energy of these models is evaluated

w xas derived earlier by Stigter 9 and by Schellman
w xand Stigter 10 . The results are given in Table 2.

The values of D F differ from the experimentalel
Ž .D F from Eq. 2 by an unknown contribution of

the non-ionic free energy of unwinding, D F per0
bp. We assume that this contribution does not
depend on the salt concentration and is D F s0

Ž .4.94kT. In Fig. 2 the D F values from Eq. 2 are
compared with the calculated values of D F rkTel
q4.94. The curve for the unwinding transition
has the same dependence on the salt concentra-
tion as the experimental points. This good agree-
ment of experiment and theory supports the cred-
ibility of the unwinding model of the overstretch-
ing transition, and of the non-ionic free energy,
D F s4.94kTrbp, for the unwinding of B-DNA0
at 258C.

3. Width of unwinding transition

We now elaborate on remarks by Smith et al.
w x6 on the width of the overstretching transition.

Table 2
Electrical free energy per base pair in units of kT

a b cM F F D FNaCl el el el

0.15 3.888 2.658 y1.230
0.005 8.640 6.534 y2.106
0.0025 9.747 7.467 y2.280
0.000625 11.999 9.416 y2.584

a ˚ ˚Double helical DNA, radius 10 A, charge density 2rl erA.1
b ˚Unwound duplex DNA, radius 10 A, charge density 2rl2

˚erA.
c
D F c sF b yF a.el e l e l



( )D. Stigter r Biophysical Chemistry 75 1998 229]233232

Ž .Fig. 2. Free energy changes D F per bp in unwinding of DNA. Squares: from experiments in Fig. 1 with Eq. 2 and Table 1. Curve:
D FsD F q4.94kT with theory for D F from Table 2.el el

So far we have treated unwinding as an all-or-
nothing transition. In fact, unwinding may proceed
in short stretches of varying length, as discussed

w xin the theory of the helix-coil transition 11 . It is
well known that this kind of cooperativity makes

w xthe transition sharper 6,8 . There is interaction
between adjacent bps through which their states
are correlated. Let us approximate this correla-
tion by assuming that the DNA does not unwind
or rewind as single bps, but only as a sequence of
n bps. Then the experiments in Fig. 1 yield an
estimate of the average bloc size as follows.

w xHill 12,13 has given the statistical thermody-
namic treatment of the elasticity of homogeneous
long chain molecules. Here we describe the un-
winding equilibrium by the equality of the chemi-
cal potentials of DNA in the helical and unwound
state, these states indicated by labels h and u.

ŽConsistent with Hill’s treatment Eqs. 7.57 and
w x.7.58 of Ref. 13 we add the mechanical work

terms t nl and t nl in the expressions for theh u

chemical potentials of n bps, mh and mu. Then n

standard chemical potentials m0 h and m0 u containn n

the ionic strength dependent electrostatic free
energies discussed above. The helical blocks and
the unwound blocks are assumed to be indepen-

dent. When the molecule has N h helical blocksn
and N u unwound blocks, with a total lengthn
N hnl qN unl , and is under a tension t , then then h n u
unwinding equilibrium is given by

m0 h qkT ln N h qt nl sm0 u qkT ln N u qt nln n h n n u

Ž .3

Ž .We rearrange Eq. 3 as

m0 h ym0 u N hkTn n nts q ln uŽ . Ž . Nn l y l n l y l nu h u h Ž .4
1y fkT uŽ .st 1r2 q ln fŽ .n l y l uu h

Ž . u hwhere the tension t 1r2 for N sN is given inn n
Table 1, and the unwound fraction of the molecule

u Ž h u.is f sN r N qN .u n n n
In Fig. 3 the solid curves are calculated from

Ž .Eq. 4 for ns13 and the dashed curves for
ns10. In the middle region, around f s0.5, theu
slopes of the solid curves are close to those of the
various experimental curves in Fig. 1. Near the
ends, however, the slope of the theoretical curves
is too small. This suggests that near the beginning
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Ž .Fig. 3. Force-unwinding curves following Eq. 4 . Solid curve: ns13. Dashed curve: ns10.

of the transition unwinding occurs in blocs shorter
than n;13 bps, and near the end of the transi-
tion we have helical blocs shorter than 13 bps.

The repulsion between the charged bps acts
over a range of several Debye lengths, 1rk , which

˚is about 100 A in 1 mM NaCl. So electrostatic
neighbor interactions are significant over a range
of the order of 100 bps. The stretch curves of

w xnative DNA in Fig. 2 of Smith et al. 6 and in Fig.
w x1 of Cizeau and Viovy 8 indeed suggest such

long range cooperativity, that is, a large average
block size of the order of 100 bps. On the other
hand, the above analysis of crosslinked DNA
shows much shorter blocks, of about 13 bps. Ap-
parently the cooperativity of the unwinding
process is broken by the intercalated psoralen of
the crosslinks, about one psoralen per 20 bps, as

w xsuggested earlier by Smith et al. 6 .
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