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Behavior of Supercoiled DNA

T. R. Strick, J.-F. Allemand, D. Bensimon, and V. Croquette
Laboratoire de Physique Statistique de 'ENS, URA 1306 CNRS, Associé aux Universités Paris VI et VII, 75231 Paris Cedex 05, France

ABSTRACT We study DNA supercoiling in a quantitative fashion by micromanipulating single linear DNA molecules with a
magnetic field gradient. By anchoring one end of the DNA to multiple sites on a magnetic bead and the other end to multiple
sites on a glass surface, we were able to exert torsional control on the DNA. A rotating magnetic field was used to induce
rotation of the magnetic bead, and reversibly over- and underwind the molecule. The magnetic field was also used to increase
or decrease the stretching force exerted by the magnetic bead on the DNA. The molecule’s degree of supercoiling could
therefore be quantitatively controlled and monitored, and tethered-particle motion analysis allowed us to measure the
stretching force acting on the DNA. Experimental results indicate that this is a very powerful technique for measuring forces
at the picoscale. We studied the effect of stretching forces ranging from 0.01 pN to 100 pN on supercoiled DNA (0.1 < o <
0.2) in a variety of ionic conditions. Other effects, such as stretching-relaxing hysteresis and the braiding of two DNA
molecules, are discussed.

INTRODUCTION

Vinograd first understood in 1965 (Vinograd et al., 1965)more easily form nucleosomes. Another essential process,
that the double-helical nature of DNA allows it to be over- DNA transcription, can both generate and be regulated by
wound and underwound from its natural state. Today wesupercoiling. In vitro (Wang and Dge, 1997) and in vivo
know that DNA is topologically polymorphic. The over- (Wu et al., 1988) studies have shown that the processive
wound or underwound double helix can assume exotignotion of an RNA polymerase along its template creates
forms known as plectonemes (like the braided structures gfositively supercoiled domains ahead of the transcription
a tangled telephone cord) or solenoids (similar to the windcomplex and negatively supercoiled domains behind (Dun-
ing of a magnetic coil) (Marko and Siggia, 1995). Theseaway and Ostrander, 1993).
tertiary structures have an important effect on the mole- pNnA replication poses a similar but topologically en-
cule’s secondary structure and eventually its function. FOhgnced problem. Once replication is completed, the newly
example, supercoiling-induced destabilization of certainsynthesized molecule must be disentangled from its parent.
DNA sequences can allow the extrusion of cruciforms (Pal-The replication of circular DNA molecules gives rise to two
acek, 1991) or even the transciptional activation of eukarytinked circular molecules, but the replication of whole chro-
otic promoters (Dunaway and Ostrander, 1993). We studynosomes leaves the cell with highly entangled chromatids.
the supercoiling of DNA by single-molecule techniques toyf the cell does not disentangle the freshly replicated pairs of
better understand the relations between the physical forgisier chromatids, they will fragment under the pull of the
and biological function of DNA. . _mitotic spindle. Disentanglement is achieved thanks to to-
Consider, for example, the packaging of eukaryotic geygisomerases (Jannink et al., 1996). Topoisomerases are the
nomes. In human cells, the nucleus is just a few microns 0|5 tools for managing the topologies of their genomes
a side, yet it must contairr3 m of DNA, d|V|Qed into 46 (Wang, 1996). Type | topoisomerases act by transiently
chromosomes. If these chromosomes were in the form of §oa1ing one of the strands of duplex DNA, allowing the
random coil, they would not fit inside the nucleus_. As WaSs; iact strand to pass through and thereby changing the
shown by Patterton and von Holt (1993), negative SUpery,, \hor of times the two strands wrap. Type Il topoisomer-

coiling favors DNA-histone association and the formatlonases transiently break both strands of duplex DNA, allowing

of nucleosc_)mes (the first stgp in packaging DNA). Becaus%mother segment of duplex DNA to pass through. Type II
the solenoidal DNA wrapping aroun_d a qucleosome cor opoisomerases thus have an unknotting activity, which
creates about two negative supercoils, it is understandable

that DNA which fulfills this topological prerequisite will IS required to disentangle linked circles or replicated
chromosomes.

Thus DNA supercoiling has been extensively studied
because it links the biological activity of DNA to its tertiary
Received for publication 11 August 1997 and in final form 9 Decemberstructure and not just its sequence. The techniques em-
1997. ployed have ranged from electron cryomicroscopy images
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supercoiled molecules (Schlick and Olson, 1992; Klenin eBASICS OF DNA SUPERCOILING
al., 1995; Vologodskii et al., 1992). Until recently, it was AND STRETCHING
only possible to control the supercoiling of plasmid DNAs Initial studies of DNA supercoiling have been carried out on

by using intercalators (such as ethidium bromide) or COMSmall circular DNA molecules (plasmids). The circularity of

merciaIIy.avaiIabIe topoisomerases. These techniques ha\fﬁese DNAs is useful in that it allows one to constrain the
.sgve_ral d|sadvantag§s. They do not aIonv_ for real-time mOd'extremities of the molecule by a kind of boundary condition.
ification and analysis of DNA supercoiling; nor do they | jhear DNA molecules may also be torsionally constrained,
allow for precise, controlable, and reversible DNA super-py anchoring them (at their extremities or along their
comn_g. Finally, traditional supercoiling assays are Onlylength) to an immobile surface or a massive object. The
functional on large ensembles of closed circular DNA mol-anchoring of chromatin to the nuclear scaffold, for example,
ecules. We have established a new teChniqUe based on th%y generate topo'ogica”y independent domains_ The to-
tools of DNA micromanipulation that gives us the pos- pology of such torsionally constrained molecules can then
sibility of executing precise, quantitative, and reversiblepe described by a few simple quantities (White, 1969:;
supercoiling of an individual linear DNA molecule in real Calladine and Drew, 1992). The first is the twi) of the
time. molecule, the number of times the two strands that make up
To do so, we have constructed an experimental systerthe double helix twist around each other. For unconstrained
inspired by the experiments of Smith et al. (1992) concernB-DNA this is known to be one turn every 10.4 bp. Over-
ing the stretching of an individual DNA molecule. By winding increases the twist, underwinding decreases it. The
binding a single DNA molecule by one end to a treated glassecond topological quantity of interest is the writNer] of
surface and by the other end to a small magnetic beadhe molecule. On a twisted phone cord one often notices the
Smith et al. (1992) were able to measure the stretching forcrmation of interwound structures, calleplectonemes
on a DNA molecule due to a combination of magnetic and(from the Greek meaning “braided string”), which appear to
hydrodynamic forces. They were then able to establish, wittP€ @ way of releasing torsional stress. In these structures the
the help of J. Marko and E. Siggia (Bustamante et al., 1994fumber of times the cord loops over itself is its writhing
that the elastic behavior of torsionally relaxed DNA resem-number, and a positive or negative value may be assigned to
bles that of a semiflexible polymer, a worm-like chain it. The writhe represents another type of wrapping—that of

(WLC) (see below for details). The DNA flexibility is "€ molecule’s axis with itself.

represented by its persistence lengihs 50 nm in physi- ; tlflone cl())nstr?;rls thfhert]?ﬁ OI the ?NAdmoﬁﬁu'ﬁ’ tlhen the
ological conditions. This is the distance over which the otal number of imes that the wo strands ot th€ NEliX cross

i(;Jach other (either by twist or by writhe) becomes a topo-
. . . ogical invariant of the system known as the linking number,
chain, the longer its persistence length (Flory, 1969; dq_kg For a circular plasn%/id the only way to changgle is to

Genhnes, 1979).I | din Smith’ . Smi hbreak a strand and modify the number of times the DNA
The DNA molecules used in Smith's experiment (Smit winds. In the case of linear anchored molecules, however,

etal., 1992) were bound by a single biochemical link at theirrotating one end of the molecule allows one to access and

extremities. As the DNA is free to swivel about its anchors,modify Lk without damaging the DNA. A mathematical
no torsional constraints could be applied to these moleculegheorem due to White (1969) states that

By using a DNA construct presenting multiple binding sites

at its extremities, we have added to these experiments the Lk = Tw+ Wr Q)
possibility of exerting a torsional constraint on an unnicked o _ _ _
molecule. The linking number of a torsionally relaxed (linear or cir-

We can mechanically overwind and underwind the bouncfular) DNA is written asLk, = Twg + Wro. Twg is the
DNA by using a rotating magnetic field to induce the NUMber of helical repeats in B-DNAM, = 0, assuming

synchronous rotation of the magnetic bead to which thdhat DNA has no significant spontaneous curvature with

DNA is bound. DNA can thus be coiled in a continuous which it could form coils or loops. The relative difference in

controllable, and reversible fashion in real time. Further—IInkIng nhumber between the supercoiled and relaxed forms

more, with the use of a novel technique based on thé’f DNA is called the excess linking number;

analysis of the Brownian motion of the tethered bead Lk — Lk,

(Gelles et al., 1988; manuscript in preparation), we can UZT 2)
measure the stretching force applied to a single coiled DNA
molecule. In this paper we describe the behavior of indi-The molecule is overwound whenis positive and under-
vidual DNA molecules subjected to stretching forces vary-wound when it is negative.

ing between 0.01 pN and 100 pN, under different ionic As mentioned earlier, the first experiments concerning
conditions and various degrees of supercoiling, both posithe force versus extension characteristics of single DNA
tive and negative. We also present results concerning thenolecules were carried out on torsionally unconstrained
braiding of two DNA molecules around each other. DNA (Smith et al., 1992). A good fit over the full range of
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their data was achieved (Bustamante et al., 1994) by treating

the DNA as a worm-like chain. At low stretching forces Bead
such a system behaves like a random walk Magnets ]/ DNA

3 kBT X /

F=-—-— Capillary tbe with DNA
2 g |0 - L ] «=— Buffer flow
m.
whereF is the applied forcekg is the Boltzmann constant, e
T is the temperature the walk’s persistence length, and .
Xy is the walk’s relative extension. At high forces, the TJ;
WLC's relative extension tends towardxit, ~ 1 — 1A/F. Inverted
A useful interpolation formula, correct to within 10%, was Microscope
proposed (Bustamante et al., 1994) to join these two re- CCD camera |—
PC and frame grabber

gimes at intermediary forces:

Fé . 1 x\ 7 FIGURE 1 An overview of the experimental setup. Th&6-um-long

m 4 1- E -1+ E ®) DNA molecule is bound to a glass surface (the bottdmad mm x 1
mm X 50 mm capillary tube) at one end by digoxigenin/anti-digoxigenin

wherex is the polymer’s extension arglits contour length.  links and at the other end to a superparamagnetic beadn(@iameter) by
In this paper we fit the WLC model’s exact numerical biotin/streptavidin links. The magnetic field used to pull on the bead and

solution (manuscri t in pre aration) to the ex erimentalcoerI its rotation is generated by Co-Sm magnets and focused by asym-
p prep P metrical polar pieces with a 1.7-mm gap. This magnetic device can rotate

data to extract the contour length and the persistence anout the optical axis, inducing synchronous rotation of the magnetic bead,
length ¢ of the system being stretched. One may thusand it can be lowered (raised) to increase (decrease) the stretching force.
determine a crucial parameter: the number of moleculedhe samples are observed on a Nikon Diaphot-200 inverted microscope
being stretched. Indeed, a two-molecule system is twice a\gith a 60x immersion oil objective. Video data relating the Brownian

tiff inal | | t A thmotion of the magnetic bead is generated by a square pixel XC77CE Sony
SUit as a single-molecule system. As a consequence, (.eamera connected to a Cyclope frame grabber (timed on the pixel clock of

effective persistence length of a two-molecule system is halfhe camera) installed in a 486-100-MHz PC.
that of a single molecule (see FigA3. In our experiments
we can thus distinguish between DNA supercoiling (one

DNA molecule) and DNA braiding (two DNA molecules). Sequence of labeling reactions, except that photoactivatable digoxigenin
(Boehringer-Mannheim) is used as the labeling molecule. Both batches of

labeled DNA are then precipitated in cold ethanol and resuspended in

Tris-HCI (10 mM) and EDTA (1 mM) (ToE,). They are then digested by
MATERIALS AND METHODS 10 units of restriction enzymirul (New England Biolabs, Montigny-le-
Overview of setup Bretonneux, France) at 37°C in the enzyme’s buffer. The cohesive left

(4600 bp) and cohesive right (6700 bp) fragments are isolated on an
We bind 60-kb linear DNA molecules to small streptavidin-coated super-ethidium-bromide free, 0.6% agarose gel ix Tris-acetate-EDTA (TAE)
paramagnetic beads in a phosphate-buffered saline solution. The bead-
DNA complexes are then incubated in a phosphate buffer inside a square

glass capillary tube that has been functionalized with anti-digoxigenin. (GGGCGGCGACCT) COMPLEMENTARY ENDS

DNA is thereby bound by one end to an immobile support (the capillary 12unpriced bases

tube) and by the other end to a mobile support (the magnetic bead). The et

capillary, linked to a buffer-flow system, is placed over the objective of an (C‘CZC"G'gC“'gg;;j\)
inverted microscope (Fig. 1). Magnets located above the sample control the 48502 BASE PAIRS

force applied to the bead and its rotation. The video data of a CCD camera RESTRICTION ENZYME RESTRICTION ENZYME

are fed into a PC. From these data we extract the magnetic bead image; its
X, ¥, andz coordinates (manuscript in preparation); and the force exerted on
the bead. - 4

BIOTINYLATED BATCH + NATURAL BATCH + DIGOXIGENIZED BATCH

DNA construction
Anncaled and ligated

A schematic explanation of the DNA construction can be found in Fig. 2.

Fifty micrograms of phagex-DNA (Boehringer-Mannheim, Meylan, M

France) are precipitated and resuspended in distilled water to eliminate any BIOTINYLATED END DIGOXIGENIZED END

organic buffers. Two batches of this DNA are aliquoted; the first is

subjected to two successive rounds of photolabeling in the presence of Z25lGURE 2 Schematic representation of the DNA construct. A segment
ng of photoactivatable biotin (Pierce, Montlucon, France). Photolabelingof photochemically labeled DNA is affixed to each end of a 48.5-kb phage
reactions are carried out according to the Pierce protocol: DNA at a\-DNA. A 5-kb fragment tagged roughly every 200—400 bp with a biotin
concentration of lug/ul is mixed with an equal volume of photobiotin label is annealed and ligated to the cohesive left end okiB&A. A 6-kb
(also at a concentration of fg/ul). The reaction tube is left open and fragment is similarly tagged with digoxigenin molecules, and then an-
placed in an ice bath, 10 cm away from a 40-W, 360-nm sunlamp for 10nealed and ligated to the cohesive right end of MBNA. The final

min. The process is repeated, with the addition of anotheruP®f construct, measuring-20 uwm, is biochemically labeled over 20% of its
photobiotin. A second aliquot of purified DNA is subjected to the same length.
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running buffer. They are then purified with the GeneCleanll systemto that of the magnets, and rotation of the bead is observed to be synchro-
(Biol101, France), precipitated in cold ethanol and resuspended jih G0 nous with rotation of the magnets (manuscript in preparation). This allows
T10E:. The cohesive-left biotin-labeled fragments are then annealed fous to control the rotation of the bead and thus the coiling of the molecule
24 h at 37°C to intach-DNA molecules suspended in, g, and 10 mM bound to the bead. The rotating disk itself is attached to a translation stage
MgCl,, and ligated fo 1 h at 37°with 5 units of T4 DNA ligase (Boeh- that allows for vertical displacements of the disk-magnet assembly. A
ringer-Mannheim). The cohesive-right digoxigenin-labeled fragments aresecond motor controls these displacements via a stepper motor, allowing us
annealed and ligated to the reaction product in an identical manner. Th® control the height of the magnets relative to the sample. We therefore use
final construction is thus 59.8 kb long, with biotin and digoxigenin end- these magnets to control both the magnetic force acting on the bead (and
labels making up 11.3 kb. Comparative experiments were also carried ouhus on the molecule) and the degree of supercoiling of the DNA construction.
on a similar pXA1 construct donated by F. Caron (Cluzel, 1996).

Preparation of capillary tube Optical videomicroscopy

Gl illary tubes (1 mo 1 % 50 - VitroD ics. Mountai The samples are observed on a Nikon Diaphot-200 inverted microscope
ass capillary tubes (1 m mm mm, vitrobynamics, Mountain - un 5 60x oil-immersion objective. Video images (25 images/s) are

Lakes, NJ) are either silanized (Bens',lmon. et al., 1994) or coated W'_trbbtained with a square pixel XC77CE Sony camera feeding into a Cyclope
polystyrene (Allemand et al., 1997). Five micrograms of polyclonal antl—frame grabber. The frame grabber is timed off the pixel clock of the

digoxigenin (Boehringer-Mannheim) are then incubated in these tubes fOE "
) . amera. A 486 PC serves as the host for the frame grabber. The spatial
at leas 2 h at37°C (or overnight at 4°C) in 10l of 10 mM phosphate- 9 s

buffered sali PBS). Unbound anti-digoxiaenin is eliminated by rinsi scale of the images in the horizontal imaging plane was calibrated by using
utiere saline ( )- Unbound anti-digoxigenin is eliminate Y TINSING 5 Njikon grating. Vertical displacements are measured (and calibrated
with a 10 mM phosphate buffer at pH 8, supplemented with 0.1%

. - versus the microscope vertical vernier) with a small laser diode attached to

Tween-20 and 3 mM Nab The treatgd surface s passwgtgd for at least 2 hthe objective turret and aimed at a photodetector fixed on the microscope.
at 37°C (or overnight at 4°C) with a solution consisting of 10 mM
phosphate buffer at pH 8, supplemented with 0.1% Tween-20, 1 mg/ml
sonicated fish sperm (FS) DNA (Boehringer-Mannheim), and 3 mM NaN
The tube is then rinsed and attached to a buffer flow system consisting dimage analysis and force measurements
small plexiglass wells. ) ) ) ) o

Other experiments were performed in a hermetic environment. To thisThe forge measurement.technlque We_ use is described in detail '_n a
end, glass coverslipsl(= 18 mm) are silanized (Bensimon et al., 1994). A forthcoming paper. The wdep data obtained from the apparatu_s described
well is then formed by gluing to these silanized coverslips a small PVCabove are treate_d in real time tq extract Fhe Brownian motion of the
fing (d = 12 mm, 2 mm high). The wells were coated with anti-digoxigenin tethered magnetic bead_. A track'lng algorlthm,' coded by fgst Eourler
and passivated as previously described, and 2D®f the DNA-bead transform-based correlation techniques, determines the relative displace-

assembly is loaded onto the surface. After a delicate rinse of unboun&nemsh(_)f tr:le center posmo_n of the r_nagnetl_c ber toa resolut_lonlgf
beads, the wells are supplemented with a salt solution to obtain the findl™- This allows us to obtain Brownian motion plots representing the 3D

desired ionic concentration. The wells are sealed on top with a round glasgOSition X(®), ¥(0), ()} of the bead over time. .
coverslip glued with nail polish The DNA-tethered bead, pulled a distarice (2 by a magnetic force

F, is completely equivalent to a damped pendulum. Its longitudiBel £

(Z) — (2 and transverséx? fluctuations are characterized by effective

Construct assembly rigi(!ities,lq‘ = d,F andk, = F/I. By the equipartition theorem they satisfy
(Reif, 1965)

The advantage of the DNA construction that is labeled over 20% of its

length is that it allows for torsionally constraining the molecule’s extrem- kBT kBT

ities when it is bound to an appropriate substrate. As a bonus, the binding 82 = W = 627F (4)

efficiency of the DNA to the treated glass surface and the magnetic bead

is greatly enhanced by this multiple labeling. Approximately TINA T Tl

molecules are incubated in 30 PBS with 8 ul of streptavidin-coated S = k'; — ke; (5)

superparamagnetic beads (Dynal M280 or M450), previously washed three K, F

times in PBS. The reaction is stopped after 5 min by the addition @f|90

of standard solution (10 mM PB pH 8, 0.1% Tween, 0.1 mg/ml FS DNA, wherekg; andT are, respectively, the Boltzmann constant and the temper-

and 3 mM NaN, referred to hereafter as 10 mM PB or 10 mM phosphate ature kgT = 4 X 10 2*J = 0.6 kcal/mol). Thus, from the bead’s Brownian

buffer). Twenty microliters of that mix is further diluted in 8@l of fluctuations ¢x?, y?), one can extract the fordepulling on the bead (and

standard solution and injected into the capillary tube. As the beads sedin the tethering molecule), and frofiz? one obtains its first derivative,

ment to the capillary’s “floor,” they bring the DNA molecules in contact ,F. Our experimental results show that this technique allows for in situ

with the anti-digoxigenin-coated surface. The bead-DNA constructs argorce measurements over a large range of forces, frdf fN, wheredx ~

then left to incubate for at lea& h before studies begin. We can increase 1 um, to a 100 pN, wheréx ~ 10 nm (Fig. 3B).

the number of supercoilable (unnicked) molecules by performing a ligation

reaction with T4 DNA ligase, either before or after the bead-DNA complex

is injected into the capillary. RESULTS

In our experiments we control the degree of supercoilifg (

of the molecule and the stretching for¢g épplied to it. We

The magnetic field we use to control the superparamagnetic bead ithen measure the resulting extensidhdf the DNA and
generated by Co-Sm magnets. It is focused by soft iron pole pieces with gormalize it by the full lengtlh,. Hence we usually measure
1.7-mm gap. The magnets and pole pieces are mounted on a rotating disfyce yersus extension curves at a constant degree of super-
Rotation of this disk is controlled by a stepper motor through an RS232 .. . .
port. When the disk is at rest, the magnetic field lines are parallel ta the coiling, or egtensmn Versus s'uperco[llng cgrveg at_ ConSta_nt
axis of the experiment (perpendicular to the axis of the capillary tube), andOrce. Experiments were carried out in various ionic condi-
the gradient is along theeaxis. The orientation of the bead is fully coupled tions at pH 8.

Magnetic control of DNA torsion and extension
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I e MM L i tence lengthé =~ 53 nm (consistent with previous experi-
I (A) | mental results; Smith et al., 1992; Bustamante et al., 1994)
1015‘ & and the molecule’s crystallographic lendth Because the
2 labeled ends may not bind on their full length to the sur-

] faces, |, varies between 16.2zm and ~18 um. Beads
tethered to the surface by two DNA molecules yield force-
extension curves characterized by a persistence leéhgth
26 nm (half that of a single DNA molecule). We were also
able to distinguish cases in which a bead was bound to the
E surface by two molecules: the first was a reguadDNA,
. and the second was\aDNA dimer. Such a system turns out
] to behave as if bound by a worm-like chain with a persis-
AT tence lengthé = 44 nm. At low ionic strength (1 mM PB),
0 O elative Extension ! & was seen to increase t675 nm; these various results are
o T T T T T consistent with previous measurements of the salt depen-

3 (B) #or ° o8 E dence of the DNA persistence length (Smith et al., 1992).

[ ] We were also able to reproduce the high-foreex 10
3 pN) DNA overstretching experiments first reported by Clu-
] zel et al. (1996) and Smith et al. (1996) (FigBB In these
experiments, we replaced the Zu8a-diameter superpara-
magnetic beads with 4. pm-diameter beads. This allows us
to achieve stretching forces as high as 100 pN. At a stretch-
ing force of ~70 pN, we observe the reported abrupt tran-
i ] sition (Cluzel et al., 1996; Smith et al., 1996) in the DNA’s
1073 = extension as it passes from 1.1 to 1.8 tieJ hese results

3 DNA In 10 mM 2B demonstrate the wide range of forces that can be measured

DNA'in 10 mM PB
2r ¢ from WLC fits
10° 0: 53 nm

+: 44 nm
0: 26 nm

Force (pN)

10

109

Force (pN)

1071

= 53 nm ] with the present force measurement technique.

S N NN EPSR I
10 V] 0.5 1 1.5

Relative Extension

FIGURE 3 Force versus extension curves for various torsionally relaxe :
. . rcoiled DNA
A-DNA molecules in 10 mM PB.A) These curves are well described (see %Upe coiled

continuous curvgsby a worm-like chain (WLC) model with a persistence  Sypercoiled DNA in moderate ionic conditions (10 mM PB)
length of ~53 nm (for a single DNA molecule). With twa-DNAs the
rigidity is doubled, resulting in a halving of the effective persistence lengthFig. 4 shows the\-DNA’s extension as a function of su-

(26 nm). We also observed systems characterized by a rigidity equivalerperco”ing at three different forces. At a low forde & 0.2

to a WLC with a 44-nm persistence length. This can be accounted for b . . . .
the anchoring of two different DNA molecules on the bead: a regular)bN) the elastic behavior of DNA is symmetrical under

A-DNA and a dimer consisting of two annealaeDNAs. (B) A compen-  POSitive or negative supercoiling. Like a phone cord, the
dium of measurements on beads bound by a single DNA molecule over 0lecule continuously “contracts” as each added turn al-
large range of forces: 0.005 pi F < 100 pN. The plateau & ~ 70 pN  |ows it to form plectonemes and “shorten.” At an interme-
(where the DNA extension increases from 1.1 to 1.8 times its crystallo-d- _ ; ;
iate force £ = 1 pN), the chiral nature of the molecule is
graphic length; Cluzel et al., 1996; Smith et al., 1996) was measured by . hF P ) fth | I h
steadily increasing the force applied to a nicked molecule. These resultgvlldent' The extension of t e mo epu e does not ¢ ange as
demonstrate the wide range and precision of our measurement techniqué. iS underwound, whereas it continues to contract when
overwound. Finally at high forces (hefe = 8 pN), the
DNA's extension depends only slightly on the degree of

Torsionally relaxed DNA supercoiling and is similar to that expected from a torsion-

We begin by presenting force versus extension curves oSS worm-like chain. _ _

tained on torsionally relaxed DNA moleculas € 0) in 10 These three regimes are also evident in the force versus
mM PB (Fig. 3). These results show that our measuremerfxtension plots at fixed (Fig. 5):

technique allows us to study a wide range of forces with ® At low forces & < 0.5 pN) under- and overwound
high resolution and to distinguish a bead tethered by a singlPNA molecules at the same value|of have essentially the
DNA molecule from one bound by two or more (FigA3. same extension at a given force. Their rigidity, the force
At low stretching forces (0.02< F < 2 pN) a DNA  required to stretch the molecule to a given length, increases
molecule behaves like an ideal polymer chain. It can bevith |o].

described to a very good approximation by an ideal worm- @ At intermediate forces (0.5 F < 3 pN) DNA behaves

like chain (WLC) model (Bustamante et al., 1994); fitting very differently if it is positively or negatively coiled. In-
this model to our data allows us to extract the DNA persis-deed, at a forc& = F; ~ 0.5 pN, underwound DNA
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FIGURE 4 Extension versus supercoiling curves obtained for three dif-
ferent stretching forces in 10 mM PB. The three forces represented here
were chosen to emphasize the three regimes observed in this type of
experiment. In the low-force regime < 0.4 pN, the DNA molecule
responds in a symmetrical manner to positive or negative supercoiling by 1072
forming plectonemes. These plectonemes grow Mith reducing the

molecule’s extension. At intermediate forces, where 0.5pR < 3 pN,

e exrlon of pglv superold DAl ol T 0 i 5 ot vasus oensnces o egavabad o
9 9 . Y sup ' t'i.'vely (B) supercoiled DNA in 10 mM PB. Thigr| = 0 curve was fitted by

he other h h linki . In the hi . ) : .
the other hand, con_tracts as the ex_cess InKing ”“”?per grows. In t .e Iga WLC with a persistence length of 48 nm. The solid curves serve as guides
force F > 3 pN regime, the extensions of both positively and negatively

supercoiled DNA are relatively independent of changes in the Iinkingfor the eyg. At low for.c.esR < 0.3 pN) the curves are S|m|Iar for positive
number. and negative supecoiling, whereasFat ~ 0.5 pN the negatively super-

coiled molecule undergoes an abrupt transition to an extended state that
behaves like a molecule withr = 0. The positively supercoiled DNA
undergoes a similar abrupt transition to an extended state wherD.07
F=F; ~3pN.

L *I*K-FE]OO‘E

P TR B B A
0 0.2 0.4 0.6 08 1
Relative DNA Extension (um)

undergoes an abrupt transition to an extension similar to thz;‘tnd

of a torsionless molecule. On the other hand, overwound

DNA extends continuously as the stretching force is increased.
e At higher forces (10 pN> F > 3 pN) DNA, whether ~F. characterizing these transitions are lower than in 10 mM

under- or overwound, has a force versus extension behaviétB. Indeed, we observe df of ~1 pN, andF; is now

similar to that of a torsion-free DNA. There is only a weak ~0.2 pN.

coupling between twist and stretch. Indeedfat F, ~ 3

pN, positively coiled DNA withe > 0.1 undergoes an

abrupt transition to an extended state, in a manner similar tgupemo”ed DNA in high ionic conditions (10 mM PB
that obser\ied for underwoupd moleculed=at ~ 0.5 pN. supplemented with 150 mM NaCl or 5 mM MgCl,)

(Note: F; andF_ are defined as the forces needed to
bring the DNA to the middle of the extension plateau.) Here we introduced different cations into the system before
repeating the above experiments. Except for very positive
supercoiling ¢ = 0.16), the force-extension curves and the
extension versus supercoiling curves are similar to those
obtained for 10 mM PB. The main difference is, once again,
As can be seen in Fig. 6, the force-extension curves genein the variation with the ionic conditions of the critical
ated here for positive and negative supercoiling differ fromforcesF; andF, .
the ones obtained in 10 mM PB. The abrupt transitions Fig. 6 shows that the addition of 150 mM NacCl leads to
observed in the DNA’s force-extension curve at 10 mM PBa marked increase in the values f§f andF. . Indeed F_
become more gradual in 1 mM PB. There is still a thresholdncreases from-0.4 pN to~1 pN. At the same timeF;
force above which the supercoiled DNA behaves like aincreases from-3 pN to 7 pN. Adding 5 mM MgClto the
torsionally relaxed molecule, yet the transition to this be-standard 10 mM PB solution leavEs unchanged at0.45
havior is no longer as abrupt. Moreover, the foregsand  pN, whereas=_ increases to 6.5 pN (Fig. 6).

Supercoiled DNA in low ionic conditions (1 mM PB)
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FIGURE 7 Hysteretic effect in the force versus extension curves of
- 4 highly overwound ¢ = 0.16) DNA in strong ionic conditions (10 mM

I ] PB + 5 mM MgCl, or 10 mM PB+ 150 mM NacCl). We stretched these
molecules past = FJ ~ 7 pN before relaxing them. Each point was taken
at ~30-s intervals. For the experiment involving magnesium cations, the

Force (pN)

Symbal T ¢ force changes by-0.3 pN each step, whereas the change @1 pN for
°r .0zt T=0 2o the experiment involving sodium cations. The hysteresis observed under
2 e=0 },,_0'052 these conditions tends to disappear as the relaxation process is made more
102 S o_@l SRV >+~ < gradual (i.e., as the time interval between successive points is increased or
Relative DNA extension Relative DNA Extension as the force step is decreased).

FIGURE 6 Force versus extension curves for negatividit €olumr)

and positively fight columr) supercoiled DNA in various ionic conditions.

From top to bottom: 1 mM PB, 10 mM PB 150 mM NaCl, and 10 mM  toward the force versus extension curve observed while
PB + 5 mM MgCl,. Note that these curves are qualitatively similar to stretching.

those in Fig. 5. The main differences are the changes in the critical forces

Fo andF;.

Braided DNA in various ionic conditions

These experiments were performed by selecting magnetic
beads tethered by two torsionally unconstraine®NA
molecules. In this case we shall consider the number of
In general, the extension of a coiled DNA molecule at atimesn that the two strands of DNA are wrapped around
given force is independent of whether it was reached byach other when the bead is rotated in one sense or the other.
stretching the molecule from a relaxed state or relaxing itForce versus extension experiments (Fig. 8) were performed
from a stretched one, i.e., there is in general no observablia 10 mM PB by wrapping the two DNAs by = =300
hysteresis in the force versus extension curves of supeturns before stretching. The elasticity of this type of system
coiled DNA. However, this is not true for highly overwound is seen to be independent of the sign of the wrapping.
DNA in high salt conditions¢ ~ 0.16 with 150 mM NaCl Extension versus braiding experiments (Fig. 9) were done in
or 5 mM MgCl). Upon increasing the force paf ~ 7 1 mM PB, 10 mM PB, and 10 mM PB- 10 mM MgClL,.

pN, we observe an abrupt extension of the molecule. HowThe extension versus braiding curves were obtained at a
ever, if we subsequently decrease the force béigwwe do  stretching force of-4 pN and are independent of the sign of
not observe a concurrent abrupt shortening of the moleculahe braiding. Two regimes were detected for the experi-
extension (as folrr < 0) (Fig. 7). Instead, the molecule ments concerning 1 mM PB and 10 mM PB: the first with
undergoes a continuous, history-dependent shortening a@srapid shortening of the system for each additional turn
the force is decreased beldw . If the force is relaxed by (n> —200 turns in 1 mM PB anfh| < 400 turns in 10 mM
a~0.3-pN step every 30 s, one can observe very significanPB), and the second with a much more gradual slop€ (
differences between the stretching and relaxing processes. # 200 turns in 1 mM PB anfh| > 400 turns in 10 mM PB).

we decrease the force interval between successive points Tthe transition between the two regimes is characterized by
~0.1-pN steps every 30 s, the relaxation curve convergea hysteretic behavior in the extension of the system if we

Hysteretic effect on highly supercoiled DNA in high
salt conditions
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FIGURE 8 Force versus extension diagram for two nicked DNA mole- - 0.75 L+t -
cules wrapped around each other 300 times in 10 mM PB. The elasticity of F M .
this system is independent of the sign of the braiding. The topmost = T T T T
continuous curve is the WLC prediction for stretching two unbraided - 10 mM PB ]
moleculesi¢ ~ 26 nm. - X [+ 10 mM MgCls |
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progressively increase rather than decrease the number of§ - l,("‘ o 1
T . = 08 - o -
turns. The response of two DNA molecules to braiding in 10 a 3 x x 1
mM PB + 10 mM MgCl, is quite different; two regimes are 8 i x x 1
again apparent, but here the system responds much moref o x 3
vigorously to additional wrapping once a threshold number o r 1
. . . > H x
of turns (n| ~ 600) is passed. No hysteretic behavior was ;3 i 1
observed in the presence of magnesium ions. = 06 * —
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Comparison with theoretical results on stretched r x ]
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The elastic experiments on supercoiled DNA reported here Number of turns

were all carried out in a regime in which the molecule is not

stretched beyond,. In these experiments the applied force FIGURE 9 Extension versus number of turns for two DNA molecules
F is balanced by an entropic force, i.e., by the naturaWrapped around each othertimes. Experiments were performed at a
tendency of a polymer (or any molecular system) to maxi_stretchlng force of 4 pN in 1 mM PB, 10 mM PB, and 10 mM PB

mi its entr its number of configuration. its disord r.supplemented with 10 mM MgglIn the absence of magnesium cations,
ize its entropy (its number of configuration, its disorde ' fwo regimes are apparent. In the first regimex —200 for 1 mM PB and

Reif, 1965; Flory, .1969; de. Ger_mes, 1979)- The theory ofy < 400 for 10 mM PB) the system begins by shrinking rapidly with each
stretched supercoiled DNA in this entropic regime has beeadditional turn. The values for the effective DNA diameter as a function of
developed by Marko and Siggia (1994, 1995). Here we shalipnic strength were extracted from data obtained in this regime. The second

just sketch their arguments and compare their prediction&gime @ < —200 for 1 mM PB andn| > 400 for 10 mM PB) is reached
with our results via an abrupt hysteretic transition in the system’s extension and is charac-

. terized by a much weaker response to wrapping. These two regimes are not
The energ)E for stretching a DNA molecule to a length apparent in the extension versus wrapping diagram of two braided DNAs

| is (Marko and Siggia, 1995) in the presence of 10 mM magnesium ions.
T [
g el dg&(6%)? + CO?| — FI (6) N _ _ _
2 nm™ - for B-DNA with a pitchh, = 3.4 nm). The first term

° in the integral is the energy associated with the local bend-

where¢ = 53 nm andC ~ 75 nm (Marko and Siggia, 1995) ing of the molecule. The second is the torsional energy
are the persistence lengths for bending and torsion, respeassociated with a change in the local twist. The last t€fm
tively; s is the curvilinear coordinate along the molecule; takes care of the length constraint.

f(s) is its 3D position;9Zf| is the local curvature; anf)(s) To actually determine the extension of a supercoiled
is the local change in the twist rate, (= 2 w/h, = 1.85  molecule, one has to calculate its partition function (Reif,
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1965), i.e., the sum over all of its possible configurationsham, 1992). These experiments hint at the fact that the
{7(9), Q(9)} of extensionl and supercoilingr weighted by  alternative DNA structure that appears in stretched, un-
their Boltzmann factor: exp{E/kgT). That is a tall order wound DNA is also a denaturation bubble. We propose that
that has not yet been fulfilled. Instead, Marko and Siggiathe abrupt lengthening of the underwound molecule at the
simplified the problem by calculating the free energy of twocritical force F; is due to the simultaneous destruction of
particular configurations. One is a plectonemic supercoilplectonemic structures and local denaturation of the DNA.
whose free energy depends only on its degree of supercoiAt low stretching forces, an unwound DNA molecule can
ing o,,: é,(0p). The other is a stretched solenoidal supercoilstore its linking number deficit by writhe in plectonemic
whose free energy depends on the fdfcand the degree of structures. As the stretching force is increased, however, the
supercoilingog €4(F, oJ). plectonemes are progressively removed and the linking
They went on to solve the problem of a stretched coiledhumber deficit must be stored by negatively twisting the
DNA by assuming that its configuration can be partitioneddouble helix. As the twist of the double helix continues to
into a portionp in plectonemic form and another-1 p in become more negative, the torque acting on the two strands
stretched solenoidal form. The molecule’s free energy theincreases until it forces the strands to separate locally. The
becomes separated strands thus absorb the molecule’s linking number
deficit and allow for the remainder of the DNA to adopt a

€ =péy(op) + (1~ PéyF, o) (7) " natural B-form conformation. A similar argument can be
and its degree of supercoiling obeys made for the transition observed B, in which the mol-
ecule’s overwinding is stored in local regions with a strong
o= po, + (1 = p)o (8)  helical pitch.

The minimum of the free enerd¥,.i.(F, o) is calculated
by minimizing € under p and o,, (thus determining the
fraction of plectonemes at a given force). The DNA’s ex-F < Fe-
tension Is When negatively supercoiled DNA is subjected to stretch-

9€..(F, o) ing forces that are lower thaf. , our data (Fig. 4) indicate
| = BT (9) that the DNA molecule responds to variations in the degree
of supercoiling by changing its writh@/r. Indeed, Fig. 4
Because the DNA’s energy (Eq. 6) is symmetrical underndicates that there is a range of supercoiling in which the
QO — —Q, that approach predicts extensions that are idenDNA’s extension is linearly related t@s|. The constant
tical for o and —o. One might thus expect its results to shrinking (lengthening) of the DNA molecule as a function
apply in the low-force regime. Unfortunately in this low- Of increasing (decreasingy| implies the regular formation
force, low-extension (and low) regime, the assumptions (disappearance) of plectonemes as a way of relieving su-
made by Marko and Siggia (1995) are uncontrolled. Morefperhelical stress in the molecule. Thus at low forEe<(
over, to describe the abrupt transitionsFat andF_, one  F¢) and in 10 mM PB we typically measure an extension
has to introduce further assumptions, such as the existender shortening) of~0.08 um per turn. This result is con-
of alternative DNA structures (see below) for Va|uesg9f sistent with the microscopic observations of Boles et al.
greater than some arbitrary thresholds. (1990) and Bednar et al. (1994). They measure ffer 0)

Despite these shortcomings, the theoretical results are i typical plectonemic radius (Boles et al., 1990y ef 100
good agreement with our measurements (see Marko (1997, a pitch (Boles et al., 1990) qf ~ 140 A, and a partition
for a comparison). This is particularly true for 0.81c <  ratio (Bednar et al., 1994) dNr/Lk ~ 0.8 (i.e., for every
0.1, in a range in which we see no abrupt transitions in thextra 10 turns, 8 are absorbed in plectonemes). One thus
force versus extension curves and in which one expectéXpects that every extra turn is absorbed in an increase in the
Marko and Siggia’s approach to be valid with no ad hocplectonemic lengtfAl (decrease in the measured extension):
assumptions on the appearance of alternative DNA struc-
tures. Foroe < —0.01, fits were obtained by setting the
energy barrier between the B-form of DNA and the dena-
tured form of DNA at~2.4kgT per base pair. For small
degrees of supercoilinglof < 0.01), however, a more It is interesting to note that when the ionic strength of the
detailed approach is required (Bouchiat and Mezard, 19970lution was increased by adding 150 mM NacCl, the rate of
J. D. Moroz and P. Nelson, manuscript in preparation). shortening of the molecule decreased-0.06 wm per turn
(data not shown). This is consistent with results that point to
a decrease in the DNA’s effective diameter (and thus a
decrease in the plectonemic diameter) as the ionic strength
Biological experiments indicate that negatively supercoiledf the solution is increased (Bednar et al., 1994).

DNA molecules alleviate excess torsional stress by dena-
turing locally (Palacek, 1991; Kowalski et al., 1988; Ben- 2.F>F¢

Wr
Al = \(27m)* + pzﬁ ~ 0.085um (10)

Interpretation of F.- and F_-
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Let us now consider the regime whdfe> F_ . As the force  plexing is the fact that adding 5 mM Mggio the initial 10

is increased the plectonemes disappear, and to satisfyM PB leaves-; unchanged but raisés to that observed

White's theorem (Eg. 1) writhe is transferred into twist. Asin 150 mM NacCl.

the change in twishTw = |Tw — Tw| is increased, the

torsional stress (torqud) on the double helix grows as Energy of denaturation of DNA
I' = KgT(27/hg) CATWI Twy, (11) In the following we shall use the force versus extension

measurements on supercoiled DNA to estimate the free

whereC ~ 75 nm is the DNA torsional stiffness and the energy of melting. We shall assume that the denaturation

double helix’s pitchhy ~ 3.4 nm. There is ample evidence bubble is completely formed once the DNA is in its ex-

(Palacek, 1991; Boles et al., 1990) that negatively supertended state and shall take into account the residual twist in

coiled DNA cannot change its twist (or helical pitch) by the nondenatured portion.

more than~1% to accommodate a deficit of linking num-  Consider first the case where DNA is coiled at low force

ber. We thus estimate that an underwound DNA is incapablgextension) byn = +90 turns to a state A (Fig. 10 A),

of withstanding a torqué” > I'; =~ kgT. In that case, the

molecule responds by denaturing locally while maintaining

in the nondenatured portion a slighly subcritical twist deficit 5 ————— ]

(ATw,) and torsional stresg,_ . A) / ]

In other words, as the twist is increased there is a point I Symbol %
where it becomes energetically more favorable for the mol- 2} p ;gg B+ —y
ecule to denature locally and partially relax its twist. This A= 0.27x107%)
denaturation corresponds to the formation of a small bubble,
along which the two constituent strands no longer wrap
around each other. Effectively, the linking number of the
bubble is zero ¢, ppe = —1), as denaturation implies a
radical separation of the two strands. Thus the formation of
a denaturation bubble allows for a small region of the
molecule to absorb a large part of the DNA's linking num-
ber deficit. For example, a-DNA with a 500-bp denatur-
ation bubble can accommodate a linking number deficit of 107 =X
up to 50 turns. Such a molecule, denatured over 500 bp, is -B)
nearly torsionally relaxed along the remaining 48 kb. The - Rl
near-complete torsional relaxation of the remainder of the ol N =g.5§:f§9%
molecule after the appearance of a denaturation bubble can
explain why, for forces- > F_, the DNA behaves globally
like a torsionally relaxed molecule (Marko and Siggia,
1995).

The same description also applies to positively super-
coiled DNA if instead of a melted region, one assumes that
the excess linking number is concentrated into regions of
hypercoiled DNA, with the overwound phosphate backbone 2t
inside and the unpaired bases exposed on the outside (Paul-
ing and Corey, 1953; R. Lavery, personnal communication; ot L A
manuscript in preparation). Transient pairing between the DNA Extension (wm)
exposed bases, especially at high salt concentration, might
hinder the regular formation of plectonemes as the molecul@iGure 10 Estimating the energy of denaturation of DNA).Q, DNA
is slowly relaxed. This could account for the observedunwound byn = —90 turns. &, DNA overwound byn = 90 turns. The
hysteretic behavior of highly overwound DNA at high ionic solid curves are polynomial fits to the force-extension data. The bottom
strengths. Numerical simulations of positively Supemo”edcurve is the theoretical (worm-like chain) fit to the data obtained for this

. . . molecule ar = 0: 1 =~ 15.7 um and¢ ~ 48 nm (Bustamante et al., 1994).
and stretched DNA mlght shed |Ight on the pOSSIble Struc"I'he shaded surface between theando_ curves represents the wafk.
tures of such molecules. (B) O, DNA unwound byn = —150 turns.<, DNA overwound byn =

If we assume that local melting is the preferred responseso turns. The shaded surface betweerth@ndo_ curves represents the
of negatively supercoiled DNA to tension greater thn ~ work A,. In both cases, point A (respectively, A) is reached by over-
then the increase in critical forces we observe upon addingmdlng (underwm_dlng) thﬁz D_NA, which is initially at low t_extensmn (point
150 mM NacCl to our experiment is consistent with results’ not Shown_)' Point B (B-) is reached either by stretching the molecule

. ) . . along thes = 0 curve and then overwinding (underwinding) it, or by
showing an increase in the melting temperature of DNA agyjling the DNA to A* (A~) and then stretching it via the appropriate>
the ionic strength is increased (Saenger, 1988). More peg (o < 0) curve to point B (B™).

10° -

Force (pN)

Force (pN)
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requiring a twist energ¥, ., . The molecule is then extended um + 3%, and evaluatd, = 0.27 X 10 *®J forn, = 90
(via the o = 0.02 curve) to state B so as to pull out its  turns andA, = 3.57 X 10 % J forn, = 150 turns. These
plectonemes. The work performedis, , 5. . Alternatively,  energies are evaluated to within 10%. There is no error in
the molecule could have first been stretched (at a\dhgf)  the numbers, andn,, yet there is an uncertainty of two to
and then twisted (requiring twist enerdy) by 90 turns.  three turns in the determination of the rotational zero<

ThereforeT,, + Wy, gy = Ty + Wag. WritingW, 5, — 0) of the molecule. Because the valuefs not very well
Wag = AW,g ., known, we write
TA+ = TB* - AWAB* (12) Edenaturation/b()kBT) = 0029<BT/nm X C - 13<BT (19)

Consider now the case in which DNA is coiled hy= .
—90 turns (Fig. 10). The same reasoning as above can be Table 1 shows how the enegy of denaturation per base
applied to the negatively coiled states And B” to T, + pair varies withC. It is interesting to note that a value Gf

W, g = Tg_ + W,g, and thus lower than 45 nm would lead to a negative energy of
denaturation and can thus be excluded.
Ta- = Ta- — AWpg- (13) We can compare this estimate with the expected energy

f denaturation per base pair in A-T-rich regich&,s. (at
= 25°C and in a-20 mM NacCl solution). Using a typical
eat of helix formationAH = -8 kcal/mol (per bp)
(Bloomfield et al., 1974) and a typical melting temperature
for poly(dA)poly(dT) DNA (Saenger, 1988]J,,, = 53°C (in
20 mM NacCl), we obtain (Bloomfield et al., 19745 5. =

Ta- = Ec + By — AWjg- (14) AH (1 — T/T,) = 0.68 kcal/mol~ 1.1 kgT. Because the

. . energy of denaturation (at 25°C) of GC-rich regions is 0.75

In the low extension state A the molecule has torsional | .oi/mol bp (1.25T) higher than that of AT-rich regions

energy Ta = Ta,, because at low force the molecule (g|oomfield et al., 1974), we conclude that the denaturation
behaves similarly under positive or negative coiling (Strick, ,ypje is localized in AT-rich regions.

et al., 1996). Hence

When one unwinds the prestretched molecule at a cost
Tg_, however, part of that energfg{, obtained by twisting
the DNA n. times) goes into the molecule’s twist, and the h
remainder Ey,) goes toward denaturing the DNA over
10.4 X ng, bp. ThereforeTg_ = E. + Ey,, and

Tor = AWag+ = B + B — AW, (15)  Behavior of two braided DNA molecules
so thatEy;, + B = Tg — Ay (With Ay = AW,g, —  As pointed out earlier, the force-extension and extension-
AWpg-)- Tg. is simply the energy of a rod with torsion cojling diagrams obtained for the braiding of two DNA
constantC twisted byn, turns: molecules (Marko, 1997) indicate that the system behaves
KT C KT C identically under positive or negative wrapping (Figs. 8 and

T T X .
Egy + — T (2mn)2 = —- T (2m)?>— A, (16) 9). If we consider each DNA to be a tube of diamedeand
2 1o 2 1o extensionl,, a simple model allows us to estimate the
wheren, = ng + Ny Eg; = 10.4 X Ngy X Egenaraiony S ECtIVE diameter of a DNA molecule. When the molecules

basepair Kg is the Boltzmann constanT, is the temperature, are wrapped around each othetimes, the effective length

andC is the DNA's torsional stiffness. | of the system decreases:
BecauseE, is independent of the molecule’s degree of I e~y
unwinding, it can be eliminated by subtraction from Eq. 16 I =\lo = (wDn) (20)
if we perform the same experiments at a differlemitUsing, This is the simplest possible model, and it assumes that

for examplen, = +£150 turns (Fig. 1), we can write the  the stretching force applied to the system is sufficiently high
same type of equation as above (using again points A and & prevent the extrusion of plectonemic-like structures. Fit-
to denote the low- and high-extension states): ting this equation to then < 300 turns regime in our
_ experimental data on the braiding of two molecules (Fig. 9)

B T B =To- = 4, 17 yieldsD ~ 7.5 = 1 nm for DNA in a 10 mM phosphate
whereEg, is the energy of denaturation fop, = ng, + n.
turns andA, is effectively the surface between curves
A"B" and A"B~ obtained forlo| = 0.033. Subtracting the
two equations yields

TABLE 1 The energy of denaturation per base pair (in kgT)
as a function of the DNA torsion constant C

C (nm) Egenavbp(KsT)
C 50 0.15
B — Eq = ZﬁszTE (n? = ny?) — [A; — A4 (18) 60 0.44
70 0.73
The differenceEy, — Ey; corresponds to the energy 80 1
involved in convertingn, — n; supercoils into a denatur- 90 13

ation bubble. We takdeT = 4.1 x 102 J, 1, = 15.8 100 1.6
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buffer, consistent with previous measurements (Bednar efecrease in writhe. That transition, similar to the one oc-
al., 1994). The curvature in this regime becomes strongecurring (atF = F.) in underwound molecules, implies the
when the ionic conditions are lowered to 1 mM PB, indi- formation of local regions of highly overwound DNA. The
cating that the effective diameter of the DNA increases tadetailed structure of DNA in these regions remains a puzzle,
~20 nm. Adding 10 mM MgClto the 10 mM PB solution, which could be related to the observed hysteretic behavior
however, reduces the curvature slightly, giving an effectiveof stretched overwound DNA in high salt.

diameter on the order of 5 nm. These trends are consistent As expected and in contrast with the behavior of a single
with what is known about the salt dependence of a DNA’storsionally constrained molecule, the stretching of two
effective diameter. As one increases the concentration diraided nicked DNA molecules is symmetrical under
cations, the electrostatic repulsion between two strands af — —o. The wealth of quantitative information gath-
DNA decreases as the negative charge of the molecule sred in these experiments (persistence length, DNA
progressively screened. At low ionic strengths, this repuldength and diameter, rate of plectoneme formation, en-
sion is greater and results in an increase in the molecule’srgy of denaturation) demonstrate the usefulness of the
effective diameter. Unfortunately, the DNA construction we single molecule manipulation technique used here.

use does not allow us to anchor the two molecules to the
same points at the surface and on the magnetic bead. Theg
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