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Structural transitions in DNA driven by external force and torque
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Experiments on single DNA molecules have shown that abrupt transitions between states of different
extensions can be driven by stretching and twisting. Here we show how a simple statistical-mechanical model
can be used to globally fit experimental force-extension data of Le´geret al. @Phys. Rev. Lett.83, 1066~1999!#,
over a wide range of DNA molecule twisting. We obtain the mean twists, extensions, and free energies of the
five DNA states found experimentally. We also predict global force-torque and force-linking number phase
diagrams for DNA. At zero force, the unwinding torque for zero-force structural transition from the double
helix to an unwound structure is found to be'22kBT, while the right-handed torque needed to drive DNA to
a highly overwound state'7kBT.
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I. INTRODUCTION

Development of micromanipulation techniques has
lowed precise experiments to be done studying the mech
cal properties of single molecules. One of the types of m
ecules which has been most intensely studied in this wa
double-stranded~ds! DNA. When a dsDNA is not under ap
preciable stress, its two strands firmly hydrogen-bond
gether to form a right-handed double helix, with a helix r
peat of about 3.5 nm, containing 10.5 base-pairs~bp!. This
classical ‘‘B-DNA’’ structure@1# is the basic DNA confor-
mation found inside living cells. B-DNA is stable in phys
ological aqueous solution, i.e., water with buffered pH n
7.5, and with univalent salt of roughly 0.1 M concentratio

The hydrogen-bonding ‘‘base pairing’’ and hydrophob
‘‘stacking’’ interactions which stabilize B-DNA involve free
energies of only a fewkBT per base pair@2#. Therefore,
when forces on the order of'10kBT/nm are applied to
B-DNA, it will change conformation to some other DNA
structure. At room temperature, akBT/nm is 4 piconewtons
~pN!, and so we should expect DNA structural transitions
be associated with forces on the order of 40 pN.

In fact, experiments by Cluzelet al. @3# and Smithet al.
@4# showed that indeed a sharp structural transition occur
dsDNA when under roughly 65 pN of tension. The expe
mental signature for this transition was a force ‘‘platea
connecting B-DNA to a new DNA structure about 1.7 tim
the length of the double helix. This dramatic transition
possible due to the fact that the covalently bonded su
phosphate backbones along each strand are helically c
inside B-DNA. Other DNA-stretching experiments have i
dicated that dsDNA can be stretched to as much as doub
B-form length @5,6#, close to full extension of the suga
phosphate backbones. This new stretched DNA state
widely called ‘‘S-DNA’’ ~against the wishes of one of th
present authors who argued against a nomenclature for
us to talk about the ‘‘B-S transition’’!. In any case, this tran
sition has been observed in many laboratories, and has in
been used as a force calibration in a number of experime

Severe DNA conformational rearrangements are of ba
biological interest, since DNA is routinely strongly deforme
1063-651X/2001/63~5!/051903~10!/$20.00 63 0519
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during cellular processes. For example, many proteins
form DNA via stresses applied through their binding inte
actions. Some important examples are the transcription
tor TBP which bends dsDNA through nearly a right ang
over only a few base pairs@7#, DNA-packaging histones
which bend 146 bp of dsDNA through 1.75 circular tur
@8#, and the protein RecA which is capable of polymerizi
along dsDNA so as to extend it to 1.5 times its B-DN
length @9,10#. It is perfectly reasonable that proteins can s
verely deform DNA, since the interactions responsible
binding of proteins to DNA are at the same energy scale~a
few kBT per contact! as those holding DNA into its B-form
structure.

The 65 pN B-S transition described above occurs
dsDNAs with single-strand attachments at their ends, or
molecules with single-strand breaks~‘‘nicks’’ ! somewhere
inside them. Such molecules cannot support torsional str
and thus the 65 pN transition occurs under zero torque
freely twisting conditions. In order for the molecule to e
tend to 1.7 times its B-form length, it seems likely that t
two strands must untwist as well. However, most expe
ments on freely twisting molecules cannot address the q
tion of the twist state of S-DNA, since they are done
molecules inside of which the twist can freely change.

In order to study the twisting of S-DNA it is necessary
torsionally constrain and twist dsDNAs. Two groups ha
developed experimental techniques to do this, that of St
et al. @11# and Cluzelet al. @12,13#. These experiments allow
one to measure the force-extension curve for a dsDNA s
ject to the constraint that its double-helix linking numb
~essentially the number of times that the two strands
wrapped about the other! is fixed. Early experiments by
Strick et al. @11# showed that for low forces,5 pN, effects
on the entropic elasticity of DNA could be observed a
studied, as a function of twisting. Studies of this low-for
regime verified theoretical predictions of coexistence of
percoiled and extended domains@14#, and denaturation of
undertwisted DNA at forces of a few pN. Subsequent a
detailed theoretical studies@15–17# have painted a rathe
complete picture of the low-force behavior of twisted DNA

Slightly later experiments by the same group explored
©2001 The American Physical Society03-1



ha

r
ge
ce
s
e

ri-

ic
it

on
ix.
th
e
is
th
e

th

o

e
t

c

o
-

l-

at

e
n-

but

p-
of

-
ed
x-

-
A,
ior
ly

i-

ther
e
ix

th

g
r
to
h-

d

the
nd

SARKAR, LÉGER, CHATENAY, AND MARKO PHYSICAL REVIEW E63 051903
behavior of twisted DNA at higher forces, and showed t
dsDNA could be denatured by untwisting@18,19#, and very
heavily overtwisted@20#. Finally, work of Legeret al. @13#
made a global study of the force-extension behavior ove
wide range of twisting, and for large forces in the ran
1–100 pN. Remarkably, those experiments found four for
plateau-type transitions, suggesting that four DNA state
addition to B-DNA can be accessed using different forc
and twisting. However, a full interpretation of the expe
mental results requires a theoretical analysis.

In this paper, we construct a simple statistical mechan
model of mechanically stressed double stranded DNA w
its twist fixed externally and exactly evaluate its partiti
function by numerically diagonalizing the transfer matr
We determine the parameters of our model by a fit of
theoretical force-extension curves to those of experim
@13#. The plan of the paper is as follows. In Sec. II we d
cuss the experimental results and the DNA structures
have been proposed to explain them. In Sec. III we pres
our model, which is essentially a discretized version of
model discussed in a previous short communication@13#. In
Sec. IV, we show the results of the theory in comparis
with experiment, and we discuss its implications.

II. EXPERIMENTAL DATA ON DNA OVERSTRETCHING

A. Freely untwisting molecule

In micromanipulation experiments, DNA linkage will b
free to change if single-strand attachments are made to
molecule @Fig. 1~a!#, or if there is a break~a ‘‘nick’’ ! in
either of the two sugar-phosphate backbones. The elasti
sponse of nicked DNA has four regimes@Fig. 2~a!#: first,
thermal bending fluctuations are removed by application
small forces (,10 pN!. By 10 pN the molecule is com
pletely extended to its full B-form contour length,'15 mm
for l-DNA @21–25#. The force needed to stretch the mo
ecule further rises linearly with extension up to'65 pN, and
a linear stretching elastic constant can be roughly estim
from the slope (220kBT/nm5900 pN). Then, at 65 pN, the
molecule extends abruptly over a narrow range of forc
('5 pN!, from about 1.1 times to about 1.7 times its u
stressed B-form contour length@3,4#. The linear relationship

FIG. 1. Schematic of different attachment schemes for a sin
molecule of double-stranded DNA~coils! to the force transduce
~bulges!. ~a! Shows single strand attachment which allows Lk
fluctuate freely.~b! Illustrates topology-fixing double strand attac
ment.
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between force and extension resumes after the transition
with a larger elastic constant@3,4#.

The behavior at'65 pN has been interpreted as a coo
erative transition from one well-defined structural state
DNA ~B-form DNA at low forces! to another~S-form DNA
at high forces! @3#. The precise structure of S-DNA is un
known. Although a ladderlike form has been propos
@4,26#, S-DNA is less than the 2 times B-form length e
pected for complete unwinding of the double helix. In com
parison with experiments on isolated single-stranded DN
S-DNA is seen to have a different force-extension behav
@4#, indicating that the two strands of an S-DNA are strong
interacting.

B. Fixed linking number

For dsDNA with both strands affixed to surfaces@Fig.
1~b!#, the linking number Lk of the two strands is a topolog
cal invariant. Lk is the sum of the twist~Tw, the number of
times one sugar-phosphate backbone wraps around the o!
and the writhe~Wr, the average over all projections of th
number of nonlocal self-crossings of the double hel!
@29,30#:

Lk 5 Tw 1 Wr. ~1!

Experiments which fix DNA topology are usually done wi

le

FIG. 2. Force versus extension for DNA with different fixe
negative and positives. ~a! Shows data for nicked DNA~dashed!,
s50.00 ~solid thin!, 20.357 ~dot-dashed!, and 20.714 ~solid
thick!. Note thats520.714 curve coincides with the nicked DNA
curve at the end of the 65 pN plateau. This is used to extract
helicity of S-DNA. ~b! Shows the elastic response of overwou
DNA with s50.357~solid thin!, 0.714~solid thick!, and 1.071~dot
dashed!.
3-2
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STRUCTURAL TRANSITIONS IN DNA DRIVEN BY . . . PHYSICAL REVIEW E63 051903
initially relaxed molecules, with Wr near 0. For a lon
straight and unstressed DNA, Lk5Lk0, the number of turns
of the double helix. Since there is one turn every 10.5 bp
unstressed DNA, Lk0'Nbp/10.5, where Nbp is the total
number of base pairs. This implies forl-DNA a Lk0 of
'4200. It is convenient to describe the linkage by the fr
tions of turns added or removed:

s5
Lk2Lk0

Lk0
. ~2!

For either a ladderlike DNA structure, or for separated sin
strands,s521. By comparison, DNAin vivo is usually
constrained to haves'20.05.

Figure 2~a! shows the force-extension response of torsi
ally constrained DNA withs50, i.e., Lk5 Lk0. A force
plateau is observed at 110 pN, nearly double the force of
B-S transition on a nicked molecule. The transition withs
50 is also somewhat more gradual and ‘‘rounded’’ than
nicked molecule transition. These data already make c
that S-DNA is not simply denatured DNA, and that the fix
linkage constraint introduces another DNA state charac
ized by a higher free energy.

For s,0, a new force plateau appears in Fig. 2~a! at '50
pN. As the molecule is progressively underwound~as s is
made more negative! the width of the lower 50 pN platea
increases at the expense of the upper 110 pN transition.
110 pN transition completely disappears ats'20.7. The
s520.714 curve coincides with the nicked DNA curve
the end of the 65 pN plateau. This indicates that ‘‘pur
S-DNA hass'20.7. A progressive softening of the DNA
with underwinding is also apparent in the data@13#.

Our explanation of thes50 transition is that the linking
number constraint obstructs the production of ‘‘pure
S-DNA at 65 pN. Instead, a mixture of two phases, S-fo
and some other form of dsDNA, must arise to satisfy
twist constraint. Work of the group of Allemandet al. @20#
has shown that dsDNA can organize into a highly ov
twisted ‘P’-form with a 2.4 bp helix repeat, ors513.375. It
is possible that P-DNA is created along with S in suita
proportion to produce the necessary total linking numb
and that the 110 pN force is characteristic of the transition
the P-state. Given the twist of P measured by Allemandet al.
and the S-DNA twist ofs'20.7, for s50 this mixture
should be about 4/5 S to 1/5 P. This is in accord with
observed overextension of 1.66 times the nativel-DNA
length at 110 pN fors50, the appropriately weighed ave
age of S- and P-form extensions@13#.

The appearance of the second transition plateau at'50
pN and the progressive narrowing of the 110 pN plateau
s,0 can be fit into this picture as follows. Initially, unwind
ing is stored in an untwisted double helix. Once a force
'50 pN is applied, the untwisted part of the molecule tra
forms to S-form and the remainder of the molecule is s
B-DNA with s50 and will display a transition at'110 pN.
Further unwinding narrows the 110 pN plateau while wide
ing the one at 50 pN since a progressively larger fraction
the molecule can transform to S-DNA at 50 pN. This pictu
of the s,0 transitions means that thes for which the 110
05190
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pN completely disappears for the first time is a direct m
surement of the helicity of S-DNA. This happens ats5
20.714, implying a S-DNA helix pitch of 22 nm and 37.
base pairs per turn.

Figure 2~b! shows data for force-extension response
overwound DNA fors510.357,10.714,11.071 @13#. A
new force plateau near 25 pN occurs, which was first
ported by Allemandet al. @20#. With increasings, the 25 pN
transition widens while the 110 pN transition narrows. F
higher s ’s, the molecule stretching modulus shows cons
erable softening for forces,20 pN.

The 25 pN transition for overwound DNA is thought to b
a straightening of plectonemically supercoiled P-DN
@13,20#. Overwinding the molecule froms50 to s51.071,
the molecule fraction which must transform to unwrith
P-DNA increases, widening the 25 pN plateau~from initially
zero width! while narrowing the 110 pN plateau.

The s for which the 110 pN transition completely disap
pears corresponds to the point where the entire molecu
able to transform to P-DNA at the 25 pN transition. In th
way, Legeret al. measured P-DNA to have a helix repeat
'2.62 bp/turn and an extension of 1.6 times the B-fo
length @13#. This is close to the 2.4 bp/turn and the 1.7
extension estimates of Allemandet al. @20#.

The interpretation of the fixeds experiments raises a
number of questions. Fors,0 and forces less than 50 pN,
the molecule initially in a pure B-DNA structure, or is
coexisting with some other structure so that there can betwo
reasonably sharp transitions as force is increased? If B-D
does coexist with some other structure below 50 pN, w
does this structure look like? Since the 50 pN plateau is s
only for s,0 and not fors50, we conclude that this phas
must have nonzero helicity. From inspection of the expe
mental data we also expect the phase to have a con
length similar to B-DNA.

III. MODEL

We have constructed a simple one-dimensional~1D! sta-
tistical mechanical lattice model of DNA to test the propos
transition mechanisms and to explore in detail questions s
as those raised in the previous paragraph. Our model
generalization of a previous model proposed in Cluzelet al.
@3# to explain the B-form to S-form transition. We modify
to take into account the fixed twist constraint and the lo
harmonic fluctuations of twist density and extension ab
their equilibrium values. This model is also a discretiz
version of a continuum model presented in Ref.@13# to ex-
plain the fixed twist experiments. Our discrete model lead
much faster numerical calculations and lets us explore
phase diagram of DNA more thoroughly.

As might be expected, there are quite large difference
the force-driven structural transitions displayed by synthe
pure AT and pure GC molecules@6#. Sequence effects can i
principle be added to our calculations, but the available d
are far from adequate to fix the many parameters requi
Given this state of affairs, plus the observation of litt
change of the B-S transition when different natural-seque
3-3
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SARKAR, LÉGER, CHATENAY, AND MARKO PHYSICAL REVIEW E63 051903
molecules are used@10#, we consider a homogeneous mod
in this paper.

A. Definition of the model

To understand the complicated plateau curves of Fig
and their evolution withs, we treat them as being due t
transitions between five microscopically distinct structu
states. Which states participate in a transition depends os.
The micromanipulation experiments control only extens
and linkage number, and therefore our model specifies o
the microscopic extensions and linkage numbers of the
states. Further details of the secondary structures of the
ous DNA states cannot be directly inferred from the ava
able experimental data, and therefore we do not attemp
predict them.

The five states that we consider include B-DNA which
stable at zero force and zero torque, and the overstretche
and P-DNA states, which are underwound and overwou
respectively. This leaves two more states, which we h
found to be essential in producing the two-plateau for
distance curves found in the intermediates parts of Fig. 2.
To fit the data, one of these states must be highly overwo
and highly contracted, implying the supercoiled P state~sc-
P-DNA! proposed by Allemandet al. @20#. The final state
must be more underwound than the S-state, but extended
length comparable to B-DNA. Since our fitting suggests
left-handed double helix, we call this state ‘‘Z’’-DNA in
analogy with an actual left-handed double helix structure
served for certain sequences and chemical conditions@27#.

DNA is modeled as a 1D lattice with each lattice s
degree of freedomni ~with the subscripti labeling the lattice
sites! having one of five possible integer values from 0 to
representing 5 different microscopic structures~0: B-DNA,
1: S-DNA, 2: P-DNA, 3: ‘‘Z’’-DNA and 4: sc-P-DNA!.

Each structure has a characteristic dimensionless link
number densityūn which measures the excess linkage de
sity in radians per base pair of one of the DNA structu
states relative to B-form DNA, and extensions̄n ~fractional
change in contour length relative to B-DNA! about which we
allow harmonic fluctuations. The free energy cost relative
B-form DNA associated with creation of the stressed DN
states is taken into account with five more parametersen . By
definition, ū050, s̄050, ande050.

The Hamiltonian for our model is

H~@ni # !

kBT
5(

i

C8

2
~uni

2 ūni
!21

K8

2
~sni

2 s̄ni
!2

1J~12dni ,ni 11
!1eni

2 f s̄ni
2tūni

. ~3!

C8 in our Hamiltonian is the usual twist persisten
lengthC ~between 75 to 110 nm; see below! divided by 0.34
nm to give a dimensionless harmonic twist fluctuation e
ergy. Similarly, K8 is the extensional elastic constantK
(5300 nm21; see below! times 0.34 nm. The forcef and
torquet are similarly reduced by factors ofkBT and 0.34 nm
so as to be dimensionless.
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The quadratic terms inun andsn simply account for small
deviations of linkage density and extension from their us
valuesūn and s̄n . The ‘‘domain wall’’ term J(12dni ,ni 11

)
states the molecule’s preference for structural uniformity,
equivalently the cooperativity of the various structural tra
sitions. The force and torque couplings transmit the ex
nally imposed stresses to the molecule.

At zero force and torque, the parameters of the mo
should be chosen so that state 0, B-DNA, is the lowe
energy state. The basic idea of the model is that for su
ciently large forces or torques, the other states can bec
lower in energy, causing first-order-like structural tran
tions. Of course a one-dimensional model will not produ
truly discontinuous transitions, but instead will produ
smoothed transitions similar to those observed experim
tally ~Fig. 2!.

Our model does not include low force (,4 pN! entropic
elasticity of DNA, which is not important at the high force
we are considering. The ‘‘softening’’ of the DNA exten
sional modulus in the linear regime,50 pN fors,0 is also
not captured by this model. These effects will be furth
discussed in the Conclusion.

B. Transfer matrix calculation

We begin by integrating out the local harmonic fluctu
tions inun andsn . This leads to additive contributions to th
free energy and̂u& and ^s& are

^uni
&5 ūni

1
t

C8
, ~4!

^sni
&5 s̄ni

1
f

K8
. ~5!

Calculation of the partition function is now reduced to
transfer matrix diagonalization problem by rewriting it as

Z5 (
$n1%, . . . ,$nN%

)
i

T~ni ,ni 11!, ~6!

where

T~ni ,ni 11!5 exp$2bHsymm~ni ,ni 11!%. ~7!

Hsymm is the symmetric nearest-neighbor Hamiltonian.
For a one-dimensional system with site-independent c

plings and periodic boundary condition on the transfer m
trix @T(nN ,nN11)5T(nN ,n1)5T(n1 ,nN)#, Eq. ~6! becomes

Z5Tr~TN!5(
n

ln
N , ~8!

where theln’s are the eigenvalues of the transfer matr
The free energyF52b21 ln@(n(ln)

N#. In the thermody-
namic limit, only the largest eigenvaluelmax contributes to
the sum so we have

F52Nb21 ln~lmax!. ~9!
3-4
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The choice of boundary condition does not affect this res
For our model, the transfer matrix is independent

which pairs of neighboring lattice sites we look at since
have homogeneous couplings. Also, the elastic fluctuat
in sni

anduni
have been integrated out so they do not en

the model’s transfer matrix. The transfer matrix is given

T~ni ,ni 11!5expFJ~dni ,ni 11
21!2

1

2
~eni

1eni 11
!

1
f

2
~ s̄ni

1 s̄ni 11
!1

t

2
~ ūni

1 ūni 11
!G . ~10!

The average value of an operator dependent on adja
sites^O& can also be calculated by this method:

^O&5
Tr~SOS21Td

N!

Z
, ~11!

whereTd is the diagonalized transfer matrix and whereS is
the diagonalizing matrix. Two-point correlation function
can be similarly calculated using

^OiOi 1L&5
Tr~SOiS

21Td
LSOi 1LS21Td

N2L!

Z
2^Oi&^Oi 1L&.

~12!

The model is solved exactly by numerically diagonalizi
the transfer matrix. This allows us to compute directly s
tistical averages for given values of force and torque. Ho
ever, to contact the experimental results of Fig. 1 we a
need to compute the torque necessary to make^s&5sext.
This must be done for each force andsext of interest.

C. Choice of values of fitting parameters

In all eighteen parameters need to be specified in
Hamiltonian to obtain the theoretical force-extension curv
These areC8 ~or C), K8 ~or K), J, en , ūn , and s̄n , with n
going from 0 to 4. However, many of these parameters
determined by previous experiments.

The stretch modulusK is known to be roughly 300 nm21

@31,32#, giving K85102. C is thought to be between 75 an
100 nm. Moroz and Nelson@15# have fit experimental data t
obtainC5110 nm, while Bouchiat and Mezard findC'70
nm @16# and a valueC575 nm has been determined fro
studies of linkage number fluctuations in circular DNAs@33#.
We use aC8 of 220 which corresponds toC575 nm. Fi-
nally, the parameters for the B-DNA state are defined ass̄0

50, ū050, ande050.
S-DNA is known to be 1.7 times longer than B-DNA@3#

and from Legeret al. @13#, it is known to have a helicity
~relative to B-DNA! of 21.33 nm21 ~37.5 base pairs pe
turn!. This fixes s̄150.7 andū1520.45. Next, we use the
free-twist experimental data to fix the S-DNA free energy
e153.7 and the transition cooperativity atJ52.0, in pre-
cisely the manner used by Cluzelet al. in their model of the
B-S transition@3#.
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The P-DNA state was previously studied by two grou
@20,13#, and we take values for the stretch and linkage nu
ber which are between the values obtained in those exp

ments, s̄250.6 and ū251.87. Since the two experiment
agree to about 10% on these two parameters, we are hi
constrained as to their choice.

The parameters for the related sc-P-DNA state are a
essentially determined by experiment@20,13#. Since super-
coiled P-DNA will form plectonemic coils, its length will be

essentially zero, i.e.,s̄4521; on the other hand its linkag

number will be close to that of P; we takeū451.87.
Finally, we have the ‘‘Z’’-DNA state, which from the

experimental data is qualitatively understood to not be hig
extended, and to be underwound. The ‘‘Z’’ stretch and lin
age parameters must be determined by fitting of our mode
experiment, and we determines̄350.13 and ū3521.30.
Overall, the structural parameters for the five states are c
patible to those used previously@13#.

The parameters which are truly free for fitting are the fr
energies of the P, sc-P, and ‘‘Z’’ states. These are de
mined essentially by the plateau forces for the fixed-s tran-
sitions. We find e352.3 ~‘‘Z’’ ! , e2517.0 ~P!, and e4
513.5 ~sc-P!. For S-, P-, and ‘‘Z’’-DNA the free energies
are similar~to within 30% in the worst case! to the corre-
sponding parameters in our previous work@13#. In the
present paper the free energy of sc-P-DNA differs subs
tially from what was used in Legeret al., being quite close to
the free energy of P-DNA. The different free energy para
eters found here are a consequence of differences betw
the two models, our earlier one being a continuum mode
the present one being discrete. In our earlier work there w
additional free parameters for twist and stretch stiffnesse
each state, which make varying contributions to the free
ergies of the five states. In our present work, all states h
the same stretch and twist stiffness, which make the rela
free energies more closely related to the free energies of
five states.

IV. RESULTS AND DISCUSSION

A. DNA with unconstrained linking number

When we allow DNA linking number to fluctuate freel
with zero applied torque, our model reproduces the us
B-form to S-form transition seen in experiments on nicked
single-strand-attached molecules. Figure 3~a! superposes the
experimental data on our calculated force-extension cu
The length fraction ^dni ,m& of each of the states~m
50,1,2,3,4! is shown adjacent to the force extension curve
a function of force. Near 65 pN, we see B-DNA give way
S-DNA, resulting in a pure phase of S-DNA after'70 pN.
The length fractions of the other phase are extremely clos
zero due to their much higher free energies.

B. DNA with fixed sÏ0

Figure 3~b! shows the theoretical force response cur
superposed on the experimental data, for linking numbes
50. Initially, the molecule starts off in pure B-form. Near 6
3-5
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FIG. 3. Experimental force versus extensio
data for positive and negatives and nicked DNA
superposed on the corresponding theory cur
together with the plots of force versus leng
fraction (̂ dni ,m&) for fixed s. In all force-
extension curves, the solid black line is the e
perimental data and the solid dot curve the the
retical fits. ~a! shows computed~solid dots! and
experimentally determined~solid black! force-
extension data for nicked DNA. The adjacent
and S length fractions intersect at the transiti
force. Other phases are absent.~b!–~e!
correspond tos50.00, 20.357, 20.714, and
20.833, respectively.~f!–~h! correspond tos
50.357,0.714,1.071. In all these plots,^dni ,m& is
adjacent to the force-extension data. The fixe
topology constraint determines which structur
states participate in the transition~s! for given s.
In all the plots, length fraction for B-DNA is
shown by the solid line, for P by successiv
squares, for S by alternating solid squares a
dashes, for ‘‘Z’’-DNA by the solid dot curve, and
for Sc-P by alternating solid dots separated
lines.
th
ist
t
A

0
rm
e
re-
pN, an appreciable amount of S-DNA cannot form as in
unconstrained-s case since this would either violate the tw
constraint~S-DNA is undertwisted!, or cost a large amoun
of twist energy. Thus only a small density of S-DN
05190
e‘‘bubbles’’ form as force is raised from 65 to 110 pN. At 11
pN, the force is large enough for the molecule to transfo
from B into a mixture of S-form and P-form DNA. Sinc
P-form DNA is overtwisted, it can compensate for the c
3-6



e
d
-

n

-
t

te
’-
d

e
io
ro
ex
e
.
o
a

,
h
e
h

e

m
d

o

o

in
s,
NA
u
pN
lly
ar

’’

nt
rk
er
ly
n

un
sio
r

dif-
e,
ch
w

ere
A

of

the
sc-

A
iled
th.
me
us
led

n-

s
pN

n

ol-
at

igh
n

red
f
d
rm

by
ge

ich
f a
are
talk
in
ns
ca-
ers,

n
he

ce-
ith
ns
th
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ation of the undertwisted S-DNA. This is evident in th
roughly 4:1 proportionality of the length fractions for S- an
P-DNA for forces.100 pN, which matches the proportion
ality of the S and P twisting.

The computed force-extension curves for underwou
DNA for s520.357, 20.714, and20.833 are shown in
Figs. 3~c!, 3~d!, and 3~e!, respectively, along with experi
mental data. Fors520.357 two transitions occur, one a
'50 pN, followed by a second at'110 pN. The existence
of two transitions requires the undertwisted ‘‘Z’’-DNA sta
to absorb the underwindings at low force. Without the ‘‘Z’
state, we have found that S-DNA always appears imme
ately at low forces~without ‘‘Z’’, S would be the only un-
derwound state in the model!. Then, there could be on
transition, corresponding to replacement of the B fract
with P. An additional problem in this case is that the ze
force state has an extension which is too long to fit the
perimental data; note that this is a consequence of the z
torque results which fix the S-DNA structural parameters

Instead, we have a mixture of ‘‘Z-’’ and B-DNA at zer
force in appropriate fractions to fix the net linking number
s520.357. At '50 pN, the ‘‘Z’’-DNA portion and some
of the B-DNA portion of the molecule transform to S form
giving a B-S mixture for forces between 50 and 100 pN. T
width of this first transition is determined by the relativ
fractions of B and S necessitated by the underwinding. T
exchange of S-DNA for ‘‘Z’’-DNA is seen clearly in the
computed length fractions for these phases.

At 110 pN, the B-DNA portion is converted to a mixtur
of P- and S form DNA, in the same way as occurs in thes
50 case. At larger forces, the molecule is thus predo
nantly in S form, with a small fraction of P-DNA as require
to satisfy the linkage number constraint. Ats520.357, we
start at low forces with ‘‘Z’’1B, and then in two steps we g
to B1S and then to S1P. Without the ‘‘Z’’ state to start
with, there would be no possibility for this sequence of tw
transitions.

As s is reduced further, the fraction of the molecule
the ‘‘Z’’-DNA phase at low force progressively increase
and the fraction of the molecule which ends up as S-D
after the 50 pN transition correspondingly increases. Th
less and less B-DNA remains to participate in the 110
transition, and it becomes progressively narrower. Fina
for s520.714, the 110 pN transition completely disappe
indicating conversion of all the B1‘‘Z’’ DNA below 50 pN
to ‘‘pure’’ S-DNA at 50 pN @Fig. 3~d!#.

For even more underwinding@Fig. 3~e!#, a large amount
of ‘‘Z’’-DNA must initially be created. Then, in order to
satisfy the twist constraint an appreciable fraction of ‘‘Z
survives at high forces. This occurs because the ‘‘Z’’ state
more underwound than is S.

A few discrepancies between theoretical and experime
curves are evident. The experimental data show a ma
reduction in the low-force extensional modulus with und
winding. This effect is not in our model since we have on
one stretch constant parameter for all five states; additio
parameters might be able to take this effect into acco
This difference in modulus causes the theoretical exten
widths of the 50 pN B1‘‘Z’’ →B1S transitions to be wide
05190
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than those observed experimentally. Most likely, these
ferences are due to our oversimplification of the ‘‘Z’’ stat
which is clearly appreciably softer in both twist and stret
than the other DNA states. Finally, we have ignored lo
force (,10 pN! entropic elasticity of B-DNA; our model of
course does not reproduce the low force elastic regime wh
partially extended and plectonemically supercoiled B-DN
are found.

C. DNA with sÌ0

Figures 3~f!–3~h! show the computed elastic response
DNA for the overwound casess510.357, 10.714, and
11.071, overlaid on the experimental data. At zero force,
extra twists are absorbed in a collapsed supercoiled state
P-DNA @20#. This leads to coexistence of B- with sc-P-DN
at low forces. The experimental signature of this superco
state is the length reduction well below the B-form leng
Near 25 pN, the supercoiled P-DNA extends to beco
P-DNA, giving the first transition. This is exactly analogo
to similar transitions between plectonemically supercoi
B-DNA and extended B-DNA observed at forces'1 pN,
although without the added complexity of appreciable co
formational fluctuations@11,14#.

Through this first 25 pN transition the B-DNA fraction i
almost unchanged. Then, the B region undergoes the 110
transition to a mixture of S- and P-DNA with the proportio
of DNA participating in these two states as is required bys.
The larger the number of extra twists inserted into the m
ecule, greater the proportion of DNA that is in sc-P form
zero force, and the greater the proportion of P-DNA at h
force. Similarly, the extension width of the 25 pN transitio
broadens at the expense of the 110 pN transition ass in-
creases.

Again not all of the features of the transitions are captu
by our simple model. As fors,0, the stretching modulus o
the low-force~B1sc-P! drops as the molecule is overwoun
progressively more. This is not so surprising since the P fo
is known to have its base-pairing disrupted~see the Conclu-
sion!. Overall, the two-stage transitions are well described
our simple five-state model over a wide range of linka
number and force.

D. Global phase diagram of DNA under stress

The preceding sections propose a simple model wh
semiquantitatively describes the structural transitions o
DNA driven by forces and torques. In fact, the transitions
experimentally sharp enough that it makes sense to
about a ‘‘phase diagram.’’ This is most simply defined
terms of pure ‘‘phases’’ which are stable in different regio
of the force-torque plane. We do not consider the modifi
tion of this phase diagram by changes in other paramet
e.g., temperature, pH, salt concentration, etc.

The thick lines of Fig. 4~a! show the boundaries betwee
the five pure states as a function of force and torque. T
lines themselves indicate the locus of points in the for
torque plane where there is no state which occurs w
greater than 90% probability, indicating that the transitio
are all rather sharp and first-order-like, with a typical wid
3-7
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of 1 kBT in torque, and 4 pN in force. The five phases a
involve three triple-point-like regions where three phases
coexist.

For zero force and zero torque, we have B-DNA; then
f ,10 pN, a transition to ‘‘Z’’-DNA occurs for unwinding
torque'22kBT, and a transition to sc-P occurs for ove
winding with '17kBT of torque. These estimates are
very good agreement with the results of the independ
prior analysis performed by Stricket al. @34# on force-
extension data for fixed-twist molecules.

For forces.20 pN, sc-P DNA is replaced by P-DNA; th
transition force between these two phases is essentially i
pendent of torque since the P and sc-P states are nearl
same, except for having very different extensions. At a fo
'50 pN, S-DNA appears for the first time, for unwindin
torques'23kBT. S-DNA remains stable at zero torque u
to the highest forces that can be studied by micromanip
tion, in agreement with experiments at zero torque wh
show only one transition, corresponding to B-S in our mod

Since all the transitions are relatively sharp, the st
which is stable for given force and torque corresponds to
with lowest energyDEni

5eni
2 f s̄ni

2tūni
. The results of

the ‘‘zero-temperature’’ free energy minimization shows t

FIG. 4. The force-torque~a! and force-s ~b! phase diagrams. In
~a!, regions separated by the diffuse border ‘‘lines’’ correspond
force-torque pairs for which the equilibrium DNA state is a pu
structural phase. Inside the boundaries, adjacent phases coexi
tersection of three phase boundary lines corresponds to a regio
three phase coexistence—a ‘‘triple point.’’ In~b!, the phase bound
ary lines of ~a! are now greatly thickened leaving only slivers
pure S-form and B-form phases. The force-s pairs which fall inside
the phase-boundaries correspond to DNA structural states with
existence of adjacent pure phases.
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same phase diagram topology as in the thermal phase
gram with zero temperature phase boundaries overlap
with the exact phase boundaries, from which we conclu
that the true force-torque phase diagram essentially co
sponds to this ‘‘zero-temperature’’ estimate. Since force a
torque appear linearly in the energy, the phase bounda
appear as a network of nearly straight line segments.

Figure 4~b! gives a phase diagram in the force-linkin
number ensemble. Sinces is a conserved quantity, it dis
plays phase separation, so we have a phase diagram
coexistence regions~solid black! between the pure state
~open regions!. The three triple points of Fig. 4~a! have
turned into ‘‘regions’’ with a continuum of forces ands ’s
for which the DNA is structurally in three pure phase coe
istence. Finally, in each phase diagram, the boundaries
tween pure phases correspond to force-t or force-s pairs for
which the length fraction contributed by each of the five pu
phases is less than 90%.

V. CONCLUSION

A. Five structural states occur in the DNA force-torque
‘‘phase diagram’’

Our main result follows from experimental data@13#,
which show four distinct force ‘‘plateaus’’ which we take a
the signatures of cooperative structural transitions to f
non-B-DNA states. Although we have no direct microscop
information about these four new DNA states, the stretchi
twisting experiments do allow determination of their me
extensions and linking numbers. For positive~right-handed!
twisting, we find that one new state is extended and hig
overtwisted~P-DNA!, and another is its plectonemically su
percoiled version~sc-P-DNA!, which is similarly over-
twisted but with zero extension. For negative~left-handed!
twisting, a highly extended and undertwisted DNA state~S-
DNA! occurs, plus an additional undertwisted state with e
tension only slightly greater than that of B-DNA~‘‘Z’’-
DNA!. All of our results are also consistent with oth
experiments of Allemandet al. @20# which focused on tran-
sitions between B, P, and sc-P states.

The physical picture of simple structural transitions b
tween these five states, driven by forces and torques, is
ported by the good global fit that we can make for a sim
five-state model to the experimental force-extension curv
From our model we predict a force-torque ‘‘phase diagram
in which the five structural states occur, separated by fi
order-like transition lines. Given a micromanipulation e
periment which can directly measure torque~e.g., by angular
fluctuations of one end of the molecule!, this phase diagram
might be experimentally verified. All existing experiment
data taken to date on dsDNA structural transitions have b
done in the ensemble of fixed linkage number, and an o
standing experimental problem is how to directly meas
the torque applied in those experiments.

B. ‘‘Z’’-DNA state and DNA strand separation

An important result of our analysis is that we need tw
undertwisted states in order to produce the two-plateau st

o
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ture of the force-distance curves obtained for underwo
DNA, namely, S-DNA and ‘‘Z’’-DNA. The latter state is
only 10% longer than the B-DNA double helix, but our be
fit occurs when its helicity is roughly the reverse of that
B-DNA, i.e., a left-handed double helix with'12 bp per
helix repeat. This state is distinct from S-DNA~S-DNA is
about 70% longer than B-DNA and has a right-handed h
with 38 bp repeat!. We use the name ‘‘Z’’-DNA in imitation
of the name given to the left-handed structure taken by so
DNA sequences with similar length and helicity@27#. We
stress that our ‘Z’-DNA occurs for undertwisted lambd
DNA, and is not stable at zero applied torque. Our ‘‘Z
DNA is not obviously related to true Z-DNA.

It is possible that the torque-induced ‘‘Z’’-DNA is to
some degree strand-separated DNA@28#. However, this is
difficult to determine from the current data since the mic
manipulation experiments done to date do not directly pr
details of DNA structure. We did try to fit the experimen
with s521, which corresponds to parallel separat
strands. Our model indicates that this cannot provide a g
fit to the experimental plateau, and we conclude that if
‘‘Z’’-DNA state is in fact strand separated, those separa
strands are then interwound to form a left-handed dou
helix with a 12 bp helix repeat and extension only sligh
larger than that of B-DNA.

Finally, strand separation alone cannot explain the en
phase diagram since there are force-extension curves
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two plateaus. There must be some differences in secon
structure between adjacent distinct phases, with accomp
ing energetic differences, to account for the observed tra
tions. We certainly do not mean to rule out the possibility
some degree of disruption of double helix secondary str
ture in the four non-B states. For example, the P and s
states have been proposed to have no hydrogen bondin
the basis of experiments showing them to be chemically
posed@20#, and this is certainly not in any contradiction wit
our model. In fact, disruption of base pairing is required
explain the very short~2.4 bp! helix repeat inferred for
P-DNA from experimental data@20,13#.
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