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The two strands of the DNA double helix can be “unzipped” by the applicatior=df pN force. We
analyze the dynamics of unzipping and rezipping for the case where the molecule ends are separated and
reapproached at constant velocity. For unzipping of 50-kilobase DNAs at less than about 1000 bases per
second, thermal-equilibrium-based theory applies. However, for higher unzipping velocities, rotational viscous
drag creates a buildup of elastic torque to levels aligy®e in the double-stranded DNA region, causing the
unzipping force to be well above or well below the equilibrium unzipping force during, respectively, unzipping
and rezipping, in accord with recent experimental results of Thoeteal. [Phys. Rev. Lett.88, 248102
(2002]. Our analysis includes the effect of sequence on unzipping and rezipping, and the transient delay in
buildup of the unzipping force due to the approach to the steady state.
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I. INTRODUCTION dependence of the unzipping force, for large molecules
where the kinetics is dominated by viscous effects. To do this
Double-stranded DNAdSDNA, the DNA double helixis ~ we introduce a dynamic model of unzipping, which com-
the genetic memory element of all cells. Two copies of thebines the polymer stretching dynamics of the extending
genetic information are encoded into the two Single-stranded DNAssDNA) regions, the rotation of the
complementary-sequence strands that are base paired f@maining dsDNA region due to the unwinding generated by
gether through most of the cell cycle. However, the twothe unzipping17—-19, and the kinetics of the translation of
strands must be completely separated during DNA replicathe “fork” separating the ssDNA and dsDNA regions. Al-
tion, and partially separated during DNA transcription. Inthough some work has been done on the Langevin dynamics
cells, the separation of DNA strands occurs via forces apof DNA unzipped by constant tensi¢8,10,13, a number of
plied by DNA-processing machinery. Force-driven dsDNAOPeN questions remain. These include the unzipping force for
“unzipping” is therefore of direct biological relevance. constant end-to-end displacement velocity, the effect of se-
A few groups have carried out single-molecule studies ofiuence, and the role of rotation of the dsDNA.
DNA unzipping by force. Bockelmann, Essevaz-Roulet, and Below, kinetic equations for unzipping show that beyond
Heslot[1,2] have studied the=15 pN forces encountered @ certain unzipping rate, the predictions of the theory of equi-
during unzipping of 50-kb\-DNA (where kb is for kilo-  librium unzipping cease to apply. For a 50-kb dsDNA, this
base. Variations of the unzipping force with sequence WereCl’itiC&' rate is about 1000 bp/s, similar to the threshold seen
observed, which are over the range of about 10-20 pNexperimentaIIy{16]. In our theory there is a buildup of elas-
Other groups have carried out similar experiments on unziptic torque in the dsDNA due to the drag torque associated
ping of DNA [3,4] and on RNA helix-loop structurefb],

) .= . 3 2 x (t) =extension of 2n ssDNA bases + dsDNA linkers
observing similar unzipping forces.

A number of theoretical workg6—13] have addressed the X, () 2%, () Xoo (0
equ[librium statistipal mechanics of dsDNA unzipping, _vvith = NS o~ =
particular emphasis on the effects of sequence. UnzippinC = gpna finker (\
driven by DNA torqueg“DNA unwinding” ) has drawn much 2 “-?L‘r?;?‘l?'.’!(‘,?
less attention in spite of elegant experimefitd] and cor- N bp 2 'msbp
roborating theonf15]. As a result, theoretical consideration of dsDNA 3.5nm
of the combined effects of force and torque on unzipping §
have only recently been discussgi®]. Since DNA unzip ) rotation 600

ping involves rotation of the remaining double-helical DNA
(Fig. 1), one _exp_ects that rotational drag torque_ should pro- FIG. 1. DNA unzipping experiment considered in this paper.
duce a contribution to the force needed to unzip DNA. EX-connections are made to dsDNA linkers attached to the SSDNA
perimentally, no dependence of force on the rate of unzipengs, and are used to pull adjacertahd 5 ssDNA ends apart.
ping up to about 1000 base pairs per $bp/9 has been The ends of the dsDNA linkers move at equal and opposite veloci-
observed. However, in recent experiments of Heslot, an apjes of magnitudev. As the dsDNA is converted to separated
preciable increaséup to 40%) in unzipping force was ob- ssDNAs, the helical turns of the dsDNA must be expelled, forcing
served, at unzipping rates in the range of 10 kippA. the remaining dsDNA to be rotated once for each 10.5 bases that are
This paper presents theoretical analysis of the velocityinzipped.
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with the dsDNA rotation. The ssDNA stretching degrees ofduring unzipping of one base pair. The resulting forfce
freedom and the fork region itself remain near to equilibrium~g/¢ is of the order of 10 pN, as it has been observed
at experimentally accessible unzipping rates. We show thagxperimentally. Below we describe static unzipping in more
the relation between the unzipping force and the elasticletail, focusing on the force and number of opened base
torque buildup during opening is simply determined by thepairs at fixed displacement. The equilibrium theory of unzip-
equilibrium coexistence between closed, opened anging describes experiments for velocities small enough to
stretched base pairs, described by the binding-unbindingllow the system to stay in thermal equilibrium.
force-torque “phase diagram.”

We first describe the experimental situation in Sec. Il, and A. Homogeneous sequence
then in Sec. Il we review the equilibrium theory of DNA L , .
unzipping, using a mean-field approach. We discuss the ef- We start by considering an idealized homogeneous se-

fects of force applied to the ssDNA ends, and torque appliedUeNce; with a uniforng,=2.5gT, the averaged value on
“upstream” to the dsDNA for homogeneous and heterogeN€ A Sequence. The free energy cgsper opened base pair

neous sequences. In Sec. IV we discuss the relaxation §f@y be obtained for tha sequence, for the experimental
ssDNA stretching and dsDNA twisting, and we then presenfonditions described above, using #eoLb program[20]

a dynamic model for the propagation of the ssDNA-dsDNAW'th_ stacking and pairing free energies measured by Santa
“fork” region for homogeneous and heterogeneous seLucia[21]. ) o .

quences. We first present a simple theory where we assume 10 describe unzipping of the dsDNA, we write down the
that the dsDNA twist is in a steady state. The problem ofVOrk that must be done by the force to separate the ends of
rezipping of a dsDNA is also considered, and it is shown thathe linkers by a distancex2 This includes the work done by
for rapid retraction, a left-handed viscous torque delays rethe force to extend the two dsDNA linker arms by2, the
combination of the ssDNAs. Finally, in Sec. V we analyzeTée energy cost of openingbase pairs of tha DNA, and

the DNA twist dynamics in order to understand the delay inthe work done by the force to keep the ends of the sSDNA

force buildup observed experimentally at high unzippingr€9ions separated by 2 Xq¢), and is therefore a function
rates[16]. of the numbem of opened base pairs, the extensiogyL0f

the dsDNA linker arms, and the total end-to-end distance 2
We also include the work done by torglieapplied to the
Il EXPERIMENTAL SETUP end of the dsDNA region; this will be essential to consider-
The experiment of Thomen, Bockelmann, and Hekl6] ing the drag opposing rapid rotation of the dsDNA region.
unzips ax-dsDNA of 48 502 bp in 10-mM phosphate buffer, This free energy reads
150-mM NaCl, pH 7, and at room temperature. The _ _
dsDNA is attach[zad to two dsDNA linker aIr)ms, each of 7000 T x(MXas) = 2Wa(Xas)  2Wsd X~ Xgs,M) + n[go+F00](.1)
bp; one of these is anchored to a movable glass slide, and the
other is attached to a silica bead of diameter of the order Olf-lereW(x)=féf(x’)dx’ is the work done by the stretching

micrometers, which is held in a laser trap. The displacemenforce f(x) at fixed extension, for the dsDNA linker arms and
of the glass slide at a controlled velocity in the rangethe unzipped ssDNA, ané,=27/10.5=0.60 is the number
1-20 um/s forces the molecule to open. After the moleculeof radians of rotation made during opening of each base pair;
is opened(typically after ~25um of displacement the  this model is discussed in more detail in Rgif2].

stage motion is inverted, allowing the molecule to rezip into  |n the range of forces of 10-30 pN, the dsDNA is ex-
dsDNA (reannealiny The force transmitted to the ends of tended enough that the leading contribution from its high-

the linkers during the experiment is measured using the poorce entropic elasticity, plus linear stretching elasticity,
sition of the bead in the laser trap, which has a stiffnesgjives an accurate model:

Kopt=0.25 pN/nm.

The stiffnesses of the two dsDNA linkers and the two
ssDNAs depend on force, but are known from other experi- Xas(f)=Lag
ments on dsDNA and ssDNA. At forces near 15 pN, the total
stiffnesses of the two dsDNAgogether 14 000 base paiis  We use persistence length=48 nm and Young modulus
kgs~0.1 pN/nm; the stiffness of the two ssDNAs depends ony,,.=1000 pN, as determined by separate experimgzth
the number of unzipped base paimis, and is kss  The length of each 7-kbp linker isye=2.38 um.
~70/h pN/nm. Below, we will neglect the-0.1-um shift of The ssDNA is described by the freely jointed chainlike
the bead in the laser trap. (FICL) model[23] that gives the extension af of the un-

zipped bases as

1/ksT\¥2  f
) )

a7y @

Ill. STATIC UNZIPPING

Xss= Nlgd(T), (©)]
The basic unzipping force follows from the simple argu-
ment that unzipping will be thermodynamically favorable Where
when the free energy required for unzipping one base, ‘b T ¢
ksT<g=<4kgT, is equal to the mechanical work dorfe,, - B —
: X - lsf)=d| cot 1+ . (4)
where~1 nm is the projected length of ssDNA liberated keT/ fb Yss
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FIG. 2. Phase diagram of a homogeneous DNA molecule undepase pairgin kilo base pairgkbp), dotted curvgat equilibrium for
applied force and torque. The base-pairing free energy is sg to a homogeneous 50 kilo base DNA molecule with 7 kilo base link-
=2.5%gT. The double-helix conformation is thermodynamically ers, as a function of the displacementafter opening initiation.
preferred when the applied force is smaller than some torquePrior to unzipping ¥<0), the force vs extension curve reflects the
dependent critical value, e.d,,=15.7 pN at zero torque. Denatur- elastic behavior of linkers. As opening proceeas-(Q), force is
ation may be driven by torque only. In the absence of the applie¢onstant aff ,=15.7 pN, for base-pairing energ=2.%gT. The
force, DNA opens when an underwinding torque lar§ermodu- ~ number of unzipped base pairs increases linearly wijthvith a
lus) than &gT is applied. PointsA, B, C, D refer to the force vs slope=1 bp/nm.

displacement curve of Fig. 6. . L
P g The number of unzipped base pairs is simply calculated

from the condition that the total displacement 8 equal to
the extension of the two linker armsg plus the extension
of the two unzipped single strands2:

The monomer lengttd=0.56 nm, the segment length
=1.4 nm, and the stretching elastic constagi=3800 pN
are fitted from experimental daf23]. Equations2) and (4)
can be used to obtain free energies via integration by parts: x=nlgd )+ Xge(F). )

f(x) At the beginning of an unzipping experiment, the two linker
W(x)=xf(x)—f x(f)df". ) arms first stretch until the extensiorys,=Xqs(f,) is
reached. At this point tha-DNA starts to unzip, and the
Given theW’s and the total half extensiog the minimum  force stays pegged dt,, with the number of opened base
of the total free energy with respect to linker arm extensiorP&irs proportional to further displacement:
Xgs, IF«(N,Xg9)/X4s=0, equilibrates ssDNA and linker

tensions. Then, minimization of the free energy with respect n,(x)= Xlx;:(fU) (8)
to the number of opened base pairsdF,(n,Xys)/dn=0, sofu)
determines the equilibrium unzipping forég, via The equilibrium force and number of unzipped base pairs
for this homogeneous model, withy=2.5kgT and at zero
2wed(fy) =TI 6o= 9o, (6)  torque, are plotted in Fig. 3. The critical unzipping force is
f,~16 pN, and the average projection of each unzipped
wherew (f)=[l(f)df". base along the unzipping directionlig(f,) =0.44 nm. This

Equation(6) is a first-order transition coexistence condi- is close to what is observed experimentdlyg] at small
tion, stating that work done by the force and torque in opendisplacement velocities<1 um/s; as unzipping proceeds,
ing a base pair equals the base-pairing free energy. FiguretBe ssDNA is stretched to about 50% of its total contour
shows the solution of Eq(6) plotted in the torque-force length of~1 nm/base.
plane. Note that overwinding torque in the dsDNR*0) Given accurate knowledge of the elasticity of ssSDNA, un-
increases the unzipping force. The size of dsDNA torquezipping experiments can determine the pairing free energy at
needed to appreciably shift up is gq/6p~4.%&gT; a left-  room temperature. For the homogeneous model, wedind
handed (negative, corresponding to dsDNA unwinding =2.5gT. Prior to these experiments, this free energy differ-
torque of this magnitude makes unzipping occur for zercence was indirectly inferred from model free energies ob-
force, close to the unwinding torque inferred from experi-tained from study of DNA melting at temperatures of
ments[14]. Below we will calculate how the overwinding 20-40°C above room temperatur@4]. A sequence-
transiently built up in the dsDNA during rapid unzipping, averaged point of view as presented above can give a rough
resulting from rotational friction upstream of the unzipping account of thermodynamics of unzipping of large molecules.
“fork,” will boost the ssDNA tension. However, there is appreciable sequence dependence of the
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base-pairing free energy. Rief al. have found that pure AT 18 - - - ' - 10
(the most loosely bound base paisequences unzip at about

9 pN, while pure GC sequencébie most tightly bound base
pairg open at about 20 pNi3]. This range of force corre-
sponds to base-pairing free energies of (0.8-K38)per
base pair. Therefore, a more detailed analysis of unzipping,
and especially describing unzipping of short inhomogeneous , / 07
sequences, requires models that take into account sequence ‘ T 0s  ag®
dependence and the cooperativity of strand separg®idh S :
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Sequence effects can be added by makjng function of
n. The equilibrium opening oh-DNA at zero torque has
been theoretically analyzed by Bockelmann, Essevaz-Roulet,
and Heslo{2], who have numerically calculated the thermal
average of the force and the number of opened base pairs.
They included thermal fluctuations of the ssDNA and F|G. 4. Force(pN, top curveé and number of unzipped base
dsDNA regions using a free energy of the ford) plus  pairs(kbp, middle curvi at equilibrium for thex-DNA molecule,
trap/cantilever elastic energy. Here we show how to obtairas a function of the displacemenxk after opening initiation. Bot-
essentially the same results, using a preaveragirgy,of). tom curve is the base-pairing free energy vs the index of the base
The approach of the preceding section computes the freair, from a Gaussian average over 20 bp. The number of unzipped
energy of a given numben of opened base pairs, at fixed base pairs increases linearly wih with characteristic stick-slip
displacemenk, using Eqs(1) and (7). We estimate the fluc- steps(see inset
tuations of the ssDNA, the dsDNA, and the laser trap/
cantilever, atf,~15 pN using their combined stiffne$25] namical equations with a model for the translation of the
Kiot=[ Lkest+ 1Kk yst 1/k0pt]‘1. This net stiffness decreases sSDNA-dsDNA fork inn. For each of these processes we
with the opening because of the inverse proportionality.gf ~ consider relaxational dynamics of the form
to the number of opened base pairs. During opening of the
first five kbp of\, the extension fluctuations in the length are 0z JF
~20 nm, corresponding to 20 base pairs. T 9
To account for these fluctuations, we have Gaussian-
preaveraged the denaturation-free enag@ly) using a stan- .
dard deviation of ten base pairs. To each configuration of Heréz can be the position of a monomer of SSDNA or of
opened base pairs is associated a Boltzmann factor using frd@§PNA, the twist orientatiord of a monomer of the dsDNA
energy (1), where the force is determined by the condition P€INg opened, or the number of unzipped base pairs
(7). The thermal averages of the number of unzipped basgach cas€ is the free energy, Wh!le is the relevant friction
pairs and of the force, as a function of the displacement 2 constant. For translational motion of ssDNA or dsDNA

are plotted in Fig. 4, for displacement after opening up tom_onomers,gzgwna; we takea=1 nm. For twist relax-
5 um(~5 kbp). ation, (=4 nr- wherer is the dsDNA hydrodynamic radius

The result of this calculation is in good agreement with@nd7=0.001 Pas, the suitable value for aqueous buffer. We

experiment and the computation of Bockelmagtral. [25]. user=2_ nm, twice the “bare” chemical radius qf the double_

The average slope of the opening curve gives the averadée"x? this generates_force curves in accord with the experi-

extension of each unzipped segment along the unzipping dent[16]. Note thatr is the only adjustable parameter of our

rection 4,.=0.95 nm(one base pair opens for each 0.95 nmtheory; it is essentially a friction constant.

of displacement As in the experiment, the sequence gener-

ates a stick-slip motion; the opening fork stalls at G-C-rich A. DNA stretch and twist relaxation times

parts of the sequence, giving a sawtooth pattern in the force _. .

signal and a step pattern in the number of opened base pairs Since sSDNA and_dsDNA_ are ap_pre_mably s_tretched _by t_he

[25,10. >10 pN forces applled during unzipping, thelr _dy_namlcs is

reasonably described by local hydrodynamic friction. Loga-

rithmic corrections due to long-range hydrodynamic cou-

pling can be added to this discussion but without major ef-
To describe the motion of the unzipping fork, we mustfect. To estimate the order of magnitude of the dsDNA

consider four physical effects. First and second, we muslinkers and the ssDNA to equilibrate, we expand the stretch-

consider the elongating dynamics of the dsDNA linker armgng free energies around the forcefof 15 pN (the nonlinear

and the unzipped ssDNA, respectively. Third, we must worryelasticity of the preceding section is uged obtain

about the propagation of twist down the dsDNA; each 10.5

unzippgd bases forces one more full right-handed twist into F= 5 z [z(n,t)—2z(n—11)—2,]?, (10)

the unzipped dsDNA region. Finally, we must close the dy- 2 49

[A]

N
&

9, (units of k;T)

2 3 4 5
Base pair index (kbp)

IV. UNZIPPING DYNAMICS
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wherez(n,t) is the position along the unzipping direction of The single-base relaxation timg should be of the order of
either thenth monomer of the dsDNA or of the unzipped the diffusion time for the approximately nanometer-long
ssDNA. In these two cases the monomer stiffnesses are dpases;r,~6m7a’/kgT~10"8 s. The forcef(n,x) is again
ther Kys=1400 pN/nm (dsDNA) or K..=140 pN/nm (ss- determined from Eq(7), and is implicitly a function of both
DNA). Note that these should not be confused withghly-  the displacement and the number of open bases.
mer stiffnessesys andk, discussed previously. Equation(12) indicates that if the ssDNA tension is large,
The dsDNA twisting free energy is well described by thethe fork moves to largen. The fork is static dn/dt=0) for
free energy of an elastic rof26] in the range of torques the equilibrium statg6). Each unzipped base forces the up-
relevant to unzipping experiments. This free energy may bstream dsDNA to rotate throughby,=0.6 rad. If this fork
written as in Eq(10), where the degree of freedaz(in,t) is  rotation is sufficiently rapid, the viscous rotational drag
the twist angle of base pain. The twist stiffness isK along theN—n dsDNA base pairs that remain to be un-
=kgTC/A?, where the base rise=0.34 nm converts base zipped, will generate elastic torque.

indexn to dsDNA contour lengtlinoteksTC= 8020 nm is In this section we assume that the DNA to be unzipped
the usual elastic-rod twist rigidit}26]). has reached a stationary state rotating at a uniform angular
The longest relaxation time of EEQ) with an elastic free velocity w. Since each opened base forces a rotation of the
energy(10) is dsDNA region by an angl®,, we havew= 6ydn/dt. The
viscous torsional drag for the dsDNA, treated as a cylinder of
IN? cross-sectional radiusand lengthA(N—n), is
km?’ (ty T(n)=4mpr?A(N-n)w. (13

Combining Egs.(13) and (12) we obtain the equation of

where eithet\VV=Ngys= 14 000 is the number of base pairs in motion for the fork position:

the two linker DNA, the number of unzipped base paifs
=2n, or the number of still zipped base pailé=N-—n. dn 1 2we(f)—go(n)

Substituting the relevant stiffne&sand drag¢ into (11), we T TN It (14
obtain ty<=3Xx10"%s for dsDNA stretch relaxationt dt keT mt(N=n)7
=(2n)?(1.4x10 ') s for ssDNA stretch relaxation, and \nere
toww=(N—Nn)?(2x107 1% s for dsDNA twist relaxation
times. - . . S Amryr2A 63 .
Equilibrium will be reached for stretching or twisting if Tr=?=2><10 S. (19
B

the relevant relaxation time is less than the unzipping time

tu§(1 nm)n/v. For the maximum velocities we are consid-  The time 7, is comparable to the value expected for
ering, =20 um/s andt,=n(5x10"°) s. Sincetss/ty  (both are viscous times at the nanometer Scélet sincer,
~n/10°, ssDNA in unzipping experiments wherev2 appears in Eq(14), magnified by a factorN relative tor,,
<20 um/s will be equilibrated until about 20bp are un-  the rotational dynamics will be rate limiting in most experi-
zipped. Therefore dsDNA and ssDNA stretching are at equimental situations. Also note that Ed.4) and 7, are indepen-
librium in experiments ol -DNA (n<5x10%). dent of the value of the twist elastic constahtNumerical
By contrast, twist relaxation cannot reach equilibrium atintegration of Eq.(14) gives force and torque during the
the start of unzipping; the relaxation time @0 isto=5  ynzipping. The initial condition is that unzipping begins

X10%s. Thus, we will now describe the fork dynamics, when the force in the linkers reachés, i.e., n(t=>Xqeu/v)
treating the ssDNA and dsDNA stretching in equilibrium. We — ¢

first develop a theory of steady-state twisting; in Sec. V we
analyze the approach to this steady state. C. Rezipping dynamics

In the experiment of Ref[16], following unzipping of
~ 25000 base pairs, the molecule is allowed to rézipan-

The fork positionn(t) will change as a result of the im- neal” in the nomenclature of biochemisjrppy reversing the
balance of ssDNA tension, opening cost, and dsDNA torquedirection of the pulling velocity. If velocity is made negative,
Unzipping experiments occur at less than 20 kb/s; slowEg.(14) describes this process. During rezipping, the dsDNA
enough that each base is opened, on average, slower thestates in a right-handed sense, generating a left-handed drag
single-base opening-closing times that are less than a micréerque on the molecule.
second. A quasistatic model of fork motion is plausible, with  As shown in the phase diagram of Fig. 2, a negative
fork velocity in proportion to the free energy change associtorque promotes helix opening, decreasing the unzipping
ated with unzipping of one base. force. Therefore, the force during rezipping at high velocities

We write the relaxation equatidf) for the fork motion in  is lower than the equilibrium unzipping fordg, ; the force
the continuum limit for the number of opened base pairs: drops progressively during rezipping because the rotational

q . drag(13) increases with dsDNA length. Force during retrac-
an_ L _ B tion is calculated via integration of E¢L4) (with v — —v),
gt kgt L2 Ve P = Go(n) =T 6o]. (12 starting from initial condiiom=25 000,

B. Fork motion
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D. Analytical estimate of unzipping force dependence 35
on velocity 50
We can estimate the increase of steady-state unzipping g 40 -
force with velocity using Eq.(14) for homogeneous se- 30 Sl s
quenceyo=2.5%gT. Changing variables frormto x=vt, Eq. o -~

. L
0 10 20 e

(14) can be rewritten as , -
displacement 2x (um)
dn 1 2w f)—
g ss( ) 9o , (16)
dx (kgT)v |7+ (N=n)7, -

-
-
-
-

wheref(x,n) is the equilibrium tension given by E@7). In
the limit of slow unzipping, the square bracket of Ef6)
goes to zero, giving the equilibrium unzipping forég (6)
and the relationshig8) between extensior and numben,,
of unzipped base pairg,,(x) = (X—Xgs) /s fo) -

We now suppose that the velocity is smél a sense
made more precise in the followingand that the unzipping FIG. 5. Theoretical unzipping force as a function of pulling
forcef and numben of unzipped base pairs can be expandedyelocity for a 50 kilo base homogeneous DNA. The star indicates
to first order inv, i.e., f(x)="f,+f;(X)v +O(v?) andn(x) equilibrium unzipping force. The dashed curve shows the “steady-
=ny(X)+ny(x)v+0(v?). Plugging this into Eqs(6) and  state” approximate formuld18), the solid curve shows the peak
(16) permits us to obtain two coupled equations involving  force encountered during integration of Ed4). The dashed and
andnq, with the results solid curves have the same dependence at low velocity, tending to

the static unzipping forcé, ~15.7 pN at zero velocity. The inset
Tt [N— nu(x)]q-r) shows the characteristic velocity® entering steady-state formula
> plotted as a function of displacemenk.2For velocities above
2[lsdfu)] v*(0)=20 um/s, the steady-state formula starts to be appreciably
£1(%) above the peak force obtained by integration of 8¢). The dot-
N ' 1 dashed curve shows the force at the half unzipped point when about
ny(x)= [de(fu)+|ss(fu)nu(x)]—ss(fu) S € Y/ kbp are unzipped.

Unzipping force (units of pN)

-
.-
-
.
.
.
-
-
.
-

-
.

5 10 15 20
velocity v (micrometers/sec)

f1(X)=kgT

whereh’ denotes the derivative df with respect to its ar-  the twist transport dominates the fork retardation. Finally, we
gument. note that Eq.(18) can be used to estimate how the force

Therefore, at low velocity, the unzipping force reads  depends on velocity during retraction by simply inverting the
sign of the velocity.

v 2
FOg="1y| 1+ v*(X) 0@ |, (18 E. Rezipping at zero tension
For sufficiently fast retraction, the reannealing of the
where double helix, the rate of which will be limited by the rota-
2 o (Fu)? tional drag on the dsDNA region, will not be able to keep up
v*(X)= ussu ) (199 With the retraction. As a result, the force should essentially
kg TL(N=Ny(X)) 7+ 7] drop to zero. This effect will be especially pronounced dur-

ing the later stages of rezipping, since the rotational drag

The functionv* (x) is plotted in the inset of Fig. 5. It is a experienced by the dSDNA region increases as rezipping pro-

rapidly increasing function of displacementbounded from  .,o4s.

+ —
below byv* (Xgs,) ~20 wm/s for \-DNA (N=5X 10" bp). The velocity for “free” rezipping under zero tension can

Thgreforg, one can expect to _observe a large increase in thg easily estimated using the equation of motibd for the
initial unzipping force for velocities greater than a famn/s.  §spNA-ssDNA fork:

Figure 5 shows this force vs velocity behavior that should
be an upper bound to forces observed during the unzipping dn 1 Jdo
of a A\-DNA (dashed ling The theory indicates a 10% in- at kB_T m (20)
crease in unzipping force asis increased to about 2m/s,
comparable to the initial rate of increase recently observedaking the initial conditiom(t=0)=n,, we obtain
[16] (velocities reported by Thomest al. correspond to 2,
see Fig. L

Equations(18) and (19) also show that as the molecule
unzips andN—n goes down, the torsional drag on the
dsDNA is reduced, and the force needed to keep the forRecall thatr,/7,=5 is not a large number. Therefore, for
moving goes down. For low velocity, this force drop will be long (N>10°) and initially totally open f,=N) molecules,
a nearly linear function oN—n,. This is the signature that the rezipping followsN—n~[2got/(kgT7,)]*? where the

2
+

Jo t 12

t)=N+ 2
A kaT 7,

n

(21

T
(N+_n_no
T

r
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FIG. 6. Force vs single-strand extensipr vt obtained from FIG. 7. Torque in the dsDNA region immediately adjacent to the

integration of Eq.(14) for homogeneous 50 kilo base DNA plus 7 fork, vs single-strand extension=uvt, obtained from integration of
kilo base linkers as in Fig. 1. Outgoingulling) curves for 2 Eq. (14), for the cases shown in Fig. 6. Solid curves indicate exten-
=4, 8, 16, and 2Qum/s are showr(solid curves, bottom to tgp sion and the dashed ones indicate retraction. Progressively higher
For these rates, successively higher unzipping forces are obtainetbrques are obtained at successively higher pulling velocities. There
In all cases an initial force increase associated with pulling thds an appreciable peak in the torque during the early stages of un-
linkers taut is followed by a force peak, and then a slow forcezipping, followed by a gradual torque decay as the remaining
reduction. The slow and linear reduction of force with extension iSdsDNA provides progressively less rotational drag. This torque
due to progressively less dsDNA being left to provide rotationalbuildup is due to the rapid fork motion, forcing the dsDNA region
drag to oppose fork motion. Force during retraction following thejust upstream of the fork to be under overtwisting strain. The
extensions is shown forw2=4, 8, 16, and 2Qum/s (dashed torques obtained during retractiddashed curvgsshow that re-
curves. For 4 and 8um/s, relatively small hysteresis loops occur. winding of the molecule generates left-handed elastic torque in the
However, at retraction a&16 um/s, the hysteresis is larger due to molecule; for retractions of 8 and 3%m/s, this torque approaches
larger rotational drag, and the force drops to near zero at the end dlfie “free” limit of go/60,~—4kgT discussed in the text.
rezipping.

During unzipping, one observes an initial force upswing as
exponent is determined by the linear dependence of the totg, dsgDNA IFi)rF\)kegr]s are first tensed, followed by a ch))rce pgeak

rotational dra_g on the size of th_e rezipped domqin. and a gradual force reduction due to the decrease of torsional
The total time needed to rezip for a free fork is thereforedrag as unzipping proceeds. Foo220 um/s, the peak

T~(2N—ng)ng7, kgT/(29y), which for n(0)=25000 is force is f....~23 : .
. : =23 pN, correspondingota 7 pN unzipping
~0.75 s. Therefore, for half unzippedDNA, retraction ve- .. o increase relative to the equilibrium  valué,

Iocitie; of 22=50 um/s are at essentially zero tension. =15.7 pN; this is in good agreement with the increase of
Equations(13) and(20) lead to the dsDNA torque for zero- ~10 pN observed in the experiment of RELG]. On the

tension rezipping: other hand, the initial force increase observed experimentally

9 - -1 is smoother than the theory of Fig. 6. Below we will show
r=- _0{14_ —r |, (22 how sequence effects and twist relaxation dynamics reduce
to To[N=n(1)] the initial rate of force increase.

Figure 6 also shows force during retraction. Far=2
—4 um/s, there is already a noticeable force hysteresis
relative to the 2=+4 um/s extension curve. For
2v~—20 um/s, the ssDNA force approaches zero at the
end of the retraction cycle. Similar “hysteresis loops” were
observed by Thomest al. [16].

Figure 7 shows the DNA torque at the unzipping fork

We now present numerical results for integration of Eq.during these unzipping-rezipping cycles. The unzipping
(14) for the homogeneous cagg=2.%gT, =102 Pas, torque reaches a peak, coincident with the force peaks of Fig.
r=2 nm,A=0.34 nm, and¥y=27/10. The ssDNA elastic- 6. At 2v =20 um/s the maximum torque during unzipping is
ity FICL parameters arb=1.4 nm,d=0.56 nm, andyss [',5=2.8gT, while the maximum unwinding torque dur-
=800 pN. The dsDNA linker elasticity parameters &rg,  ing rezipping isl .= —3.8gT, slightly smaller in absolute
=2.38um, A=41 nm, andyys=1300 pN. The fork and value than the zero-tension limit ofl'=—gq/6y=
torsional relaxation times are,=10 8 s andr,=210°%s.  —4.%gT.

Force as a function of displacement after opening is The force as a function of torque during opening and clos-
shown in Fig. 6 for velocities 2 of 4, 8, 16, and 2Qum/s.  ing at the maximal velocity of 2=20 um/s are included in

with n(t) given by Eqg.(21). The maximum torque that ap-
pears at the fork during zero-force rezipping is the critical
torque for the opening at zero forogy/ 6y, in accord with
the phase diagram of Fig. 2.

F. Results for homogeneous sequence
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the phase diagram of Fig. 2. These curves follow the ssDNA- base pair index (kbp)

dsDNA equilibrium transition, indicating that the opening 0 10 20

and the closing of the single base pairs take place essentiall % 4 ' '

at equilibrium. The relation between torque and force at the(units of kBT)1 , i
moving fork is, under likely experimental conditions, deter- 25
mined by the base-pairing interactions in the same way as a
equilibrium. PointsA, B, C, D in Figs. 6 and 7 are mapped to
the coexistence curve in Fig. 2; for example, the force peak
corresponds to poirB in the phase diagramf&23 pN, I’
=2.8kgT). Turning this around, this indicates that the ex-
perimental force-displacement curve can be used to infer the
torque-displacement curve, using the equilibrium coexist-
ence line of Fig. 2.

The peak forces observed during unzipping are plotted in
Fig. 5 (solid line), and match the approximation of the pre-
ceding section at low forces. Figure 5 also shows the slightly
lower force occurring at the point where the molecule is 50%
unzipped(dot-dashed ling This force is reduced simply be- ‘
cause at the half unzipped point, there is less dsDNA remain- 0
ing to provide torsional drag than at the peak force p@ee

Fig. 6). FIG. 8. Force vs single-strand extensiona vt for \-DNA from
integration of Eq.(14), for 2v=4, 8, 16, and 2Qum/s (outgoing
G. Results for heterogeneous sequence curves are shown by full lines, and retracting curves by dashed
lines). Note that fluctuations of the force due to sequence effects
‘decrease with increasing velocities.

- - N
o (5] o
T T T

Force (units of pN)

(54
T

. é 10 15, 20 2I5
Displacement 2 x (micrometers)

Figure 8 shows the results of numerical integration of Eq
(14) using the preaveraged-DNA pairing free energy
go(n), as discussed in Sec. lll B. The force as a function of
the displacement for the velocities 4, 8, 16, andw2@/s is
in good agreement with experimental data, and reflects th(%
sequence; note, for example, the progressive increase in G
percentage in the first 2000 base pairs, the decrease from t N :
base pair 20 000 to 24 000 and the steeper increase from baﬁ?e[(; lér;vl\jllr?zdi;)nr?egfggzeo:)haeirrse;:rt?nr;lgy depend on the number
pair from 24 000 to 24 500, all these features are well repro-
duced in the experimental and theoretical curves. An inter- 90
esting effect is that the fluctuations in the force due to the 0—m(N,t)=O, (25
sequence are attenuated, especially during rezipping, at
higher velocity.

O(m,0)=0 (0=m=N). (24

e boundary conditions express that the N extremity of
e molecule is freézero applied torque while the location

o(n(t),t)=—6yn(t). (26

V. EFFECT OF TWIST RELAXATION We now introduce the Laplace transform of the twist,

The initial increase of the force in Fig. 8 is still faster than 6(m,p) = fydte"P'6(m,t). The solution of Eq.(23) with
that observed experimentally. We now examine the effect oboundary conditior{25) and initial condition(24) reads
the initial twist relaxation dynamics, focusing on its influ- o
ence on the force signal at the beginning of unzipping. The o(m,p)=J(p)coshg(N—m)], (27)
combined set of equations for the fork and twist comprises a
moving-boundary-condition problem that is difficult to solve whereq?=pr,, andJ(p) has to be determined to fulfill the
even by computation. In this section, we construct an apremaining boundary conditiori26). Defining the Laplace
proximate solution for the combined twist and opening dy-transformn(p) of n(t), Eq.(26) reads
namics, valid when the number of unzipped base pairs re-
mains small with respect thl. B Hon(p)=f dte Pa(n(t) 1)~ B(0p), 28)
A. Memory kernel for fork motion 0

We rewrite Eqs(9) and (10) as as long asn(t)<N from Eg. (27). Eliminating J(p) from
Egs.(27) and(28), we obtain
0 9*0 23
Ttw o = 5 — — coshq(N—m
"ot am2 g(m, p) = — gon(p)M

coshgN] (29

wherem is the continuous base-pair index, and whefg
=479r’A%?/C=1.4 10 *s. Prior to unzipping, the ds- From Eq.(29), the derivative of the twist just upstream of the
DNA is relaxed, fork, 96/om(n(t),t), determines the fork torque. Inserting
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this into the Laplace transform of the equation of motion *
(12) for the number of unzipped base pairs yields

2wsdf) —go(n(t)) 2

kgT

t

(30

_ 1 o
. — P
mn(p) p+aqwanNLL‘“e

N

o
-
\]

Force (units of pN)
/Z

with a= #3C/A/,. Inverse Laplace transforming E¢B0),
we obtain a self-consistent integral equation for the number
of unzipped base pairs,

-
L8]
T

t 2w f)—go(n(t
n(t)=f dt'G(t—t") 540~ go(n(V)) . (3D
0 kgT
. ) 10 : : : ’ :
where the memory kern& is defined by @) Displ%cemerjnfz x (m}?:rometé(:'s) *
Glr) = 1 (= dp eP? 32 24
(T)_T_n _.2mi p+aqtanhgN) " (32)
Let us stress that the fordan Eq. (31) depends om andt 23
through Eq(7). The poles of Eq(32) are located on the real o
negative semiaxis, ap,=—(y,/N)?/ry,; Yy, is the root ©
(unique of tany=—by, such thaty,— ¢ «|<w/2 (£=0), 2 »
and b=aNr,,. Calculation of the residues is straightfor- 5
ward, giving g
1 i e 77 12 21
G(nN=0(7) —-+22, —————1, 33
(7=00)| 55 &1 1+b+yilb 39
where®(7)=1 if >0 and 0 otherwise. Finally, 204 2 n 6 3 10
(b) Displacement 2x (micrometers)
2
e =N_ Tow (34) FIG. 9. Force vs single-strand extensioa vt with twist propa-
y(% gation obtained from resolution of E(1). (a) Result for homoge-

neous DNA @,=2.%gT) and with 7 kilo base linkers. Outgoing
gives thelth elastic relaxation time of the dsDNA region. (pulling) curves for 2 =4, 8, 16, and 2Qum/s are showr(solid
The longest relaxation time for-DNA is 7;,=3.5x10" % s. curves, bottom to top For these rates, successively highe_r unzip_-
If the number of unzipped base pairg}), is small with ping forces_are ob_tained. The initial force increase _assouated y\nth
respect toN, then Eq.(31) is valid. For\-DNA this condi- pulling the linkers is much smoother than Wlthout twist propa_Lgatlon
tion happens to be true over the time rangeté: r,, where (shown for 2 =20 um/s). (b) Corresponding results for an inho-
741 is the longest relaxation mode of the double hgsige Eq. mogeneous sequence foo 220 um/s, compared to the homoge-

: . . eous casédotted ling. Curves correspond to preaveraging of the
(34)]. This mea.ns that the f.orc.e. will reach its pgak a abouQequence over 100@ot-dashed ling 500 (dashed, 250 (long-
71, and then will not vary significantly for later times ;.

. ; . . dashed and 100(solid) base pairs.
The dsDNA rotation dynamics reaches a stationary regime, . O(solic) P

and at later times can be considered to be a rigid cylinder

rotating at angular velocity= 6,dn/dt. For times beyond B. Results

71, the twist relaxation dynamics reduce to just the differen- Figure 9a) shows force vs displacement including the

tial equation for the number of unzipped base péls. twist relaxation dynamics for homogeneous sequergg (
To analyze the dynamics fdr<7;, we solve EQq.(31) =2.%gT). The only difference with the curve obtained

iteratively. We start from the equilibrium zero-speed solutionwithout the twist propagatiofshown for comparison for the
No(t)«t. At stepi, the number of unzipped base pairs as avelocity of 20 m/s, dashed curyds the much smoother
function of time,n;(t), is inserted in the right-hand side of initial force increase. Theory indicates a force increase
Eq. (31), andn;, ((t) is collected on the left-hand side. The spread over the first=2.5 um of displacement; after this
iteration is repeated until convergence is obtained, whictextension the result converges to the one obtained without
takes about 20 iterations. We also solved the ordinary differtwist propagation. While we do observe an initial “delay” of
ential equatior{14) using numerical integration routines, and the force increase, the range over which theory predicts this
observed that the two curves match accurately for titnes effect is shorter than that observed experimentédlipout
=7, as expected. 5 um).
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We have also studied the dynamics of the opening forlother structural inhomogeneities along the rotating double
including both twist propagation and thesequence. In the helix.
presence of a complex free energy landscapegfgrthe A third, and potentially interesting effect is that once ap-
iterative scheme exposed above does not converge easily R§eciable torque is built up in the dsDNA, there is the pos-
the solution of Eq.(31). We should therefore consider Sibility that the upstream dsDNA may begin to writftE8].
smoother landscapes through a preaveraging of the sequerfc@r @ dSDNA under zero force, writhingupercoiling oc-
over SN bases, withN ranging from 1000 down to 100. Curs when|I|>kgT [29]. Tension in excess okgT/A
Such values permit us to reach numerical convergence arfd9-1 PN (A=50 nm is the dsDNA bending persistence
are sufficient to detect sequence-induced effects on the miENIth puiges the writhing threshold up tqr|
crometer scale. The resulting force signal is shown in Fig:~ (4keTAD ™ Writhing (chiral coiling of the dsDNA
9(b) for maximal velocity 2 =20 um/s. The percentage of could increase the effective even without the formation of

: . L i ; lectonemic supercoils. Formation of plectonemes is
G-C bases Increases d“”’.‘g the initial openln_g,_a_md this effe raightforward if the dsDNA region starts as a random coil,
spreads the initial force increase over the initiauf of

tension. This trend is | litati £ with .since there will be near crossings every few (very 5—6
extension. This trend is in qualitative agreement with experiyegistence lengthdo act as plectoneme “anchors.” Once

mental findings, though the calculated force is lower than they|actonemes form. we expect a large enhancement in the

experimental value by a few piconewtons. effective friction for dsDNA rotation, and a large increase in
unzipping force.
VI. CONCLUSION It would be very interesting to see results for an experi-

o . ment carried out in the geometry of Fig. 1. This might be
We have presented a theory of DNA unzipping dynamicsy,ne ysing two translated laser traps, which would allow

for kilobase or longer dsDNAs. We have shown that tor-mch Jess perturbation of the dsDNA coil during unzipping.
sional drag built by the rotation of the double helix around its A natural question is raised by the absence of a noise term
axis is the dominant fnguonal contribution in t.h'e opening ofin Eq. (12), preventing the system from probing the whole
A-DNA molecules. Easily observable nonequilibrium effectsfree energy landscape at equilibrigigs] (see also Ref.10],
for \-DNA are expected for unzipping velocities in excess ofSec. VII). This approximation, which makes easier for the
2 pm/s. The results of our theory are in agreement withsystem to be blocked in a local minimugstick regime, is
recent observations by Thomenal. [16] of a roughly 40% expected to be valid at large velocities, i.e., when the land-
increase in unzipping force fox-DNA unzipping at 2 scape changes very fast, and time scales are too small to
=20 um/s. allow for barrier crossing between stick and slip states. To
We have neglected a few physical effects in the discussioftirther test the validity of Eq(12), we have calculated the
above. First, we have not explicitly included effects of trans-number of open base pairsas a function of displacement
port of the dsDNA base paits the fork. This is particularly ~2X at extremely low velocity, e.g., 10 nm/s for the se-
relevant to the experimental setup of Ref§,2,16, where —duence. Results are in very good agreement with equilibrium
the fork moves relative to one of the ssDNA anchor pointsPredictions of Fig. 4; the only difference is that unstick
This may introduce an additional translational contribution toldMPS (inset of Fig. 4 sometimes take placeS nm after
the dsDNA drag(for a rod model, again proportional t¢  their equilibrium counterparts. o
—n). However, an estimate made by Thonedral. [16] sug- Finally, we note that the intrinsic fork motion time,

gests that this force should be small relative to the unzippin |_ght b_e Iarg_er than thev 10. /s assumec_i n this paper
forces. In fact, at the lower fork velocities2 m/s, where sing dimensional considerations. The activation barriers to

nonequilibrium effects are observable, separate experimen?@enIng of successive basi12] mlght maker, Iarger;.a
and theory show that &-DNA coil should only be slightly rec_ent estimate based on the analysis of a RNA opening ex-
stretched 27] periment at constant ford&] gaver,=2 10’ s[30]. How-

A second factor that we have ignored is the possible effec?\r:er’ there V\g” be Ilttlc(ia'cotﬂlsequence Or:. ahlarggrfor the h
of dsDNA intrinsic bends. Nelson has recently argued tha enor?ena |s|cusse In this paper, which occur on a muc
such bends should induce an orders-of-magnitude effectiy@NJer Ume scale.

enhancement in the rotational drag coefficiE®8]. In the ACKNOWLEDGMENTS
present experiment, it appears that this effect is nearly ab-
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