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 Fermeture/ouverture de bulles de  
dénaturation dans l'ADN en solution 

Univ. Paul Sabatier/CNRS, Toulouse, France 
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Typical closure simulation-1
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Biophysical context – 
   

Denaturation bubbles at equilibrium 



DNA thermal denaturation – mesoscopic viewpoint 

•determination of an unknown DNA sequence  
•polymerase chain reaction (PCR) : control parameter T

Tm

fraction of open base pairs (UV absorbance) 
Wartell & Montroll 1972

cooperativity 
energy scale 1 kBT

denaturation  
bubble

T

DNA thermal denaturation
For very long chains, Tm =
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Exp.: polydA-dT, N=1815 Wartell et Montroll (1972)
�µ = 1.79; K = 0; �J = 3.67;! Tm = 326.4 KFit:

Palmeri, Manghi, Destainville, PRL 99 (2007) 088103; PRE 77 (2008) 011913 
Manghi, Palmeri, Destainville, J. Phys.: Cond. Mat. 21 (2009) 034104

�µ = 1.79; K = 0; �J = 3.67;! Tm = 326.4 K

Denaturation of homopolynucleotides

DNA Structure
Â Two single stranded DNAs

(ssDNA) coiled around same
axis

Â Pitch⇠ 3.4 nm (⇡ 10.5 bps)
Â Stability: Hydrogen
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Â Functional importance:
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Denaturation of homopolynucleotidesFor long homo-polynucleotides: Tm 

Tm = 50 to 90°C    
Tm is sequence- and 

salt-dependent 
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Exactly solvable Transfer Matrix techniques 
(quantum rigid rotator) 
→ denaturation transition vs. mechanical 
parameters 
→ conformations vs. T

1D Ising model with applied field 

stacking energies base 
pairing

HIsing = �
N�1X

i=1


J�i�i+1 +

K

2
(�i + �i+1)

�
� µ

NX

i=1

�i

Coupled model base-pairing/elastic rod

DNA mechanical  
parameters depend  
on base-pair state

    +   discrete elastic rod (Worm-like Chain)

HDWLC =
N�1X

i=1

(�i,�i+1)(1� t̂i · t̂i+1)

Hstretch =
1

2

NX
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2
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ds

ss
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Css
⇡ 50
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Coupled mesoscopic model(s) 



Mechanically induced denaturation bubbles Atomic Force Microscopy  
[Wiggins et al., 2006]

over-abundance of large θ

•anormal elasticity ? 
•denaturation ? 
...but denaturation probability of 
a bubble ~ 10-7 at 25°C!

Measured Potential of Mean Force 
a curvature angle θ  at r = 5nm scale 

θ

0

r

DNA high flexibility on short length scales

[Wiggins et al., Nature  
   Nanotech. 2006]  

Atomic Force Microscopy  
[Wiggins et al., 2006]

over-abundance of large θ

•anormal elasticity ? 
•denaturation ? 
...but denaturation probability of 
a bubble ~ 10-7 at 25°C!

Measured Potential of Mean Force 
a curvature angle θ  at r = 5nm scale 

θ

0

r

DNA high flexibility on short length scales

(r = 5 nm) 

AFM 

•  Anomalous elasticity? Why?? 
•  Local denaturation? But 

denaturation probability is 
≈10-7 at room temperature!?  



Mg
2+

2D in air

counterion

mica

negatively charged

Na+

negatively charged

3D in water

But different experimental conditions (compared to bulk):  
magnesium bridges; dried in air
→ modified Ising parameters (electrostatic interactions)

Destainville, Manghi, Palmeri, Biophys. J. 96 (2009) 4464
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•DNA+proteins by AFM: beware of 
quantitative conclusions

•typical angle at which bending-induced melting 
occurs:

denaturation bubble 
nucleation facilitates 
DNA bending

bending 
energy

cost of nucleating  
a 3 bps bubble
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“Straw” mechanism
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•DNA+proteins by AFM: beware of 
quantitative conclusions

•typical angle at which bending-induced melting 
occurs:

denaturation bubble 
nucleation facilitates 
DNA bending

bending 
energy

cost of nucleating  
a 3 bps bubble

ds✓2c
2r

' �GB ' 7 kBT

“Straw” mechanism

Our modeling and the “straw”-like mechanism   

But: requires significantly  
modified elastic parameters 
as compared to 3D in solution.  
Why?  

defect = 3-4 bp denat. bubble  

Beware  
of AFM! 

excess melting  
Conclusion: coupling between internal (base-pairing)  
and external (chain) degrees of freedom 



  Out-of equilibrium denaturation bubbles 
 

bubble closure and nucleation below Tm 

DNA Structure

Two single stranded DNAs
(ssDNA) coiled around same
axis
Pitch⇠ 3.4 nm (⇡ 10.5 bps)
Stability: Hydrogen
Bonding & Stacking
Functional importance:
DNA Transcription and
translation, DNA replication.
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•DNA transcription

long time scales! ⌧ ' 20� 100 µs

Dynamics of pre-equilibrated bubble closure

•Closure of a bubble 
 FCS measurements [Altan-Bonnet et al. 2003]

to the change needed to separate fluorophore and
quencher. Also, NMR measures the average base-pair
closing rates only, which must be strongly biased by the
fast fluctuations at the level of individual bases. Contrary
to NMR, our method is mostly sensitive to the relaxation
of large and long-lived bubbles. The slow relaxation of
the bubbles as well as the difference between the denatu-
ration energy and ! imply that the open regions are not
completely denaturated but rather have some underlying
structure which stabilizes the large bubbles.

Three possible mechanisms can stabilize a bubble
in DNA: (a) stacking of bases in the single-stranded
domain, (b) mismatched reclosing of a double-stranded
domain, or (c) formation of hairpin loops [19]. To assess
their respective relevance, we specifically designed our
three constructs to be prone to undergo only mechanism
(a) for construct M18, mechanisms (a),(b) for construct
A18 and mechanisms (a),(b),(c) for construct !AT"9. All
the relaxation dynamics of the three constructs can be
fitted well with Eq. (3) and yield comparable relaxation
time scales (Fig. 4). Moreover, the temperature depen-
dence of the characteristic fluctuation time scale obeys
an Arrhenius law with a similar activation enthalpy
of #7 kcal=mol (Fig. 4). Thus, even if the stability of
hairpin-loop structures [expected in the construct !AT"9]
may explain a slightly more stable open state (Figs. 2 and
4), the relaxation process in the three constructs must be
essentially limited by the same physical barrier, i.e., the
base destacking in the open domain.

In conclusion, we have presented the first measure-
ments of the fluctuation dynamics of DNA breathing
modes. The most striking feature of this dynamics is its
long characteristic time scale, in the 20–100 "s range.
The relaxation follows a multiexponential kinetics in a
wide range of temperatures, which implies that bubbles of
many sizes are formed. The shape of their relaxation is
consistent with a constant zipping rate and a small ex-

tension energy [estimated to be in (0.05–1.0)kBT range].
The relaxation time scales are only weakly sensitive to
the formation of hairpin loops, but are dominated by the
stabilization induced by the base stacking in the open
bubble. To sum up into a simple picture, bubbles of 2 to
10 base pairs with lifetimes in the 50 "s range sponta-
neously open in dsDNA at 37 $C, under low salt condition
(0.1 M). The existence of these long-lived fluctuating
bubbles adds a new and interesting dimension to the
dynamical picture of DNA behavior and of DNA-protein
interactions.
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Bubble Dynamics in Double-Stranded DNA

Grégoire Altan-Bonnet,1 Albert Libchaber,1 and Oleg Krichevsky1,2,*
1Center for Studies in Physics and Biology, The Rockefeller University, New York, New York 10021

2Department of Physics, Ben–Gurion University, BeerSheva 84105, Israel
(Received 11 November 2001; published 1 April 2003)

We report the first measurement of the dynamics of bubble formation in double-stranded DNA.
Fluctuations of fluorescence of a synthetic DNA construct, internally tagged with a fluorophore and a
quencher, are monitored by fluorescence correlation spectroscopy. The relaxation dynamics follow a
multistate relaxation kinetics, with a characteristic time scale of 50 !s. A simple model of bubble
dynamics based on constant zipping-unzipping rates is proposed to account for our experimental data.
The role of different secondary structures stabilizing the open bubble is tested.

DOI: 10.1103/PhysRevLett.90.138101 PACS numbers: 87.15.Ya, 87.14.Gg, 87.15.He, 87.64.Ni

The structure of double-stranded DNA (dsDNA) is
strongly stable due to the self-assembly of its many base
pairs. Yet the interactions within each base pair are rela-
tively weak (free energy less than 2kBT [1]), so that
thermal excitations lead to DNA breathing, i.e., local
denaturation and reclosing of the double-stranded struc-
ture [2,3]. Breathing fluctuations are intriguing from the
physics point of view as an example of fluctuations in a
quasi one-dimensional system [4,5] as well as from a
biology perspective as limiting steps to DNA replication
[6], transcription, denaturation [7], and protein binding
[8]. While all of these processes imply simultaneous
opening of many base pairs, the only available experi-
mental technique to monitor DNA breathing dynamics
(NMR of imino-proton exchange) measures the lifetime
of a single base pair only [9]. Here we present a new ap-
proach combining fluorescence correlation spectroscopy
(FCS) and fluorescence quenching in synthetic DNA
molecules, and report the first measurements of the re-
laxational kinetics of the breathing modes. We observe
multiexponential kinetics, well accounted for by a wide
distribution of excited modes, with a typical relaxation
time scale around 50 !s at 25 !C.

Our samples are synthetic DNA constructs, containing
two modified bases tagged with a fluorophore and a
quencher (Fig. 1). These modifications are specifically de-
signed so that, when the DNA structure is closed, fluo-
rophore and quencher are in close proximity and the
fluorescence is quenched; when the structure opens up,
fluorophore and quencher are pulled apart and the fluo-
rescence is restored [10]. Thus the base-pair fluctuations
translate into fluorescence fluctuations. The correlation
spectrum of the fluctuations, monitored by FCS [11,12],
reveals their characteristic dynamics of relaxation, as
demonstrated previously with hairpin conformational
fluctuations [13].

All the constructs are hairpin loops, to forbid complete
separation of the two complementary strands (Fig. 1): a 4-
Thymidine (T) loop concatenates the two complementary
strands into a 29-base-pair stem. The stem’s double strand

contains one breathing domain made of adenosine-
thymidine (AT) base pairs flanked by two regions com-
posed of guanosine (G) and cytosine (C) bases, whose
stability constrains the thermal modes to the less-stable
AT region (Fig. 1). Having in mind that open bubbles
might be stabilized by alternative secondary structures,
we studied three constructs having the same GC-rich
regions, but different 18-AT-base-pair regions. The
first one (named M18, of sequence 50-GGCGCCCAA
TATAAAATATTAAAATGCGCTTTTGCGCATTTTAA-
TATTTTATATTGGGCGCC—30) contains a mixed
AT sequence that does not readily produce secondary
structures. The second one (named A18 of sequence 50-
GGCGCCCAAAAAAAAATAAAAAAAAGCGCTTTT-
GCGCTTTTTTTTATTTTTTTTTGGGCGCC—30) has
a number of low energy states resulting from the dif-
ferent shifts of 50—A18—30 strand with respect to
30—T18—50. The third one [named "AT#9, of sequence
50-GGCGCCCATATATATATATATATATGCGCTTTT-
GCGCATATATATATATATATATGGGCGCC—30] can
in addition self-hybridize in the open bubble, to form
cruciforms. We also synthesized the same constructs
with end tagging: the fluorophore is coupled at the 50

end of the stem, the quencher being introduced at the 30

end. This end tagging is used as a control to check that
the end-GC-clamp remains closed at the temperatures
where AT region melts (Fig. 2).
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FIG. 1. Sketch of the (M18) DNA constructs: (A) with inter-
nal tagging; (B) with end tagging.
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Example of biological motivation: DNA transcription 

How does DNA close in vivo at the end of the day? 



DNA Structure
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•DNA transcription

long time scales! ⌧ ' 20� 100 µs

Dynamics of pre-equilibrated bubble closure

•Closure of a bubble 
 FCS measurements [Altan-Bonnet et al. 2003]

to the change needed to separate fluorophore and
quencher. Also, NMR measures the average base-pair
closing rates only, which must be strongly biased by the
fast fluctuations at the level of individual bases. Contrary
to NMR, our method is mostly sensitive to the relaxation
of large and long-lived bubbles. The slow relaxation of
the bubbles as well as the difference between the denatu-
ration energy and ! imply that the open regions are not
completely denaturated but rather have some underlying
structure which stabilizes the large bubbles.

Three possible mechanisms can stabilize a bubble
in DNA: (a) stacking of bases in the single-stranded
domain, (b) mismatched reclosing of a double-stranded
domain, or (c) formation of hairpin loops [19]. To assess
their respective relevance, we specifically designed our
three constructs to be prone to undergo only mechanism
(a) for construct M18, mechanisms (a),(b) for construct
A18 and mechanisms (a),(b),(c) for construct !AT"9. All
the relaxation dynamics of the three constructs can be
fitted well with Eq. (3) and yield comparable relaxation
time scales (Fig. 4). Moreover, the temperature depen-
dence of the characteristic fluctuation time scale obeys
an Arrhenius law with a similar activation enthalpy
of #7 kcal=mol (Fig. 4). Thus, even if the stability of
hairpin-loop structures [expected in the construct !AT"9]
may explain a slightly more stable open state (Figs. 2 and
4), the relaxation process in the three constructs must be
essentially limited by the same physical barrier, i.e., the
base destacking in the open domain.

In conclusion, we have presented the first measure-
ments of the fluctuation dynamics of DNA breathing
modes. The most striking feature of this dynamics is its
long characteristic time scale, in the 20–100 "s range.
The relaxation follows a multiexponential kinetics in a
wide range of temperatures, which implies that bubbles of
many sizes are formed. The shape of their relaxation is
consistent with a constant zipping rate and a small ex-

tension energy [estimated to be in (0.05–1.0)kBT range].
The relaxation time scales are only weakly sensitive to
the formation of hairpin loops, but are dominated by the
stabilization induced by the base stacking in the open
bubble. To sum up into a simple picture, bubbles of 2 to
10 base pairs with lifetimes in the 50 "s range sponta-
neously open in dsDNA at 37 $C, under low salt condition
(0.1 M). The existence of these long-lived fluctuating
bubbles adds a new and interesting dimension to the
dynamical picture of DNA behavior and of DNA-protein
interactions.
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We report the first measurement of the dynamics of bubble formation in double-stranded DNA.
Fluctuations of fluorescence of a synthetic DNA construct, internally tagged with a fluorophore and a
quencher, are monitored by fluorescence correlation spectroscopy. The relaxation dynamics follow a
multistate relaxation kinetics, with a characteristic time scale of 50 !s. A simple model of bubble
dynamics based on constant zipping-unzipping rates is proposed to account for our experimental data.
The role of different secondary structures stabilizing the open bubble is tested.
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The structure of double-stranded DNA (dsDNA) is
strongly stable due to the self-assembly of its many base
pairs. Yet the interactions within each base pair are rela-
tively weak (free energy less than 2kBT [1]), so that
thermal excitations lead to DNA breathing, i.e., local
denaturation and reclosing of the double-stranded struc-
ture [2,3]. Breathing fluctuations are intriguing from the
physics point of view as an example of fluctuations in a
quasi one-dimensional system [4,5] as well as from a
biology perspective as limiting steps to DNA replication
[6], transcription, denaturation [7], and protein binding
[8]. While all of these processes imply simultaneous
opening of many base pairs, the only available experi-
mental technique to monitor DNA breathing dynamics
(NMR of imino-proton exchange) measures the lifetime
of a single base pair only [9]. Here we present a new ap-
proach combining fluorescence correlation spectroscopy
(FCS) and fluorescence quenching in synthetic DNA
molecules, and report the first measurements of the re-
laxational kinetics of the breathing modes. We observe
multiexponential kinetics, well accounted for by a wide
distribution of excited modes, with a typical relaxation
time scale around 50 !s at 25 !C.

Our samples are synthetic DNA constructs, containing
two modified bases tagged with a fluorophore and a
quencher (Fig. 1). These modifications are specifically de-
signed so that, when the DNA structure is closed, fluo-
rophore and quencher are in close proximity and the
fluorescence is quenched; when the structure opens up,
fluorophore and quencher are pulled apart and the fluo-
rescence is restored [10]. Thus the base-pair fluctuations
translate into fluorescence fluctuations. The correlation
spectrum of the fluctuations, monitored by FCS [11,12],
reveals their characteristic dynamics of relaxation, as
demonstrated previously with hairpin conformational
fluctuations [13].

All the constructs are hairpin loops, to forbid complete
separation of the two complementary strands (Fig. 1): a 4-
Thymidine (T) loop concatenates the two complementary
strands into a 29-base-pair stem. The stem’s double strand

contains one breathing domain made of adenosine-
thymidine (AT) base pairs flanked by two regions com-
posed of guanosine (G) and cytosine (C) bases, whose
stability constrains the thermal modes to the less-stable
AT region (Fig. 1). Having in mind that open bubbles
might be stabilized by alternative secondary structures,
we studied three constructs having the same GC-rich
regions, but different 18-AT-base-pair regions. The
first one (named M18, of sequence 50-GGCGCCCAA
TATAAAATATTAAAATGCGCTTTTGCGCATTTTAA-
TATTTTATATTGGGCGCC—30) contains a mixed
AT sequence that does not readily produce secondary
structures. The second one (named A18 of sequence 50-
GGCGCCCAAAAAAAAATAAAAAAAAGCGCTTTT-
GCGCTTTTTTTTATTTTTTTTTGGGCGCC—30) has
a number of low energy states resulting from the dif-
ferent shifts of 50—A18—30 strand with respect to
30—T18—50. The third one [named "AT#9, of sequence
50-GGCGCCCATATATATATATATATATGCGCTTTT-
GCGCATATATATATATATATATGGGCGCC—30] can
in addition self-hybridize in the open bubble, to form
cruciforms. We also synthesized the same constructs
with end tagging: the fluorophore is coupled at the 50

end of the stem, the quencher being introduced at the 30

end. This end tagging is used as a control to check that
the end-GC-clamp remains closed at the temperatures
where AT region melts (Fig. 2).
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FIG. 1. Sketch of the (M18) DNA constructs: (A) with inter-
nal tagging; (B) with end tagging.
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AT domainGC clamp GC clamp

quencher + fluorophore

⌧ = ⌧0 e
Ea/kBT

Ea ' 11kBTr

FCS 

[Altan-Bonnet et al., PRL 2006]  

Conclusion: very long closure time scales as compared 
to diffusion times for a short 29-bp construct! 
 

Question: Does it mean that for k-bp or larger constructs, 
bubble closure times will become so large that it will 
become an issue from a biological perspective?   

Clamped GC-ends 

In vitro – Fluorescence Correlation Spectroscopy (FCS) 

T0 



Warning: 
To be distinguished from:  
•  breathers (< 1 ns opening) 
    polymer chain frozen 
•  processive short hairpin closure  
    (1 to 10 µs for <20 bp hairpins) 

Recent NMR experiments on 
short hairpins : 
•  short-lifetime openings 
    (< 1 ns): “breathers” 
•  long-lifetime openings 
    (~1 µs): same mechanism? 

NMR experiments (imino-proton exchange) 

closure 

zipping

closuremetastable  
bubble

closure 

[Wärmländer et al., Biochemistry 2000] 
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FIG. 1. Free-energy surface associated with the bubble closure/nucleation
mechanism projected along two observables (�0� = 580): the maximal
distance between paired bases ⇢max and the minimal twist angle between
successive bps, �min (see inset). The saddle point is located at ⇢⇤ = 1.35 nm.
The typical minimal free-energy path is shown in red color, and the contour
lines are every 2kBT0.

relevant model parameters, we find an opening free-energy
barrier �Fop = 22 kBT0 and a closure one �Fcl = 13 kBT0.
The respective mean opening and closure times are measured
numerically,34,35 ⌧op= 15±3 ms and ⌧cl= 40±9 µs. We empha-
size that the so-obtained thermodynamic and dynamical prop-
erties are in agreement with experiments11 and biological
mechanisms.36,37

II. NUMERICAL MODEL

We use the DNA model of Ref. 10, where the two single
strands are modeled as freely rotating chains (FRCs)38 of N
= 70 beads of diameter a = 0.34 nm with a AT-rich region
of 50 bps clamped by GC regions of 10 bps.39 These beads
interact through two terms: a Morse potential mimicking the
inter-strand hydrogen-bonding and an e↵ective intra-strand
stacking interaction between the base-pairs modeled through
a bare torsional modulus, �, i(⇢i), that depends on the dis-
tance between complementary bases, ⇢i = |⇢i | = |r(1)i � r

(2)
i |

with r

( j)
i the position of bead i on strand j and vanishes for

fully separated strands. The evolution is governed by the over-
damped Langevin equation. The full Hamiltonian and the de-
tails of the numerical implementation and of the parameter
values are given in the appendix. Note that, as compared to
Ref. 10, model parameters are modified to account for realistic
opening times, which were not previously accessible without
WT-metaD simulations, but without any direct a priori on
the closure times. The value of the bare torsional modulus,
�, in the duplex state, is chosen so that its actual torsional
modulus, ⇤�,ds, is close to 450 kBT0, consistent with experi-
mental values.40 The equilibrium properties of this model are
described in Ref. 10 and in Appendices A, B, and C. This
model showed that the twist dynamics plays a key role in the
closure of pre-equilibrated large bubbles, which occurs in two
steps:10 First, the large flexible bubble quickly winds from both
ends (zipping regime10,41), thus storing bending and torsional
energy in the bubble, which stops when it reaches a size of
⇡10 bps (see Fig. 1). For large � and N , or clamped ends, the
ultimate closure of this metastable bubble is then temperature-
activated.10

WT-metaD enhances the sampling of the conformational
space of a system along a few selected degrees of freedom,
named collective variables (CVs), and reconstructs the equi-
librium probability distribution, and thus the free-energy land-
scape, as a function of these CVs (see Fig. 1). The chosen
CVs must mainly account for the relevant barriers associated
with CG variables, on which the free-energy dependence is
the most important. Several observables come out naturally to
describe the metastable state and the transition to the closed
state: (1) the length L(t) of the bubble, i.e., the number of
opened base-pairs, (2) the width ⇢max(t) of the bubble, i.e.,
the maximal distance between paired bases, (3) the average
twist angle per bp in the bubble,10��(t)= h�i(t)ii2bubble, where
the local twist �i ⌘ arccos

⇣
⇢i .⇢i+1
⇢i⇢i+1

⌘
is the angle between two

consecutive base-pair vectors, and (4) the minimal twist angle
inside the bubble, �min(t)=mini2bubble�i(t). For numerical e�-
ciency, we choose the width ⇢max as CV to bias the dynamics.
Computational details are given in the appendix. To explore the
twist dynamics, we choose to follow the evolution of �min(t)
instead of ��(t), as the latter is very noisy for small bubble
sizes and is not defined at all in the closed state.

III. RESULTS

In Fig. 2(a) is shown the free-energy profile associated
to the closure mechanism for �0� = 580 (��1

0 = kBT0) along
the width ⇢max(t) of the bubble. A closure free-energy barrier,
�Fcl, of approximately 14 kBT0 separates the metastable basin
associated with the denaturation bubble (⇢max � 1.35 nm) from
the closed state basin (⇢max ⇡ 1.1 nm). These two basins are
well separated by a standard free-energy of formation �F0
⇡ 8 kBT0, defining the opening free-energy barrier, �Fop
⌘�F0+�Fcl⇡ 22 kBT0, associated with the nucleation mech-
anism. The corresponding evolution of the twist angle profile
�i(t) [and thus the minimal twist �min(t)] in the bubble is shown
in Fig. 2(b). The minimal twist inside the bubble increases
when the bubble closes, going from an average value of 0.1 rad
(configuration 1) to the ds one, 0.45 rad (configuration 5). In
addition to the bubble di↵usion along the dsDNA axis, we
clearly see that the evolution of �min(t) confirms a collective
twisting mechanism associated with the existence of the free-
energy barrier, i.e., �min(t) decreases as L(t) decreases. This
mechanism is drastically di↵erent from the one at play during
the zipping process, for which the system is controlled by a
processive twisting, i.e., L(t) decreases while keeping �min(t)
⇡ 0 at the center of the bubble.10 Let us note that switching
from AT- to GC-rich region in the model does not change
qualitatively the physics of nucleation/closure mechanism,
mainly a↵ecting �Fop.

To go further, we show in Fig. 1, the free-energy sur-
face projected along two observables (⇢max, �min) and recon-
structed using the reweighing technique of Bonomi et al.42

A typical minimal free-energy path is also shown (in red in
Fig. 1) and displays two di↵erent regimes. Starting from the
metastable basin (⇢max ⇡ 2 nm), the system is driven by a
collective twisting (the oblique part of the red path in Fig. 1)
up to the saddle point ⇢⇤. The end of the evolution (⇢max < ⇢⇤)
shows a plateau at �min = �

eq
min ⇡ 0.4. This is characteristic of

a breathing bubble, i.e., the fast opening and closure of a few
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Fig. 1: Snapshots of a typical Brownian dynamics simulation
showing (a) the initial equilibrated bubble, (b) the metastable
state, and (c) the bubble just before closure (N = 40 bp).
(d) Sketch of the metastable state.

the relaxation time as a fitting parameter, which does not
shed light on the origin of such large times.

In an attempt to explain the mechanism behind these
large bubble lifetimes, we focus on the out-of-equilibrium
closure of a thermalized denaturation bubble using both
Brownian Dynamics (BD) simulations and analytical ap-
proaches. We implement two numerical models where the
di↵erent bending rigidities of dsDNA segments with a per-
sistence length of roughly `

ds

= 150 bp and ssDNA ones
with `

ss

= 3 bp are explicitly included, and whose cou-
pling with base pairing has been central to understanding
equilibrium properties [18,19]. We show that the denatu-
ration bubble closure occurs in two steps (Figure 1). The
first step consists in a fast zipping of the initial bubble un-
til a metastable bubble state of length ⇠ 10 bp is reached.
The driving force for this fast kinetics is the energetic gain
in base-pair closure at room temperature. At some point,
the metastable bubble is so bent that zipping becomes
forbidden by the large bending energy cost to close the
bubble. The second step of the closure is then controlled
by the relaxation of the bent state through the di↵usion
of the two sti↵ dsDNA arms. Once the two rigid strands
are aligned, bubble closure occurs almost instantaneously.
The first mean passage closure time is found to scale with
the DNA length N (in bp units) as ⌧

closure

⇠ N

2.4±0.1 for
20  N  100 and mesoscopic parameters typical of real
DNA.

Models. – We simulated the closure of a large bubble
of initial length L

0

= N�6 in the middle of an homopoly-
mer DNA. We used both BD simulations of two inter-
acting semi-flexible strands, and the Kinetic Monte Carlo
(KMC) algorithm which simulates the mean semi-flexible
chain with an internal Ising spin dynamics corresponding
to the bp state (broken or unbroken) [18,19].

Brownian dynamics simulations. The DNA is mod-
eled by two interacting bead-spring chains each made of

N beads located at r

i

. The Hamiltonian, H = H(1)

el

+
H(2)

el

+H
int

, has three terms. The elastic energy of strands
i = 1, 2 is
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|. The first term of
the rhs. of Eq. (1) is the stretching energy with stretch-
ing modulus �

s

= 100 (��1 = k

B

T where T is room
temperature) and a = 0.34 nm is the equilibrium distance
between two beads in each strand. The second term is the
usual bending energy with a bending modulus 

b,j

that de-
pends on the local chain configuration (`

p

= �

b,j

). The
interaction energy between the two strands (the Hydrogen
bonding between two complementary bases) is modeled
via a Morse potential [14] of width � and depth A:

H
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| is the distance between complemen-
tary bases at position j along the chain and ⇢

0

= 1 nm
is the equilibrium distance. The stacking interaction is
modeled by a bending modulus 

b

which depends on ⇢,
interpolating from 

ds

/2 = 75 k

B

T for dsDNA state to


ss

= 3 k

B

T for single stranded one, according to [6]
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where f(⇢
j

) = [1 + erf(⇢j�⇢b

�

0 )]/2, �

0 is the width of the
transition and ⇢

b

= 1.5⇢

0

. The variable bending mod-
ulus depends on three consecutive base-pair distances,
which provides cooperativity. We chose � = 0.2 nm,
�

0 = 0.15 nm, ⇢

0

= 1 nm, and �A = 8.1 The thresh-
old value for ⇢, discriminating between open and closed
states, is fixed at 1.13 nm (a slightly di↵erent value does
not change the results).

The evolution of r

i

(t) is governed by the overdamped
Langevin equation

⇣

dr
i

dt

= �rriH({r
j

}) + ⇠
i

(t) (4)

where ⇣ = 3⇡⌘a is the friction coe�cient for each bead of
diameter a (⌘ = 10�3 Pa.s is the water viscosity), ⇠

i

(t)
is the random force (with zero mean), which mimics the
action of the thermal heat bath and obeys the fluctuation-
dissipation relation h⇠

i

(t)·⇠
j

(t0)i = 6k

B

T ⇣ �

ij

�(t�t

0). The
adimensional time step, �⌧ = �tk

B

T/(a2

⇣), was fixed, for
su�cient accuracy, at 5⇥10�4 (�t = 0.045 ps). The initial
bubble is created by turning o↵ H

int

and then equilibrated
for 2µs. Output values are then calculated every 103 steps
once H

int

is turned on, and total simulation times range
between 107 to 108 steps (0.4 to 4 µs). Samples are made
of 200 trajectories and error bars are standard deviations.

1

This value is chosen such that an initial dsDNA remains always

closed in the longest simulation run.
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•  ADL: entropic barrier (alignment requirement)        dependency on N 
•  TA: energetic barrier       indep. of N and Arrhenius:  
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of the free-energy landscape by classical Brownian dynamics.  
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approximately 14 k
B

T
0

separates the metastable basin
associated to the denaturation bubble (⇢

max

� 4 in units
of a) from the closed state basin (⇢

max

⇡ 3.2). These two
basins are well separated by a standard free-energy of for-
mation �F

0

⇡ 8 k
B

T
0

, defining the opening free-energy
barrier, �F

op

⌘ �F
0

+ �F
cl

⇡ 22 k
B

T
0

, associated to
the nucleation mechanism. The corresponding evolution
of the twist angle profil �

i

(t) [and thus the minimal twist
�
min

(t)] in the bubble is shown in Fig. 2(b). The min-
imal twist inside the bubble increases when the bubble
closes, going from an average value of 0.1 rad (configu-
ration 1) to the ds one, 0.45 rad (configuration 5). In
addition to the bubble di↵usion along the dsDNA axis,
we clearly see that the evolution of �

min

(t) confirms a
collective twisting mechanism associated to the existence
of the free-energy barrier, i.e. �

min

(t) decreases as L(t)
decreases. This mechanism is drastically di↵erent from
the one at play during the zipping process for which the
system is controlled by a processive twisting, i.e. L(t)
decreases while keeping �

min

(t) ⇡ 0 at the center of the
bubble [8].

To go further, we show in Fig. 1 the free-energy sur-
face projected along two observables (⇢

max

, �
min

), and re-
constructed using the reweighing technique of Bonomi et
al. [31]. The minimal free-energy path is also sketched (in
red in Fig. 1) and shows two di↵erent behaviors. Start-
ing from the metastable basin (⇢

max

⇡ 6), the system
is driven by a collective twisting up to the saddle point
⇢⇤. This collective twisting corresponds to the oblique
part of the red path in Fig. 1. The end of the evolu-
tion, (⇢

max

< ⇢⇤) shows a plateau at �
min

= �eq

min

⇡ 0.4,
without any particular restraint on ⇢

max

. This is char-
acteristic of a breathing bubble, i.e. the fast opening
and closure of a few bps on nanoseconds without modi-
fication of the conformation of the whole chain. It pre-
cises the previous notion of transient (or breathing) bub-
ble [16, 17, 32, 33], and corresponds to bubbles of size
L(t)  4 bps. To ensure the reliability of the model with
experiments, we study in Fig. 3 the dependence of the
closure free-energy barrier, �F

cl

, and the free-energy of
formation, �F

0

, on �
0


�

. As we could anticipate, the
free-energy barriers �F

cl

(resp. �F
0

), increases (resp.
decreases) for increasing values of �

0


�

, scaling a�nely
in an energy range in agreement with experimental obser-
vations [9] and biological mechanisms [25, 26]. Therefore,
the opening free-energy barrier, �F

op

, increases slower
than �F

cl

.
Let us now explain the origin of the free-energy barrier

associated to the opening/closure mechanism. Although
the mesoscopic model imposes by hand a vanishing tor-
sional modulus in the ssDNA state, the free-energy bar-
rier is actually related to geometrical constraints. They
impose an e↵ective ⇤

�

(L) to the metastable bubble that
stops the zipping process, as highlighted in Fig. 4. This
torsional modulus is measured, considering the equipar-
tition theorem, as ⇤

�

= k
B

T/h(� � h�i)2i, where � ⌘

FIG. 3: Evolution of the closure free-energy barrier, �F
cl

(triangles), and the free-energy of formation, �F
0

(circles),
for increasing values of the bare torsional modulus, �. 95%
confidence intervals are also provided.

P
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�
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is the twist angle measured consecutively be-
tween the bps defining each extremity of the bubble. We
clearly see that ⇤

�

increases when L decreases, recov-
ering the value of the torsional modulus in the double-
stranded domain, ⇤

�,ds

' 470 k
B

T
0

(for �
0


�

= 580).
Figure 4 highlights a non-trivial power law behaviour,
⇤
�

(L) / L�↵ with ↵ = 2.2± 0.1. This law is valid down
to L ⇡ 3 bps that corresponds to the breathing bubble
regime previously characterized in Fig. 1.

The origin of the free-energy barrier is indeed related
to the finite value of ⇤

�

(L) in the metastable bubble and
the crossover between two minima for the minimal twist
angle, �eq

min

and 0. Using a mean-field approximation
where we consider only the bp located at the center of
the bubble, and noting ⇢ the distance between the two
pairing bases and � its twist, we write the following en-
ergy:

H(⇢,�) = V
Morse

(⇢)+

�

(⇢)

2
(���eq
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)2+
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(⇢)
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where V
Morse

is the Morse potential [28], and the two tor-
sional energies have bending moduli which depend on the
base-pair state: �

0


�

' 580 for ⇢ < ⇢
b

' 4 and 0 oth-
erwise, and ⇤

�

(⇢) ' L(⇢)�↵ for ⇢ > ⇢
b

and 0 otherwise.
Note that the dependence of L on ⇢ is almost linear in
the metastable state (see Fig. 6a in the SM [28]). The
free-energy surface H(⇢,�) is projected along the two ob-
servables (⇢, �) in Fig. 4. We observe a landscape very
similar to the one shown in Fig. 1. Moreover, comparing
Fig. 4(b) and Fig. 4(c) clearly highlights the role of ⇤

�

in the occurrence of the metastable state and the saddle
point. Of course this simple model does not account for
the cooperativity between bubble bps and thus yields a
crude estimate of free-energy values. Nevertheless, it il-
luminates the role played by the torsional energy in the
closure mechanism.
Considering the method of Tiwary and Parrinello [24],
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separates the metastable basin
associated to the denaturation bubble (⇢
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� 4 in units
of a) from the closed state basin (⇢
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⇡ 3.2). These two
basins are well separated by a standard free-energy of for-
mation �F
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, defining the opening free-energy
barrier, �F

op
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, associated to
the nucleation mechanism. The corresponding evolution
of the twist angle profil �

i

(t) [and thus the minimal twist
�
min

(t)] in the bubble is shown in Fig. 2(b). The min-
imal twist inside the bubble increases when the bubble
closes, going from an average value of 0.1 rad (configu-
ration 1) to the ds one, 0.45 rad (configuration 5). In
addition to the bubble di↵usion along the dsDNA axis,
we clearly see that the evolution of �

min

(t) confirms a
collective twisting mechanism associated to the existence
of the free-energy barrier, i.e. �

min

(t) decreases as L(t)
decreases. This mechanism is drastically di↵erent from
the one at play during the zipping process for which the
system is controlled by a processive twisting, i.e. L(t)
decreases while keeping �

min

(t) ⇡ 0 at the center of the
bubble [8].

To go further, we show in Fig. 1 the free-energy sur-
face projected along two observables (⇢

max

, �
min

), and re-
constructed using the reweighing technique of Bonomi et
al. [31]. The minimal free-energy path is also sketched (in
red in Fig. 1) and shows two di↵erent behaviors. Start-
ing from the metastable basin (⇢

max

⇡ 6), the system
is driven by a collective twisting up to the saddle point
⇢⇤. This collective twisting corresponds to the oblique
part of the red path in Fig. 1. The end of the evolu-
tion, (⇢
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< ⇢⇤) shows a plateau at �
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⇡ 0.4,
without any particular restraint on ⇢

max

. This is char-
acteristic of a breathing bubble, i.e. the fast opening
and closure of a few bps on nanoseconds without modi-
fication of the conformation of the whole chain. It pre-
cises the previous notion of transient (or breathing) bub-
ble [16, 17, 32, 33], and corresponds to bubbles of size
L(t)  4 bps. To ensure the reliability of the model with
experiments, we study in Fig. 3 the dependence of the
closure free-energy barrier, �F

cl

, and the free-energy of
formation, �F
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. As we could anticipate, the
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, scaling a�nely
in an energy range in agreement with experimental obser-
vations [9] and biological mechanisms [25, 26]. Therefore,
the opening free-energy barrier, �F
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, increases slower
than �F
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.
Let us now explain the origin of the free-energy barrier

associated to the opening/closure mechanism. Although
the mesoscopic model imposes by hand a vanishing tor-
sional modulus in the ssDNA state, the free-energy bar-
rier is actually related to geometrical constraints. They
impose an e↵ective ⇤
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(L) to the metastable bubble that
stops the zipping process, as highlighted in Fig. 4. This
torsional modulus is measured, considering the equipar-
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for increasing values of the bare torsional modulus, �. 95%
confidence intervals are also provided.
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tween the bps defining each extremity of the bubble. We
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increases when L decreases, recov-
ering the value of the torsional modulus in the double-
stranded domain, ⇤
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Figure 4 highlights a non-trivial power law behaviour,
⇤
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(L) / L�↵ with ↵ = 2.2± 0.1. This law is valid down
to L ⇡ 3 bps that corresponds to the breathing bubble
regime previously characterized in Fig. 1.

The origin of the free-energy barrier is indeed related
to the finite value of ⇤
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(L) in the metastable bubble and
the crossover between two minima for the minimal twist
angle, �eq
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and 0. Using a mean-field approximation
where we consider only the bp located at the center of
the bubble, and noting ⇢ the distance between the two
pairing bases and � its twist, we write the following en-
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is the Morse potential [28], and the two tor-
sional energies have bending moduli which depend on the
base-pair state: �
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' 4 and 0 oth-
erwise, and ⇤
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Note that the dependence of L on ⇢ is almost linear in
the metastable state (see Fig. 6a in the SM [28]). The
free-energy surface H(⇢,�) is projected along the two ob-
servables (⇢, �) in Fig. 4. We observe a landscape very
similar to the one shown in Fig. 1. Moreover, comparing
Fig. 4(b) and Fig. 4(c) clearly highlights the role of ⇤
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in the occurrence of the metastable state and the saddle
point. Of course this simple model does not account for
the cooperativity between bubble bps and thus yields a
crude estimate of free-energy values. Nevertheless, it il-
luminates the role played by the torsional energy in the
closure mechanism.
Considering the method of Tiwary and Parrinello [24],
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imal twist inside the bubble increases when the bubble
closes, going from an average value of 0.1 rad (configu-
ration 1) to the ds one, 0.45 rad (configuration 5). In
addition to the bubble di↵usion along the dsDNA axis,
we clearly see that the evolution of �
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(t) confirms a
collective twisting mechanism associated to the existence
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(t) decreases as L(t)
decreases. This mechanism is drastically di↵erent from
the one at play during the zipping process for which the
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decreases while keeping �
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face projected along two observables (⇢
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, �
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), and re-
constructed using the reweighing technique of Bonomi et
al. [31]. The minimal free-energy path is also sketched (in
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cises the previous notion of transient (or breathing) bub-
ble [16, 17, 32, 33], and corresponds to bubbles of size
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experiments, we study in Fig. 3 the dependence of the
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, and the free-energy of
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rier is actually related to geometrical constraints. They
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(L) to the metastable bubble that
stops the zipping process, as highlighted in Fig. 4. This
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similar to the one shown in Fig. 1. Moreover, comparing
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in the occurrence of the metastable state and the saddle
point. Of course this simple model does not account for
the cooperativity between bubble bps and thus yields a
crude estimate of free-energy values. Nevertheless, it il-
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closure mechanism.
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(t) confirms a
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the one at play during the zipping process for which the
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), and re-
constructed using the reweighing technique of Bonomi et
al. [31]. The minimal free-energy path is also sketched (in
red in Fig. 1) and shows two di↵erent behaviors. Start-
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⇡ 6), the system
is driven by a collective twisting up to the saddle point
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part of the red path in Fig. 1. The end of the evolu-
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⇡ 0.4,
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acteristic of a breathing bubble, i.e. the fast opening
and closure of a few bps on nanoseconds without modi-
fication of the conformation of the whole chain. It pre-
cises the previous notion of transient (or breathing) bub-
ble [16, 17, 32, 33], and corresponds to bubbles of size
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experiments, we study in Fig. 3 the dependence of the
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rier is actually related to geometrical constraints. They
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to L ⇡ 3 bps that corresponds to the breathing bubble
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free-energy surface H(⇢,�) is projected along the two ob-
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similar to the one shown in Fig. 1. Moreover, comparing
Fig. 4(b) and Fig. 4(c) clearly highlights the role of ⇤
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in the occurrence of the metastable state and the saddle
point. Of course this simple model does not account for
the cooperativity between bubble bps and thus yields a
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luminates the role played by the torsional energy in the
closure mechanism.
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we clearly see that the evolution of �

min

(t) confirms a
collective twisting mechanism associated to the existence
of the free-energy barrier, i.e. �

min

(t) decreases as L(t)
decreases. This mechanism is drastically di↵erent from
the one at play during the zipping process for which the
system is controlled by a processive twisting, i.e. L(t)
decreases while keeping �

min

(t) ⇡ 0 at the center of the
bubble [8].

To go further, we show in Fig. 1 the free-energy sur-
face projected along two observables (⇢

max

, �
min

), and re-
constructed using the reweighing technique of Bonomi et
al. [31]. The minimal free-energy path is also sketched (in
red in Fig. 1) and shows two di↵erent behaviors. Start-
ing from the metastable basin (⇢

max

⇡ 6), the system
is driven by a collective twisting up to the saddle point
⇢⇤. This collective twisting corresponds to the oblique
part of the red path in Fig. 1. The end of the evolu-
tion, (⇢

max

< ⇢⇤) shows a plateau at �
min

= �eq

min

⇡ 0.4,
without any particular restraint on ⇢

max

. This is char-
acteristic of a breathing bubble, i.e. the fast opening
and closure of a few bps on nanoseconds without modi-
fication of the conformation of the whole chain. It pre-
cises the previous notion of transient (or breathing) bub-
ble [16, 17, 32, 33], and corresponds to bubbles of size
L(t)  4 bps. To ensure the reliability of the model with
experiments, we study in Fig. 3 the dependence of the
closure free-energy barrier, �F

cl

, and the free-energy of
formation, �F

0

, on �
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
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. As we could anticipate, the
free-energy barriers �F

cl

(resp. �F
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), increases (resp.
decreases) for increasing values of �
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, scaling a�nely
in an energy range in agreement with experimental obser-
vations [9] and biological mechanisms [25, 26]. Therefore,
the opening free-energy barrier, �F

op

, increases slower
than �F

cl

.
Let us now explain the origin of the free-energy barrier

associated to the opening/closure mechanism. Although
the mesoscopic model imposes by hand a vanishing tor-
sional modulus in the ssDNA state, the free-energy bar-
rier is actually related to geometrical constraints. They
impose an e↵ective ⇤

�

(L) to the metastable bubble that
stops the zipping process, as highlighted in Fig. 4. This
torsional modulus is measured, considering the equipar-
tition theorem, as ⇤
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T/h(� � h�i)2i, where � ⌘
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(triangles), and the free-energy of formation, �F
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for increasing values of the bare torsional modulus, �. 95%
confidence intervals are also provided.
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is the twist angle measured consecutively be-
tween the bps defining each extremity of the bubble. We
clearly see that ⇤

�

increases when L decreases, recov-
ering the value of the torsional modulus in the double-
stranded domain, ⇤

�,ds

' 470 k
B

T
0

(for �
0


�

= 580).
Figure 4 highlights a non-trivial power law behaviour,
⇤
�

(L) / L�↵ with ↵ = 2.2± 0.1. This law is valid down
to L ⇡ 3 bps that corresponds to the breathing bubble
regime previously characterized in Fig. 1.

The origin of the free-energy barrier is indeed related
to the finite value of ⇤

�

(L) in the metastable bubble and
the crossover between two minima for the minimal twist
angle, �eq

min

and 0. Using a mean-field approximation
where we consider only the bp located at the center of
the bubble, and noting ⇢ the distance between the two
pairing bases and � its twist, we write the following en-
ergy:
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where V
Morse

is the Morse potential [28], and the two tor-
sional energies have bending moduli which depend on the
base-pair state: �
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
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' 580 for ⇢ < ⇢
b

' 4 and 0 oth-
erwise, and ⇤

�

(⇢) ' L(⇢)�↵ for ⇢ > ⇢
b

and 0 otherwise.
Note that the dependence of L on ⇢ is almost linear in
the metastable state (see Fig. 6a in the SM [28]). The
free-energy surface H(⇢,�) is projected along the two ob-
servables (⇢, �) in Fig. 4. We observe a landscape very
similar to the one shown in Fig. 1. Moreover, comparing
Fig. 4(b) and Fig. 4(c) clearly highlights the role of ⇤

�

in the occurrence of the metastable state and the saddle
point. Of course this simple model does not account for
the cooperativity between bubble bps and thus yields a
crude estimate of free-energy values. Nevertheless, it il-
luminates the role played by the torsional energy in the
closure mechanism.
Considering the method of Tiwary and Parrinello [24],
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FIG. 1. Free-energy surface associated with the bubble closure/nucleation
mechanism projected along two observables (�0� = 580): the maximal
distance between paired bases ⇢max and the minimal twist angle between
successive bps, �min (see inset). The saddle point is located at ⇢⇤ = 1.35 nm.
The typical minimal free-energy path is shown in red color, and the contour
lines are every 2kBT0.

relevant model parameters, we find an opening free-energy
barrier �Fop = 22 kBT0 and a closure one �Fcl = 13 kBT0.
The respective mean opening and closure times are measured
numerically,34,35 ⌧op= 15±3 ms and ⌧cl= 40±9 µs. We empha-
size that the so-obtained thermodynamic and dynamical prop-
erties are in agreement with experiments11 and biological
mechanisms.36,37

II. NUMERICAL MODEL

We use the DNA model of Ref. 10, where the two single
strands are modeled as freely rotating chains (FRCs)38 of N
= 70 beads of diameter a = 0.34 nm with a AT-rich region
of 50 bps clamped by GC regions of 10 bps.39 These beads
interact through two terms: a Morse potential mimicking the
inter-strand hydrogen-bonding and an e↵ective intra-strand
stacking interaction between the base-pairs modeled through
a bare torsional modulus, �, i(⇢i), that depends on the dis-
tance between complementary bases, ⇢i = |⇢i | = |r(1)i � r

(2)
i |

with r

( j)
i the position of bead i on strand j and vanishes for

fully separated strands. The evolution is governed by the over-
damped Langevin equation. The full Hamiltonian and the de-
tails of the numerical implementation and of the parameter
values are given in the appendix. Note that, as compared to
Ref. 10, model parameters are modified to account for realistic
opening times, which were not previously accessible without
WT-metaD simulations, but without any direct a priori on
the closure times. The value of the bare torsional modulus,
�, in the duplex state, is chosen so that its actual torsional
modulus, ⇤�,ds, is close to 450 kBT0, consistent with experi-
mental values.40 The equilibrium properties of this model are
described in Ref. 10 and in Appendices A, B, and C. This
model showed that the twist dynamics plays a key role in the
closure of pre-equilibrated large bubbles, which occurs in two
steps:10 First, the large flexible bubble quickly winds from both
ends (zipping regime10,41), thus storing bending and torsional
energy in the bubble, which stops when it reaches a size of
⇡10 bps (see Fig. 1). For large � and N , or clamped ends, the
ultimate closure of this metastable bubble is then temperature-
activated.10

WT-metaD enhances the sampling of the conformational
space of a system along a few selected degrees of freedom,
named collective variables (CVs), and reconstructs the equi-
librium probability distribution, and thus the free-energy land-
scape, as a function of these CVs (see Fig. 1). The chosen
CVs must mainly account for the relevant barriers associated
with CG variables, on which the free-energy dependence is
the most important. Several observables come out naturally to
describe the metastable state and the transition to the closed
state: (1) the length L(t) of the bubble, i.e., the number of
opened base-pairs, (2) the width ⇢max(t) of the bubble, i.e.,
the maximal distance between paired bases, (3) the average
twist angle per bp in the bubble,10��(t)= h�i(t)ii2bubble, where
the local twist �i ⌘ arccos

⇣
⇢i .⇢i+1
⇢i⇢i+1

⌘
is the angle between two

consecutive base-pair vectors, and (4) the minimal twist angle
inside the bubble, �min(t)=mini2bubble�i(t). For numerical e�-
ciency, we choose the width ⇢max as CV to bias the dynamics.
Computational details are given in the appendix. To explore the
twist dynamics, we choose to follow the evolution of �min(t)
instead of ��(t), as the latter is very noisy for small bubble
sizes and is not defined at all in the closed state.

III. RESULTS

In Fig. 2(a) is shown the free-energy profile associated
to the closure mechanism for �0� = 580 (��1

0 = kBT0) along
the width ⇢max(t) of the bubble. A closure free-energy barrier,
�Fcl, of approximately 14 kBT0 separates the metastable basin
associated with the denaturation bubble (⇢max � 1.35 nm) from
the closed state basin (⇢max ⇡ 1.1 nm). These two basins are
well separated by a standard free-energy of formation �F0
⇡ 8 kBT0, defining the opening free-energy barrier, �Fop
⌘�F0+�Fcl⇡ 22 kBT0, associated with the nucleation mech-
anism. The corresponding evolution of the twist angle profile
�i(t) [and thus the minimal twist �min(t)] in the bubble is shown
in Fig. 2(b). The minimal twist inside the bubble increases
when the bubble closes, going from an average value of 0.1 rad
(configuration 1) to the ds one, 0.45 rad (configuration 5). In
addition to the bubble di↵usion along the dsDNA axis, we
clearly see that the evolution of �min(t) confirms a collective
twisting mechanism associated with the existence of the free-
energy barrier, i.e., �min(t) decreases as L(t) decreases. This
mechanism is drastically di↵erent from the one at play during
the zipping process, for which the system is controlled by a
processive twisting, i.e., L(t) decreases while keeping �min(t)
⇡ 0 at the center of the bubble.10 Let us note that switching
from AT- to GC-rich region in the model does not change
qualitatively the physics of nucleation/closure mechanism,
mainly a↵ecting �Fop.

To go further, we show in Fig. 1, the free-energy sur-
face projected along two observables (⇢max, �min) and recon-
structed using the reweighing technique of Bonomi et al.42

A typical minimal free-energy path is also shown (in red in
Fig. 1) and displays two di↵erent regimes. Starting from the
metastable basin (⇢max ⇡ 2 nm), the system is driven by a
collective twisting (the oblique part of the red path in Fig. 1)
up to the saddle point ⇢⇤. The end of the evolution (⇢max < ⇢⇤)
shows a plateau at �min = �

eq
min ⇡ 0.4. This is characteristic of

a breathing bubble, i.e., the fast opening and closure of a few
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, associated to
the nucleation mechanism. The corresponding evolution
of the twist angle profil �

i

(t) [and thus the minimal twist
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min

(t)] in the bubble is shown in Fig. 2(b). The min-
imal twist inside the bubble increases when the bubble
closes, going from an average value of 0.1 rad (configu-
ration 1) to the ds one, 0.45 rad (configuration 5). In
addition to the bubble di↵usion along the dsDNA axis,
we clearly see that the evolution of �

min

(t) confirms a
collective twisting mechanism associated to the existence
of the free-energy barrier, i.e. �

min

(t) decreases as L(t)
decreases. This mechanism is drastically di↵erent from
the one at play during the zipping process for which the
system is controlled by a processive twisting, i.e. L(t)
decreases while keeping �

min

(t) ⇡ 0 at the center of the
bubble [8].

To go further, we show in Fig. 1 the free-energy sur-
face projected along two observables (⇢

max

, �
min

), and re-
constructed using the reweighing technique of Bonomi et
al. [31]. The minimal free-energy path is also sketched (in
red in Fig. 1) and shows two di↵erent behaviors. Start-
ing from the metastable basin (⇢

max

⇡ 6), the system
is driven by a collective twisting up to the saddle point
⇢⇤. This collective twisting corresponds to the oblique
part of the red path in Fig. 1. The end of the evolu-
tion, (⇢

max

< ⇢⇤) shows a plateau at �
min

= �eq
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⇡ 0.4,
without any particular restraint on ⇢

max

. This is char-
acteristic of a breathing bubble, i.e. the fast opening
and closure of a few bps on nanoseconds without modi-
fication of the conformation of the whole chain. It pre-
cises the previous notion of transient (or breathing) bub-
ble [16, 17, 32, 33], and corresponds to bubbles of size
L(t)  4 bps. To ensure the reliability of the model with
experiments, we study in Fig. 3 the dependence of the
closure free-energy barrier, �F
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, and the free-energy of
formation, �F
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in an energy range in agreement with experimental obser-
vations [9] and biological mechanisms [25, 26]. Therefore,
the opening free-energy barrier, �F
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, increases slower
than �F
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.
Let us now explain the origin of the free-energy barrier

associated to the opening/closure mechanism. Although
the mesoscopic model imposes by hand a vanishing tor-
sional modulus in the ssDNA state, the free-energy bar-
rier is actually related to geometrical constraints. They
impose an e↵ective ⇤
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(L) to the metastable bubble that
stops the zipping process, as highlighted in Fig. 4. This
torsional modulus is measured, considering the equipar-
tition theorem, as ⇤
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FIG. 3: Evolution of the closure free-energy barrier, �F
cl

(triangles), and the free-energy of formation, �F
0

(circles),
for increasing values of the bare torsional modulus, �. 95%
confidence intervals are also provided.
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is the twist angle measured consecutively be-
tween the bps defining each extremity of the bubble. We
clearly see that ⇤
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increases when L decreases, recov-
ering the value of the torsional modulus in the double-
stranded domain, ⇤

�,ds

' 470 k
B

T
0

(for �
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Figure 4 highlights a non-trivial power law behaviour,
⇤
�

(L) / L�↵ with ↵ = 2.2± 0.1. This law is valid down
to L ⇡ 3 bps that corresponds to the breathing bubble
regime previously characterized in Fig. 1.

The origin of the free-energy barrier is indeed related
to the finite value of ⇤
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(L) in the metastable bubble and
the crossover between two minima for the minimal twist
angle, �eq
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and 0. Using a mean-field approximation
where we consider only the bp located at the center of
the bubble, and noting ⇢ the distance between the two
pairing bases and � its twist, we write the following en-
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where V
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is the Morse potential [28], and the two tor-
sional energies have bending moduli which depend on the
base-pair state: �
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' 4 and 0 oth-
erwise, and ⇤
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and 0 otherwise.
Note that the dependence of L on ⇢ is almost linear in
the metastable state (see Fig. 6a in the SM [28]). The
free-energy surface H(⇢,�) is projected along the two ob-
servables (⇢, �) in Fig. 4. We observe a landscape very
similar to the one shown in Fig. 1. Moreover, comparing
Fig. 4(b) and Fig. 4(c) clearly highlights the role of ⇤

�

in the occurrence of the metastable state and the saddle
point. Of course this simple model does not account for
the cooperativity between bubble bps and thus yields a
crude estimate of free-energy values. Nevertheless, it il-
luminates the role played by the torsional energy in the
closure mechanism.
Considering the method of Tiwary and Parrinello [24],
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FIG. 2. (Color online) Time evolution of the adimensional bubble size L(t)/L(0), the scalar product between the two dsDNA arms axes,
n̂i · n̂e, and the average twist angle per bp, !φ, in the bubble for N = 60 and (a) βκφ = 200; (b) βκφ = 300. (c) Profile of the twist angles in
the dsDNA just before (◦) and just after the onset of the metastable regime (△), marked by arrows in (b) (φeq = 0.52 rad).

where T ≃ 2Aφeq ≃ 4kBT rad is the driving torque and ζ0 ≃
2πηρ2

0ℓ ≃ 5kBT ns is the rotational friction coefficient of the
arms (ℓ is the arm initial length). We thus find ω ≃ 1 rad/ns
which induces zipping velocities v ≃ pω/2π ≃ 2 bp/ns. This
rough argument yields a consistent value with the zipping
velocities measured in Fig. 3(a) at short times. By defining
the zipping time τzip by L(τzip) = P ≡ 3

5 [L(0) − L̄], Fig. 3(b)
shows scaling laws τzip ≈ P γ with 1.4 ! γ ! 1.5, as already
observed with the ladder model [32]. Zipping occurs whatever
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FIG. 3. (Color online) (a) Semilog plot of the bubble size
L(t)/L(0) vs. time for βκφ = 300, N = 70 (◦), and N = 100 (△). The
solid lines are exponential fits. (b) Total zipping time as a function
of P yielding an exponent of between 1.39 (for βκφ = 200), 1.49
(βκφ = 250), and 1.51 (βκφ = 300).

the initial configuration, whether the two arms are aligned or
not.

The onset of the metastable bubble comes from the high
three-dimensional (3D) curvature of the two single strands
inside the bubble when its size reaches the ssDNA persistence
length L̄ ≈ ℓss. The two bubble single strands are quite stiff
at this scale. Either the arms are not aligned at the end of
zipping and the elastic energy is both of bending and torsional
nature, or they are aligned and it is only of torsional nature. The
nonzero twist at the onset of the metastable state (!φ ≈ 0.2
to 0.3 rad) is created by the fast out-of-equilibrium dynamical
closure of the bubble. This is illustrated in Fig. 2(c) showing
the profile of the twist angle along the DNA just before
(◦) and just after the onset of the metastable regime (△)
for the simulation run shown in Fig. 2(b). It clearly shows
that the zipping stops as soon as the two domain walls, of
approximately 5-bps width, “collide,” increasing the twist
angle value, and thus the twist energy, in the bubble center.
In brief, the zipping carries on as long as the elastic energy
in the middle of the bubble is negligible. We have checked that
the nonzero twist profile in the metastable state results from
the purely elastic properties of ssDNA (Appendix B).

Depending on the value of κφ , the torsional contribution
of the elastic energy will be an energy barrier or not. Indeed,
the closure mechanism, and therefore the dwell time in the
metastable state, vary with κφ . For βκφ = 200 [Fig. 2(a)],
!φ(t) increases smoothly until the bubble closes, whereas
n̂i · n̂e increases from a negative value to a positive one in
the metastable state. The bubble closure is thus controlled by
the alignment of the two stiff arms since closure occurs as
soon as n̂i · n̂e ≃ 1 (ADL closure). This behavior has already
been observed in the DNA ladder model [32] where no twist
was present (κφ = 0). The final closure was controlled by the
rotational diffusion of one arm with respect to the other one: the
metastable dwell time scaled with the DNA mean arm length,
M , as τADL

met ∼ Mα with 2 < α < 2.4, and saturated at ηβℓ3
ds

for M > ℓds. We observe the same behavior for the helical
DNA model with βκφ = 200, suggesting that, for this value,
the twist does not play a significant role. As shown in Fig. 6,
we obtain τADL

met ∼ N2.23 for βκφ = 200 (fitted solid line). The
corresponding melting map, shown in Fig. 4, illustrates that the
bubble does not have sufficient time to diffuse far away from
its initial position (the bubble diffusion coefficient along the
DNA is D ≃ 1 bp2/ns). For βκφ = 300 [Fig. 2(b)], however,
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where T ≃ 2Aφeq ≃ 4kBT rad is the driving torque and ζ0 ≃
2πηρ2

0ℓ ≃ 5kBT ns is the rotational friction coefficient of the
arms (ℓ is the arm initial length). We thus find ω ≃ 1 rad/ns
which induces zipping velocities v ≃ pω/2π ≃ 2 bp/ns. This
rough argument yields a consistent value with the zipping
velocities measured in Fig. 3(a) at short times. By defining
the zipping time τzip by L(τzip) = P ≡ 3

5 [L(0) − L̄], Fig. 3(b)
shows scaling laws τzip ≈ P γ with 1.4 ! γ ! 1.5, as already
observed with the ladder model [32]. Zipping occurs whatever
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of P yielding an exponent of between 1.39 (for βκφ = 200), 1.49
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the initial configuration, whether the two arms are aligned or
not.

The onset of the metastable bubble comes from the high
three-dimensional (3D) curvature of the two single strands
inside the bubble when its size reaches the ssDNA persistence
length L̄ ≈ ℓss. The two bubble single strands are quite stiff
at this scale. Either the arms are not aligned at the end of
zipping and the elastic energy is both of bending and torsional
nature, or they are aligned and it is only of torsional nature. The
nonzero twist at the onset of the metastable state (!φ ≈ 0.2
to 0.3 rad) is created by the fast out-of-equilibrium dynamical
closure of the bubble. This is illustrated in Fig. 2(c) showing
the profile of the twist angle along the DNA just before
(◦) and just after the onset of the metastable regime (△)
for the simulation run shown in Fig. 2(b). It clearly shows
that the zipping stops as soon as the two domain walls, of
approximately 5-bps width, “collide,” increasing the twist
angle value, and thus the twist energy, in the bubble center.
In brief, the zipping carries on as long as the elastic energy
in the middle of the bubble is negligible. We have checked that
the nonzero twist profile in the metastable state results from
the purely elastic properties of ssDNA (Appendix B).

Depending on the value of κφ , the torsional contribution
of the elastic energy will be an energy barrier or not. Indeed,
the closure mechanism, and therefore the dwell time in the
metastable state, vary with κφ . For βκφ = 200 [Fig. 2(a)],
!φ(t) increases smoothly until the bubble closes, whereas
n̂i · n̂e increases from a negative value to a positive one in
the metastable state. The bubble closure is thus controlled by
the alignment of the two stiff arms since closure occurs as
soon as n̂i · n̂e ≃ 1 (ADL closure). This behavior has already
been observed in the DNA ladder model [32] where no twist
was present (κφ = 0). The final closure was controlled by the
rotational diffusion of one arm with respect to the other one: the
metastable dwell time scaled with the DNA mean arm length,
M , as τADL

met ∼ Mα with 2 < α < 2.4, and saturated at ηβℓ3
ds

for M > ℓds. We observe the same behavior for the helical
DNA model with βκφ = 200, suggesting that, for this value,
the twist does not play a significant role. As shown in Fig. 6,
we obtain τADL

met ∼ N2.23 for βκφ = 200 (fitted solid line). The
corresponding melting map, shown in Fig. 4, illustrates that the
bubble does not have sufficient time to diffuse far away from
its initial position (the bubble diffusion coefficient along the
DNA is D ≃ 1 bp2/ns). For βκφ = 300 [Fig. 2(b)], however,
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Conclusion and outlook 

★  Coupling between bending/torsion and base-pairing is essential 
when addressing several biophysical properties of DNA. Effective 
1D models are then to be ruled out. 
★  Coarse-grained models can be compulsory because all-atom 
approaches are limited with respect to biological relevant scales 
(size and/or time-scale) 
★  Metadynamics enable the exploration of parameter regimes 
out-of-rich by classical, unbiased techniques 
★  No issue from a biological perspective  
★  A prediction:  closure times independent of DNA/hairpin length. 
Could easily be tested experimentally. 
 


