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Bubble relaxation dynamics in double-stranded DNA
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This paper deals with the two-statepening—closing of base pajirsodel used to describe the fluctuation
dynamics of a single bubble formation. We present an exact solution for the discrete and finite size version of
the model that includes end effects and derive analytic expressions of the correlation function, survival prob-
ability, and lifetimes for the bubble relaxation dynamics. It is shown that the continuous and semi-infinite limit
of the model becomes a good approximation to an exact result afhe&ri, whereN is bubble size and, the
ratio of opening to closing rates of base pairs, is the control parameter of DNA melting.
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Upon heating, a double stranded DNés DNA) under- X VX x | 112 o
goes a denaturation process with the formation of bubbles of Boc(t)={1 *5 erfc S|\ € 1)
increasing size and number and, eventually, leading to the
separation of the two strandg]. On the other hand, many wherex=t/z.,. . and the bubble lifetime is
DNA biological activities require the unzipping of the two
strands by breaklng hydrogen bonds between base (s&ies - (1+a) Az K p— 2
e.g., Ref[2] for an idea of the background to the problem #CT 2k (1-a)?’ k. :
Such open regions of complex DNA, enclosing up to 10-30
broken base pairs, represent a first step of the transcriptionherek, and k- are the opening and closing rates of base
processes and are called the transcription bubbles. Severgir, respectivelyg the bubble ext_e_nsion energy.ahgf the
theoretical models have been proposed to describe the ph#ermal energy. In the same spirit, the dynamics of bubble
nomenon of bubble formatiotfor a review see, e.g[3]). formation have been studied in terms of Fokker-Planck equa-
However, the issue remains unsettled with various, and evel#on [9]. In this paper, we go one step forward in providing
contradictory, results reported in the literature. This is indica{he exact solution of the generalized ALK model, taking into
tive of the complexity of the problem which involves number account both the discreteness of the system and the finite size
of factors(e.g., base pair sequences, molecular environmend including end effects. Figure 1 displays an illustration of
counterions, etg.that can influence the denaturation process[he reaction we are ‘?'ea"“g W't,h' Our motivation in this in-
in various ways(see, e.g.[4—6]). In addition, as a one- or vestigation is to provide analytic expressions for bubble re-

quasi-one-dimensional system, the ds DNA is expected to pgxxation function, relaxation time, and lifetime. Such exact
very sensitive to thermal fluctuations. Therefore, it seems olutions may significantly Improve d_ata analyz_es and be

. . ) ) L very relevant for any systems with arbitrasyand sizeN.
appropriate in a first step to study the fluctuations of local

breathing or unzipping of a ds DNA that opens up bubbles of

a few tens of base pairs. D:D]:EI >‘k_,; w
The characteristic dynamics of these local denaturation S ko~ N>

zones(bubble$ in the structure of a ds DNA have been
recently probed through fluorescence correlation spect-
roscopy[7,8]. This is an essential issue not only for physi-
ological processes involving ds DNA but also for providing
insights on the general nature of fluctuations in such
systems. From a theoretical modeling perspective, however,
we have just begun to understand these experimental
results. In their recent papé8], Altan-Bonnet, Libchaber,
and Krichevsky(ALK ) have presented a measurement of the

dynamics of a single bubble formation in ds DNA construct. (

The authors proposed a simple discrete and finite K, K

size model for the description of the dynamics of bubbles Closed K Bubble T Open
2

while they used a continuous and semi-

inﬁnit? version of t,he mOdel to fit ,'Fhe_ir_ FIG. 1. Sketch illustrating the opening—closing bubble reaction
experimental data. In this continuous and semi-infiniteynetics.

limit, the survival probability of the bubble read8]:
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Following ALK, we denote byb,(t) the probability den- = [gdtlI(z,t|ny)e s of I1(z,t|no) is obtained as,
sity of bubbles of sizen at timet in the system. Assuming
that all conformations of the ds DNA can be described as two . 1 " -
states(closed or ope) the fluctuations dynamics in the num-  11(zSing = m{‘ 20" +[D(z,0) + ky(1 —2)z]by(s[no)
ber n of open base pairs in the bubble is described by the '

master e;luationi +[D(z,0) - ky(1 - 212" bya(sing)} (8
%‘) = k.b; - kibyg where D(z,s)=k.[z-7/(5)][z-2(s)] and z x(s)=[s/k_+1
q +a¥ \(s/k_+1+a)>-4a]/2a. The functionsby(sin,) and
d—til = Kkibg+ kb, — (ki + k)b, 6N+1(S| ng), Obtained by requiring that the numerator of
ﬁ(z,s|no) cancels at the roots d@(z,s), are given by
d . o - - N
< d_t;n = Kibpg+kbyr—(k+kob,  (3) bo(sng= = |2 A~k -z)la | 9)
AlZp [sz-k(1-2)]7
d and
DU = Kby by - (K, + Kby
de E) ( | 1 S+k1(1_21) ano (10)
. sing=— ,
| o Y= Kby kobe, N0 A s+ ky(1-2) 2o
where, in addition to the ratds in ALK model [8], we have  with
explicitly introduced the opening and the closing rétgand
ko, respectively, for opening the first and closing the last s+k(1-2) [szl—kz(l—zl)]zT
pairs since two ends of the DNA helix are sealsee Fig. 1 A(s) = stk(l-2,) [sz-k(l-2)]2|" (11)
Stationary distribution: Whenk, # 0 andk, # 0, Eq.(3) 1 2 1527k 272
admits a stationary solution given by To fit with the experimental conditions by ALK, we as-

_ sume that the system is prepared in the initial conditions
b(n) - {kla Yk 5 l=n<N (4) bg(no)/ fy, for 1< n);s N andpzerF()) otherwise. The quantity of
bs(0) ka“k, ; n=N+1" interest is the correlation functioBy(t) that describes fluc-
where by(0)=1/[1+(kQ/k)+(kaV/ky)] with Q=(1 tuations in the bubble populatipn at equilibrium and is mea-
~a¥)/(1-a). The equilibrium fraction of DNA molecules sured by fluorescence correlation spectroscopy mefipd
that are closed, open, and with bubbles in the system are

given bybg(0), bs(N), andf,, respectively, where "

% [by(t]ng) = bn(22|nghedng)

SYEDY
N k,Q N np=1n=1 fb(l - fb)
fo= > b n):<1—>b 0). (5) N
° n=1 St( ke St( =1- 2 [bo(t|no) + bN+1(t|nObst(nO) (12)
The equilibrium constantk; andK, for the concentrations nop=1 fo(1 = Tp)
of species in the reactions in Fig. 1 are:

in which bn(0|n0):5n'n0, and we have used the conservation

1=(bubble) kg = (open _ k- ()  Of the probability density=N"1b, (tlng)=1. Note thatCy(0)
(closed k, (bubble  k, =1 since by(»|ng)=bg(n) and Cy(«)=0. Performing the
where the backwart, and forwardk; rates are, éur(]:)m;stlon in Eq(12), we find the Laplace transform of

N
_ kf _ 1_a
o= ‘k-(l-aN)' @1 [ k] [A-2F@) - 1-2)F@)]
Cn(s) ==~ X )
s | @-fy)Q s

Whenk;=k,=0, the concentration of bubbles tends zero and

we have[open/[closed=aN. (13
Relaxation function: To study the fluctuations of

bubbles, we considerll(z,tjny) ==N*1z"0,(tjny) (where where  F(2)=(1-2")[s(1-2""")+(1-2)(k; +k,z")]/[ZNA].

by(tino) is conditional the probability density of finding a From this, the bubble relaxation time is obtained &g

DNA molecule with a bubble of siza at timet given that =C(s=0). Two limiting cases are considered dependindpn

the size wasn, at time t=0) the characteristic function andks.

for the system prepared with the initiaIA condition, (1) (k;+ky) >0 limit: In this case, the bubble relaxation

by(t=0ng)=5,,. The Laplace transform[Il(z,snp)  time is given by
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(1 +aN+l) kl+ k2 T IIIlII| T IIIIII| | P IIIIII| T IIIIII| T T TTTITIT

™= > N 10— -
(1-a)° [akk +kk +Qkkp| T B _

2NaM Ky + ko ( 1- aN+1) (Y 3 S £=025k,T |

- +

(1-a)(L—a") | aVkok_ + kok_ + Qkgks 1-a £ T 1

2 06 —

y [ K } (1 _aN+1> _;; i |
aNkk + kok_ + Qkgksy l-a ;' 04 .

X 1 H(k; + k 14 E I ]

S + - -

Nk, + K, (ki ko), (14) g 02 | _
whereH is Heaviside step function defined &Kz)=0 for 0.0 |- —
z<0 andH(z)=1 for z>0. When eitherk; or k, tends to - .
zero, 7y linearly decreases, respectively, with eitleror k, —02 bl ool sl vl e,
10 10 10 10 10 10

towardsmy(0) defined as .
rescaled lag time

(1+aV*)(1-aN) -2NaV(1-a)
komn(0) = 1-a1-a" FIG. 2. Bubble survival probabilities, from the top to the bot-
1-a)%1-a’) tom, By(t) (solid line), B..(t) (long-dashed ling andB., ((t) (dotted
1 ; k=0k,>0 line) vs the rescaled lag timegy, t/ 7., andt/ 7. ., respectively.
X 15
a™ ; k >0k,=0. (19

Note, thatry(0) is independent ok, and k, because the shows the departure in the bubble lifetime to the continu-
kinetics in these limits is dominated by the bubbles decayQus limit as a function of bubble size. It clearly appears
As N— =, the fluctuations of bubbles become independenfr®m Figs. 2 and 3 that the continuous limit as done by
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of N with the relaxation function;
1 k(1-a)(l-2z)

s (L-fods+k(l-2)]’

C(s) =

(16)

and lifetime,

1
T (1-a)f(l-ak +ky]

Too (17)
(2) ky=k,=0 limit: In this case,Cy(s)=By(s), where
By(t) is the survival probability of bubbles. Likewise, the

bubble lifetimery=By(s=0) is given by
_(1-a%1-a¥"?H)-N(N+2)(1-a)%a"
k(1-a)?(1-aV)(1-a'h

™ — (18)

WhenN— <, Eqg. (13) reduces td%oc(s)=(1/s)—k_(1—a)[1

-7]/s% and,
y
j dz()—/ - 1>exp{
0 Z

L1-3

X
B.(t)=1-—
®) l1-a 2a

_(1+3a)

—
/

z]ll(z), (19
where |(- _) is the modified Bessel function of order
one,y=2xya/(1-a)? and x=t/,. It is worth noting that
even in theN—co limit the exact solution Eq(19) for the
bubble survival probability is different from Eql) given
in [8]. The fact is that, depending on the sikeand the
parameter &4,” the discreteness of the system is an ingre-

ALK [8] becomes a fairly good approximation to exact
result foraN<1 (wherea<1 is the control parameter for
the ds DNA melting[8,10]).

Simple inspection of expressions in Eg43), (14), and
(18), and of the figures, indicate that the behavior of bubble
dynamics is controlled by the bubble sikeand the param-
etera (ratio of opening to closing rates of base ppiss a
=<1 according to the experimental situation[Bj, the clos-
ing of bubbles is the fastest process in the bubbles kinetics.
The parametea also controls the denaturation transition. As
a—1, there is a kind of “critical slowing down” where the
fluctuations of bubbles are described by an unbiased diffu-
sion process. For instance, the bubble lifetime in E®)
reduces to

1.0

od
%

g
a

reduced lifetime

&
=

0.2

0.0

10 15

N

20 25 30

dient which might be taken into account to capture the

correct bubble dynamics. This is illustrated in Fig. 2
where the exact survival probability is compared with its
N—o limit and the ALK continuous model. Figure 3

FIG. 3. Reduced lifetimery/ 7., in EqQ. (14) for k;=0 (dashed
line) and Eq.(18) (solid line), as a function of bubble size\.
Quoted numbers represent the bubble extension engigf.
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TABLE |. Estimate ofk_ using the expressions of the bubble biomolecular relevant scales and to allow exact analytical
lifetime in the case ofk;=k;=0. In Ref. [8], the experimental solution. The main results of this paper are the expressions in
bubble lifetime is equal to 9ps at T=303 K for N=18 and DNA  Egs.(13), (14), and(18) for the bubble correlation function,

samplesMqg andAqg. relaxation time, and bubble lifetime, respectively. These re-
sults, consistent with available data, may prove to be useful
elkgT 0.1 0.5 1 for analysis and interpretation of experimental data on
— bubble fluctuations and they are amenable for further experi-
Lifetime (us) k(10° s mental tests. It is worthwhile to mention in addition that
™ 95 0.300 0.0675 0.0263  different expressions for the relaxation function and time can
Too 95 1.162 0.0680 0.0263 be generated within the theoretical framework developed
Toc 95 1.110 0.0550 0.0180 above by simply using different initial conditions in E4-2)

for the preparation of the system.
Given the closing and opening rates of base pair, the
(N+1)(N+2) model discussed above allows study phenomena related to
WE T (200 the denaturation mechanisms of DNA such as heating,
- changing buffer surrounding, or applying external torques or
_ o ) ) ) forces[11-14. Likewise, the model can easily be modified
in thea— 1 limit, and 7 diverges with the bubble size. to include more than two states in order to describe, for
It may be useful for practical purposes to have an idea Ofstance, the intermediates states between bond and broken
numerical values of physical parameters entering in the probsates. Finally, although the calculations may become more
lem. In the absence of direct measuremerk ofor instance, iy olved and intricate, the theory outlined above can be ex-
one can use the experimental datd8hin conjunction with  (anqed in several directions including in E), for ex-
theoretical results to estimate the closing fateThe results ample, the effects of base pair sequence in the opening and

of such an estimation are presented in Table I~ closing rategtwo and three hydrogen bonds being involved
To summarize, we have presented an exact solution of the, A_T and G_C base pairs, respectivelinitiation of sev-

discrete and finite size model in E(§) for the description of  g4) pupbles, bubbles fission and fusion processes, efc.
the fluctuations dynamics of bubble formation. The twofold

merit of this two-stat€open and closednodel is to already E.K. acknowledges partial support of this work by INTAS
include sufficient complexity of the bubble dynamics overGrant No. 01-0105.
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