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Thermodynamics of local DNA openings
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A mechanism connecting the local untwisting and opening of DNA double helix is proposed. The presented
thermodynamical approach is based on two models: the Peyrard-Bishop model that describes the denaturation
of DNA due to thermal fluctuations and the model developed by the author describing solitary torsional waves,
which propagate along the DNA molecule forced by advancing RNA polymerase. The torsional wave implies
that the DNA untwists locally causing a local decrease in the stacking interaction between adjacent base pairs.
Molecular dynamics simulations have shown that thermal fluctuafiwhich are too small at physiological
temperatures to denaturate the twisted DMAay lead to the formation of a denaturation bubble placed in the
untwisted region.
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[. INTRODUCTION solutions describe the propagation of an untwigt@doppo-
sitely twisted region along the molecule. This solution per-

The basic form of DNA is a double helix, consisting of tains to the mechanical aspects of transcription of the mes-
two sugar-phosphate backbones and a base pairs chain isenger RNA—one of the most important processes of DNA
side. Since the four bases composing DNA are hydrophobievolution. To initiate the transcription process the DNA must
substances, they tend to stay together, rather than let thentwist and open locally to let one strand serve as a template
surrounding water fill gaps between them. If the adjacenfor synthesis of new RNA strand. Then the untwisted open
base pairs in the sequence are in contact, the distance beegion, 15—20 base pairs long, moves together with RNA
tween their centers i&~3.3 A, smaller than the distance polymerase along the DNA, as long as transcription pro-
between the adjacent sugars in backboBess A. Thisis  ceeds. It is known that the RNA polymerase “works” as a
because the sugar-phosphate backbones must wrap aroymacessive motor capable of generating forces of 25—30 pN.
the base pair chains in order to preserve their length. Th&his force is due to the free energy of hydrolysis of nucle-
base sequence codes the genetic information, but from thatides as they are incorporated into the growing RNA chain
mechanical point of view DNA is an aperiodic chain. The (see Ref[6] for experimental data and R¢¥] for theory). It
four bases composing DNA have different masses. Thisvas showr5] that even if the energy dissipatidgdamping
poses a problem for all models. Fortunately, the masses d$ presentit seems obvious that the motion of DNA leads to
two base pairs composing DNA, namely, the adeninesome energy dissipation due to nonelasticity of the DNA
thymine (A-T) and guanine-cytosingC-T) are almost equal. molecule or to interaction with the solverguch solutions
Only in an approximation in which one neglects internal de-may still exist. The dissipated energy can be balanced by
grees of freedom of the base pairs, and treats each base pairergy pumped by advancing polymerase. The physical ex-
as a rigid body, can DNA be regarded as a periodic structurgalanation of this energy transfer is the following. In the vi-

The interest in the nonlinear dynamics of DNA startedcinity of the polymerase the hydrophobic forces between
when Englandeet al. [1] suggested that the existence of base pairs are weaker than those in the rest of the DNA
solitons propagating along the DNA molecule may be impor-molecule. This is due to the fact that the RNA polymerase is
tant in a process called “RNA transcription.” In the last two accompanied by flat oily amino acids, which can insert them-
decades several models were proposed in order to substargelves between the base pairs. Thus, close to polymerase it is
ate this idea in quantitative ternfsee Gaetat al. [2] and  easier to separate base pairs and so to untwist the DNA

Yakushevich 3] for the review. strands. The motion of the untwisted region is then induced
by the motion of the RNA polymerase.
Il. THE MODEL Within the framework of our model we were unable to

describe the opening of DNA since we assumed that base
The approach to DNA dynamics presented in the currenpairs are rigid bodies. Nevertheless, one can expect that the
paper is based on the nonlinear model of DNA dynamicsuntwisting is the prerequisite of opening. First, it may be
proposed in Refl4] and further developed in Rgb] and on  easier for the untwisted sugar-phosphate backbones to be
the Peyrard-Bishop model describing thermal denaturation afeparated. Second, in the untwisted region the separation be-
DNA molecule. tween the adjacent base pair is larger and the gaps are filled
Within the framework of the model5] we proved the by oily aminoacids that accompany the RNA polymerase.
existence of solutions corresponding to torsional travelingrhis implies significantly smaller coupling between base
waves propagating along the DNA molecule. The pulselikepairs. Peyrard and Bishof®B) [8] found that the denatur-
ation temperature strongly depends on the assumed coupling
(stacking interactionbetween neighboring base pairs. The
*Email address: tlipnia@ippt.gov.pl smaller the coupling the lower the denaturation temperature.
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Thus, one can expect that the thermal fluctuatiovtsch are p§

too small at physiological temperatures to denaturate the H’=H§+m+(N+1)kBTIn S, (©)
twisted DNA) lead to the formation of the denaturation

bubble placed in the untwisted region. To show this we apply, ..,

molecular dynamics simulations to honhomogenous DNA,

such that the stacking interaction is smaller at a given part of my? K

the chain, using the method proposed by Dauxois, Peyrard, /=" N S (Yp—Yn_1)?+D(eM—1)2|, (4
and Bishop(DPB) [9]. O I T

whereT denotes the temperature of the system lands the
Boltzmann’s constant. In Hoover’gl1] reformulation of
Nose’s method the variable is removed, the equations of

In the PB model each of the two DNA strands is repre-motion fors ands are replaced by a single equation, and the
sented by a set of point masses that correspond to the basésctor (N+ 1) is replaced by. Defining a thermodynamical
The main characteristics of the model are as follows: friction coefficienté=ps/M and redefining the time interval

(i) Only the transversal displacements are considered. Thgt— dt/s, the Hoover formulation of equations of motion is
displacement ofith base is denoted hy,, for one chain and

IIl. MOLECULAR DYNAMICS SIMULATION
IN PB MODEL

vy, for the other. MYn=K(Yn+1+Yn 1~ 2yn)+2aD(e”¥n—1)e"®n
(ii) To keep the model as simple as possible the adjacent _
bases of the same strand are assumed to be connected by a —&my,, (5)

harmonic potential. On the other hand, the bonds connecting
the two bases belonging to different strands are extremelywhere
stretched when the double helix opens locally so that their
nonlinearity must not be ignored. The Morse potential will .1
be used to represent the transverse interaction of the bases in &= M
a pair. It describes not only the hydrogen bonds but also the
repulsive interactions of the phosphate groups, partly The appropriate units for the problem are electron volts,
screened by the surrounding solvent action as well. In conAngstrans, and atomic mass unitamu. The resulting time
venient variables<,= (W, +v,)/v2 andy,=(W,—vn)/v2  unit is tu=(amu}? Aev 12=10214x10 * s. DPB
the Hamiltonian of the system reaf have performed simulations of Eq$) and(6) mostly for a
chain of 256 base pairs with periodic boundary conditions
1 . ) for temperatures varying from 150 K to over 500 K. They
+ Emyzn’L E(yn_Yn—l) use(as most realisticthe following parameters: dissociation
energyD=0.04 eV, a spatial scale factor of the Morse po-
) tential a=4.45 A1, a coupling constank=0.06 eV/A?,
+D(e"n—1) } () and massn=300 amu. The constant of the Nose thermostat
has been set tt =1000.
Recall that energy of 1 eV corresponds to 11 600 K.

The part of the Hamiltonian that depends on the variabl ence at physiological temperature of 310 K the average
X, is decoupled from the stretching part. Following DPB Weenergy for one degree of freedom is 0.027 eV, i.e., itis of the

ignore this term in the statistical mechanics of the model. d £ th d di i 004 eV. In ab
Therefore we confine ourselves only to the parttbthat order of the assumed dissociation energy, 0.04 ev. In ab-
depends o1y, sence of stacking interaction the bases will in a relatively

short time escapéone by ong¢ from the Morse potential
1 K well. Hloweverl, t()jetc)ause okf.the fact thla} the adjacent basesh are
= “mv24 —(y.— 2 —ayn_1)2 strongly coupled by stacking potential one may expect that
Ry ; 2myﬁ+ 2 Y~ Yo-1) "+ D v @ for DPB parameters choice at 310° the bases will remain in
the potential well. In the zero temperature limit all base pairs
and describes the dynamics of the stretching motions we amill be in the lowest energy state for whigh,=0. Obvi-
interested in. ously for finite temperatureg|y,|)>0 (where() denotes
The dynamics of the chain in contact with a thermal bathaverage over time or ensemplend moreover because the
may be investigated by molecular dynamics simulation usingisymmetry of the Morse potential well one may expect that
the Nose[10] method. Beginning with the Hamiltoniad,  (y,)>0.
and the N-dimensional phase space of chairNbbase pairs We will consider the DNA dynamics in the following
with periodic boundary conditions, the fixed temperature cathree cases.
nonical ensemble can be simulated by addition of a single (1) The fixed DNA parameters O=0.04 eV, a
variable s, which regulates the energy flow, its conjugate =4.45 A™1, K=0.06 eV/A?, and m=300 amu) and the
momentump,, and an additional parametbf, which fixes  temperature varied from 150 K to 450 K. Fbr=450 K we
the scale of the temperature fluctuations. The augmentefdund that after a relatively short time (1@.u. or 1 ng the
Hamiltonian[8] is then introduced in the form base separation for all base pairs growsrdvé\ that corre-

. (6)

> my2—NkgT
n

1 . K
H:; [meﬁ_’_ E(Xn_xn—l)2
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sponds to the distant plateau of the assumed Morse potentiaf 2 A. This (rather arbritrary threshold corresponds
In next 250 ns we observe only small fluctuations in whichroughly to the “edge” of the plateau of the Morse potential.
all particles remain on Morse plateau. We consider this statSimilarly, we consider a DNA segment as open at titme
as DNA denaturation. For extensions largerntfa A the ~ when the average value g{t) in this segment exceeds,
force F,, resulting from the Morse potential is very small =1 A. The probabilityP, is defined as

Fn<7.7x10 ' eV/A, i.e., it is much smaller than within

the Morse potenftial hole where it is of ordeba P|=t—° for  tr—soo, @
=0.18 eV/A. In view of the above for so large average tr

extensions the simulations are no longer reliable. Moreover

from a physical point of view it is not very important wheret, is the sum of time periods for which the segment is

whether the final base separation is 7 or 12 A. For ©Pen andty is the total evolution time. In Ref9] another
—430 K the transition between “chaotic” motion within definition is used, namely, DPB defined denaturation rate

the Morse potential well, and small fluctuations on the Morse-0Unting a fraction of base pair that have a mean stretching

plateau, took place after 40 ns. It is possible that in this Casgxceedmg a given thre_shp(dee Fig. 7, Ref[9])__ Unfortu-
the transition was influenced by the fact that a reIativernately’ this simple definition produces numerical artefacts.

. : ; o >This is due to the fact that when the evolution of uniform
short chain of 300 base pairs with periodic boundary Cond"“sufficiently long” chain is considered over “sufficiently

t|_o_ns has _been considered. Rt=420 K we observe no fran- long” time the mean stretching of all base pairs should be
sition during the 250-ns long run. We expect that the denag gt equal. This follows from the principle that in equilib-
turation temperature is some_where between 430 and 450 K,m of a homogenous system consisting of identical par-
for the DPB parameters choice. One should note that DPRcles, the average over time is equal to the average over
considered even larger extension up to 18s8e Fig. 1, Ref. ensemble. Thus after sufficiently long time the fraction of
[9]); nevertheless for extensions largerrtha A they ob-  pase pairs having the mean stretching larger than a given
tained very large scattering of results. threshold should be 1 or 0, except for the situation in which
(2) The physiological temperature of 310 K and somethe threshold is equal to the mean base pair stretching. The
DNA parameter are fixed as followsD=0.04 eV, a  curves presented in Fig. 7, R¢€] results from the fact that
=4.45 A", andm=300 amu but the coupling constat  the simulation time was relatively short and base pairs had
is varied from 0.02 to 0.06 eV/A ForK=0.02 eV/A*we different mean stretching. For the above reason we use here
found that the average base pairs separation grows over 5 Another definition, and calculate the opening probabilities,
which is regarded as the DNA denaturation. both for uniform and nonuniform chains.
(3) The physiological temperature of 310 K parameters: In the simulations performed, the probabiliti®s have
D=0.04 eV, a=4.45 A"!, and m=300 amu, fixed and been estimated by checking at a large numb&r= 5000) of
the coupling constant varying along the chain. Namely, wetime points if the given segment is open. Then
assume thak=K,=0.06 eV/A? except the part of the
chain of length 25 base pairs. Between the middle 21 base N,
pairs from these 26=K,;,, WwhereK,,;, takes values from P~ N’ ®
0.01 to 0.05 eV/A&. Between the rest 4 base pairs we as-

sumeK =K, =2Ky;/3+K/3 for the inner two ank=K;  whereN, is the number of time points for which the consid-
= Knin/3+2K,/3 for the outer two, to avoid the sharp tran- ered segment is open. The “checking” points were placed

sition. every 50000 time steps.
In these three cases we analyze the dynamics of chains of

length of at least 250 base paifwith periodic boundary
condition to calculate the mean base pair stretchjpgand
the opening probabilities of a single base pair and of a seg- We have shown within the limits of the Peyrard-Bishop
ment of DNA chain. The mean stretchidy) is calculated model that a denaturation bubble is likely to arise in low
by averaging over evolution time and ensemble. Obviouslytacking region. From the data collected in Table | one can
in the case of a uniform chain to calculate the average itgonclude that the drop of stacking interaction in a given seg-
suffices to average over time or ensemble since these twment of DNA leads to significant growth of the opening
averages must be equal, in practice however, to have a fastgrobability of that region. When, for example, the stacking
convergence it is better to average over both time and erinteraction drops by 33% from its reference value the open-
semble. In the first two cases the ensemble is all the chaiting probability grows by a factor of four. The data collected
while in the third case we average over the 21-base pairn Tables | and Il also indicated that the rest of the chain
long segment for whickK =K ip. plays a stabilizing role. In the 21-base pair long, low stack-
From a biological point of view the opening probabilities ing region placed within the chain of higher stacking con-
are more important than the average valuegy.ofet P;(K) stant, the fluctuations are smaller than in the chain for which
denote the probability that the single base pbit {), or the  stacking is low everywhere. This effect is especially signifi-
DNA segment of prescribed lengtlis “open.” We said that  cant for K<0.02 when the average base separation in uni-
(at timet) the nth base pair is open wheyy(t) exceeds a form chains grows over 5 A, which can be considered a
threshold ofy,=1 A that corresponds to the base separatiorDNA denaturation. In the case of the nonuniform chain the

IV. CONCLUSIONS

051919-3



TOMASZ LIPNIACKI PHYSICAL REVIEW E 64 051919

TABLE I. The nonuniform chain simulations. In the first col- TABLE llI. Results from uniform chain simulations for fixed
umn the value oK ,;, in 21-base pairs long, low stacking region is DNA parameters D=0.04 eV, a=4.45 A1, K=0.06 eV/A?,
given; {y")(Kmin) is the average value of in this region, while ~ andm=300 amu) and temperatures varied from 150 K to 450 K.
P,1(Kmin) is the opening probability of the regionK P, is the single-base pair opening probability, whitg; (and Pg,)
=0.06 eV/A in the rest of the chailsee text for details are the 21-basé61-basg pairs long segment opening probability
(see text for details

Kmin (eV/AZ) <y+>(Kmin) (A) PZl(Kmin)

0.06 0.41 0020 T (K) y) (A) Py P21 Pes1

0.05 0.47 0.038 150 0.093 0.002 <10* <104

0.04 0.59 0.091 250 0.24 0.04 <1073 <104

0.03 0.75 0.20 310 0.41 0.12 0.020 0.002

0.02 1.13 0.48 350 0.59 0.21 0.096 0.044

0.01 2.1 0.89 380 0.79 0.31 0.22 0.20
420 1.25 0.46 0.48 0.58
450 Denaturates

opening bubble is restricted to the low stacking region and
even forK,,,=0.01 eV/A the average value of in the
region is 2.1 A.

The proposed mechanism of local DNA opening, which
accompanies RNA transcription, is the following: The RNA

with temperature. During the typical simulation of EgS)
and(6) the energy flows in both directions, once from ther-

polymerase moves along the DNA chain due to chemicaanStat to the system and once from the system to the ther-

reactions and hence a torsional traveling wave may prope{postat. The presence of the thermostat has such nice prop-

gate, forced by advancing polymerase. In the untwisted re€rty that even if the numerical scheme does not strictly

gion the coupling between neighboring base pairs becoméPnserve thg mechanical energy, it may give reliable results.
smaller than in the rest of the DNA chain. Thus, the thermail Ne simulations of systent§) and(6) have been performed
fluctuations(which are too small at physiological tempera- using the simplest first order scheme, with time stgp
tures to denaturate the twisted DNkead to the formation of =0.1 t.u. Such a numerical scheme does not strictly con-
the denaturation bubble placed in the untwisted region.  serve the energy. In our case the total enédgyEq.(3), has
been slightly growing during the run. However, with a time
ACKNOWLEDGMENT step so chosen, the average absolute value of energy flow
) (between the system and the thermgsidten calculated per
This work was supported by KBN Grant No. 8 TO7A 045 {ime step, has been four orders of magnitude larger than the
20. total energy surplus. One may then expect that in such a case
the numerical errors are absorbed by the thermostat. This
APPENDIX: NUMERICAL SIMULATIONS conjecture has been confirmed by performing simulations

Without the last term in the right hand side, H§) de- with smallert;. This causes the energy surplus to become
scribes the conservative dynamics of the chain. ParangeterSMaller, but does not alter the dynamics of the system. Ob-
in the last term regulates the energy flows between the NoséOusly one cannot expect that using a simple numerical
thermostat and the system. Positigémplies positive fric-  Scheme will produce, after millions of time steps, the correct
tion and leads to the decrease of the mechanical energy ¥flues of system variableg, one may expect only that the
the system. Negativé results in the system gaining energy average values such é&g) andP, are correct.
from the thermostat. The parametgris controlled by Eqg. The initial velocitiesy, were set to zero, while the posi-
(6); it becomes smaller when the kinetic energy of the systionsy,, were chosen randomly. In a typical simulation(af
tem is smaller thaNkgT, and becomes larger in the oppo- |eas} 250-base pair long chain the syste(Bsand(6) have
site case. This mechanism connects the average valdg of peen integrated during 2610 time steps or 250 ns. The
data were collected after>210P time steps. Such a typical
run takes roughly 10 h on average PCeleron 533 MH}
using a free Pascal compile&see www.freepascal.orgNote
that the integration time in our simulations is 50 times longer

TABLE Il. Results from uniform chains simulation®, is the
single-base pair opening probability, whi®,, (and Pg;) are the
21-base(61-basg pairs long segment opening probabiligee text

for detaily. than reported by DPB. This longer time was needed because
2 we were interested in averaging over relatively short seg-
K (evIA%) > A P1 Pz Pou ments of the DNA chain. Fo? rr?ost sets of pa?lameters fgr
0.06 0.41 0.12 0.020 0.002 uniform chains we make one run, while for some sets two
0.05 0.49 0.17 0.049 0.015 runs(more forT=310 K andK=0.06 eV/A>—with vari-
0.04 0.64 0.24 0.12 0.71 ous chain lengths and integration timdsave been per-
0.03 0.91 0.35 0.31 0.30 formed to estimate the stochastic errors. For nonuniform
0.02 Denaturates chains two runs have been performed for each set of param-

eters. The magnitudes of expected stochastic errors of data
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obtained for uniform chains and collected in Tables Il and lllnonuniform chaingTable ) the expected errors df/) are of

are of order 3% fo(y) and up to 10% folP,; andPg;—the  order of 5% up to 10% foP,,. Those values have been
errors are relatively small when the probabilities are largededuced by comparing the data collected in two runs or from
but significant in the cases whély; and Pg; are small. For comparing two halves of each run.
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