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ABSTRACT

The distribution of bubble lengths in double-stranded DNA is presented for segments of varying guanine —cytosine (GC) content, obtained
with Monte Carlo simulations using the Peyrard ~ —Bishop —Dauxois model at 310 K. An analytical description of the obtained distribution in the
whole regime investigated, i.e., up to bubble widths of the order of tens of nanometers, is available. We find that the decay lengths and
characteristic exponents of this distribution show two distinct regimes as a function of GC content. The observed distribution is attributed to

the anharmonic interactions within base pairs. The results are discussed in the framework of the Poland —Scheraga and the Peyrard —Bishop
(with linear instead of nonlinear stacking interaction) models.

Fluctuating thermal openings of the double helix of DNA tions, using the PeyrareBishop—Dauxois (PBD) modétf
(bubbles) are known to exist in a regime extending well for describing the energy of base-pair openings. We discuss
below the denaturation transition, which includes physi- equilibrium distributions aT = 310 K, averaged over DNA
ological temperatures. These openings could be exploitedsegments with total size of one thousand base pairs. The
by regulatory proteins or functional enzymes to perform their bubble length distributions depend on the guaricgosine
work! It has been recently suggested that there is an (GC) content, i.e., the fraction of GC base pairs in the
increased probability for large bubbles to appear at function- sequence. The variation of the distribution as a function of
ally relevant sites of gene promoter DNA segméiithore the GC content is investigated. Note that the size of a bubble
accurate numerical calculatidrfshave unadvertedly rein-  is characterized by its length (width) and its amplitude. Here
forced this ide&,by finding an increased opening probability we fix a threshold for the amplitude, and when a bubble of
at functional binding sites of the promoter region upstream length| base pairs (ot. = 0.34 x | nm) is mentioned, it
of a gene initiation site. Such a picture is in analogy to the means that all thesuccessive base pairs have openings larger
functional role of fluctuations in proteirfsThis has led to than the fixed amplitude thresholgh.s while the limiting
an increased interest for equilibrium and dynamical studies base pairs (the first neighbors to the left and to the right of
of thermally induced bubbles in DNA. the stretch of thd successive base pairs) have smaller
In a different context, recent experiments on cyclization oPenings than that. Periodic boundary conditions are used,
of short DNA fragment&® have drawn attention toward the SO our study considers only bubbles in the middle of a
possibility that regions of very low rigidity may appear in  Seduence, disregarding end effects. Fraying, i.e., the opening
double-stranded DNA? It has been proposédi2that these ~ Of the DNA molecule starting at one of its ends, is a very
bending kinksnay be caused by the formation of denatur- interesting problem that will be addressed elsewhere.
ation bubbles, letting the higher flexibility of single-stranded [N this Letter we show that the bubble length distributions,
DNA explain the sharp bending observed in experiménts. obtained within the PBD model, follow a nonexponential
In this context, the question of how frequently denaturation 12w and, further, an analytical description (see eq 2 below)

bubbles arise is one of the keys for the understanding of iS available describing the observed, slower than exponential,
this phenomenon. decay with the length. This behavior has been quantified for

various GC contents and remains qualitatively the same
independent of the value of the fixed amplitude. The fact
that the same distribution law is also predicted by the
completely unrelated PolarBcheragd model of DNA

strongly suggests that our findings are beyond theoretical

speculation and might be a proper description of actual DNA
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Here we present the distribution of bubble lengths, for
lengths ranging from 0.34 nm (single base-pair openings)
up to a few tens of nanometers (corresponding to openings
of size several tens of base pairs). The bubble length
distributions have been obtained with Monte Carlo simula-



In recent investigations, numerically exact equilibrium [T
propertie$s and Langevin dynamics up to nanosecond time 102§
scales averaged over several hundred realiz&tfdhsave P(l)
been achieved taking advantage of the efficiency of the 1e-03
simple PBD model for describing base-pair openings in

double-stranded DNA. The PBD model coarse-grains the 1le-04f 2 190% GC.
relatively rigid internal structure of the nucleotides and |+ 75% GC
. . . . . . F| & 5% !
considers their anharmonic stretching interactions at the 1e-05F 25%%2‘“
single base-pair levéf:1617|ts accuracy has been demon- NI
strated by several comparisons with different experi- 1. ggl| © 125%GC
2,18,19 E 0% GC
mentss+© F | — gal promoter

The potential energy of the PBD model is given by le-07 L e o,
I 10
Bubble length (1)

100

Figure 1. Distribution per base pair of bubble size§n number

of base paird, > 1), P(l), for random sequences with different GC
) contents (points, as indicated in the label). Also shown is the result
for a segment fromE. coli's gal promoter with a 37.45% GC

The sum is over all the base pairs of the molecule gynd ~ Percentage (thick line). Thin lines are fits with the analytical
denotes the relative displacement from equilibrium at the distribution, eq 2.7 = 310 K, yines = 1.5 A. Inset: Probability
. . . . .~ Py(l) =IP(l) (for | = 1) that an individual baser pair forms part of

nth base pair. The first term is an on-site Morse potentlal, a bubble of sizd (see text).
representing the hydrogen bonds between bases in the same
pair as well as other effective interactions between comple- bubbles of length base pairs on a sequence of total dize
mentary nucleotides. The second term is an anharmonicand the average is over different realizations of an uncor-
coupling between adjacent base pairs that models the stackingelated random sequence with a given GC content. The limit
interaction. The heterogeneity of the genetic sequence isL — o« in the definition of P(I) has the meaning that the
taken into account giving different values to the parameters total size of the DNA segment should be sufficiently larger
of the Morse potential for adenirghymine (AT) or than the considered bubble lengths. Under this condition,
guanine-cytosine (GC) base pairs. The values of the the distributionP(l) should be interpreted as follows: for a
parameters we have usédere fitted in ref 18 to reproduce  given DNA sequence of total lengthbase pairs, the quantity
thermodynamic properties of DNA. The same parameters P(I)L gives the average number of occurrences of a bubble
have been subsequently used, without additional fitting of lengthl base pairs, in thermal equilibrium.
procedures, to successfully describe experimental observa- FromP(l) we obtain the probability that an individual base
tions219 pair forms part of a bubble of lengthas Py(l) = IP(l) for

To study the statistics of bubbles we have performed | = 1, while the probability of not belonging to any bubble
Monte Carlo simulations of the PBD model using the same (i.€., that the base pair has an opening smaller Y9 is
procedure introduced in ref 19. The Metropolis algorithm Ps(0) = P(0). From the definition ofP(l), it follows that
was used to produce equilibrium configurations of the P(0) =1 — Y=1 IP(l), thus ensuring correct normalization
molecule aff = 310 K. Results were averaged, after proper Y1 Pu(l) = 1 of the probabilityPy.
thermalization, over several realizations (typically 25, each As a check of our simulations, we have also computed
one consisting of 8 10° Monte Carlo steps, which makes for pure GC and AT sequences the probability of (i) a single
atotal of 2x 108 steps) with different initial conditions. As  base pair to have an opening larger than the considered fixed
we used quite large DNA sequences (containing 1000 baseamplitude and (ii) two neighboring base pairs to simulta-
pairs) and the temperature studied is well below the melting neously have openings larger than the fixed amplitude, using
temperature, the probability that a complete melting occurred the transfer integral operator meth&d2* The probabilities
during the time of a simulation was so low that no melting calculated in these two cases, using a different but numeri-
events (that, for long enough simulations, would eventually cally exact method, are in a very good agreement (up to
take place for this model at any temperat&ifd were numerical accuracy) with those obtained through the Monte
observed. We show results for bubbles of amplitude equal Carlo simulation from the distributior(l), asy -1 IP(l) =
or greater thaymes= 1.5 A. We have also studied bubbles 1 — P(0) and}-» (I — 1)P(l), respectively.
of amplitudeyines0.5, 3, and 5 A, finding the same qualitative We find that the distributions per base pair can be fitted
results presented here. We have checked that our results ar#h the whole range of bubble sizes studfédyith a single
independent of the length of the sequences studied, providedunction of the form
they are longer than the longest observed bubble and there
is no complete melting. P() =W

Figure 1 shows the bubble length distribution per base pair,
P(I), obtained from our Monte Carlo simulations. This histo-
gram is defined a®(l) = lim_—.[IN()[ZL, whereN(l) is the A fit with a stretched exponential function having a stretching
averaged (during the Monte Carlo simulation) number of exponent smaller than 1 is also accur@teut we have
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preferred eq 2 because this functional form can be derived 2 - , ' - T T T
from existing theories both for a simplified version of the ¢
used modéf (the PeyrardBishop model, with linear 1.9
stacking interactiort§) and for the independent Poland

Scheraga modéf. 18 —-—2 |
In order to investigate which interactions of those present | [— 1.96-0.00425x -0 _
in the model are responsible for the observed behavior of ; ;| == 1.84-0.0013x o

the distribution, we have performed similar calculations ! . ! . ! . ! . ! . !

varying different terms of the potential of eq 1. Wher= 002 T T—Zsrrom0m
0, i.e., the stacking interaction is linearized, the distribution 0016/ | =+ y=0.017-0.00013x
remains nonexponential, although it is described by smaller 10 ooz ¢ 14
¢, in complete agreement with previous studieslowever, F - . 11
when the on-site Morse potential is linearized (substituting 008 | Ly, el

20 40 60 80 100 7

-
~e__

the Morse potential by its harmonic approximation), then
the obtained distribution is exponential. This happens
independently of setting = 0 orp = 2. Therefore, we infer
that the nonlinear interactions between the bases withinbase 535 20— 0 30 100
pairs result in the observed bubble length distribution. These GC concentration (%)

nharmonic on-site interactions hav n foun li- .
?ativaely fo(:c? otﬁ(;(ra préi):riiteos cs>f tgeem%%ZI acs)uv@gﬂgﬁig - Figure 2. Dependence of the exponeat(top), decay lengttd

A ) : . S ) (bottom), and preexponential coefficievit (bottom, inset) of the
kind of interaction appears also in modified models where gistribution, eq 2, on the GC content of the sequence (circles). Lines
the stacking interaction has a qualitatively different shpe. show fits of two distinct regimes with linear (exponential )

In Figure 1 is also shown, for sake of comparison, a result fUnctions.T = 310 K, Yinres = 1.5 A.

for a natural sequence; a segment fr&scherichia cols 24
gal promoters! extending from the position 160 (upstream) | |
up to the sitet+91 (downstream) around the transcription |_ 1'29+O'97CXP('0'015X)|
start site ofgalE gene. This sequence has a GC fraction of ﬁ)m 7]
37.45%, and as can be seen from Figure 1, its results aref_»
indistinguishable from those of a random sequence with © 5|
almost the same GC content (37.5%). This is expected, as it8
is in agreement with the known f&&that, despite statistical 2
correlations in the sequence and local properties, equilibrium go 18]
averaged physical properties of large DNA molecules are &

| |— y=15.0exp(-x/39.4)
| —- y=8.65exp(-x/87.9)

basically similar to those of random sequences. E 1.6+ _
DNA molecules with higher GC content exhibit a faster

decay (see Figure 1), as the stronger bound GC pairs make Lal . | . | . , . | . |

large bubbles less likely. The change of the distribution with 0 20 40 60 80 100

the GC content is quantified in Figure 2, where the GC concentration (%)

dependence of the parameters of eq 2 on the_GC fraptlon 'SFigure 3. Dependence of the average bubble lerigsheq 3, on
shown. All the parameters decrease monotonically with the e G¢ content of the sequence (points). Continuous line shows a

GC percentage. The decay\8fsignifies that the higher the fitting with an exponential decayl. = 310 K, yies= 1.5 A.

GC content the more difficult it is to excite large openings

in the double strand; therefore in AT-rich sequences bubbles Figure 3 presents the average bubble ledgthwhich is
have a higher statistical weight. The decay lerigihsmaller given by the total number of base pairs in bubble states
for GC-rich sequences, in which the distribution decays divided by the total number of bubbles

faster. The variation of all these parameters can be fitted by

a bilinear or a biexponential function (see Figure 2), revealing z IIN(I) DI Z IP()
two distinct regimes on the GC fraction dependency: above Lg =Ilim : = £ 3)
and below a GC content of about 40%. Previous stidies Lo > e OO S 121 PO)

have shown that the nucleation of bubbles depends strongly

on the sequence: the weaker AT base pairs have to go ovelLg depends strongly on the GC content, showing an
the potential barrier imposed by their GC neighbors in order exponential decay. This stresses the importance the sequence
to break the bonds. Our findings suggest that for GC has on the typical size of denaturation bubbles.
concentrations over 40%, the formation of bubbles is a GC- A recent work reports exponential decay of the bubble
dominated process, as AT base pairs are not in average fredength probability:®> Although this seems to contradict our

to melt without GC opposition. But below 40% GC content, present results, this is not the case because the Study
large AT regions are possible that form bubbles freely, hence considers only a restricted regime of lengths, extending from
dominating the bubble formation process. | = 3 tol = 12—14. Therefore, a restricted portion of the
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2 - 15— diverges asT. — T) 13 Using this to fit the data, we
— y=0.359+0.00432x . . .
¢ [X c(3655)=1.94 | & [— -0.95+280.2/(365.5-T)| pbtaln a value, c(_GC): 365.5 K, in agreement with transfer
1 integral calculations we have performed. Hence the predicted
value of the exponent at T; is ¢ = 1.94 (compatible with
the valuec = 1.95 used in biological studi&: we would
have a very sharp transition, but still not first order, if the
PS scheme applies. But we have to be very careful: for AT
at T = 310 K, Figure 2 shows that = 1.96. A transfer
integral calculation yield3.(AT) = 325.5 K, so the exponent
at T, is expected to be higher than 2. Work in this direction
is necessary, but the possibility to speculate that not only
the transition temperature but also the nature of the phase
transition itself depends on the sequence is too tempting to
300320 340 360 " 300 30 340 let go. The role that the parameters of the model play in this
Temperature (K) Temperature (K) has also to be carefully investigated. Interestingly, previous
work using the PeyrareéBishop model without the anhar-
Figure 4. Temperature dependence of the parameters of distribu- monic stacking interactiorp(= 0) yields a value ot much
tion, eq 2, for pure GC sequences: left, exporgrthe line is a — o\ver than 27 Thus, regardless whether the transition in
linear fit; right, decay lengttg, the line is a fit with a divergent L .
behavior asT. — T)~%, where the melting temperature is predicted th_e full EBD model is first order or not, the analysis of but?ble
to beT, = 365.5 K, in agreement with transfer integral calculations. distributions shows once agé#i® that the anharmonic

o ) . o stacking interaction is responsible for the shacpa{ 2)
distribution may appear as a seemingly straight line in a ransition in the model.

semilogarithmic plot, indicating exponential decay. However,
if one looks for either smalled (= 1, 2) or larger lengths,
below or above this regime, the exponential law fails. On
the contrary, formula 2, or a stretched exponential aw,
describes accurately the whole regime from= 1 up to
several tens of base pairs. This means that large bubbles ar
more probable than what it would have been implied by
exponential decay. Earlier studies of a simplified version of
the PBD model (using a linearized stacking interaction) have
also shown a slower than exponential decay of the distribu-
tion function33.27

Importantly, the PolandScheraga (PS) model of DNA
melting predicts a bubble length distribution described by
eq 23438 Hence our results establish a bridge between these
two different theoretical approaches, which could help to
future better understanding of the principles underlying the
models and, henceforth, a more effective modeling approach
to DNA. In the PS model, the exponewthas a very
important physical meaning, as its value at the critical
temperature (wheré diverges and the distribution is given
by a pure power-law) indicates the order of the melting
transition: forc < 1 there is no phase transition, the transition
is smooth for 1< ¢ < %,, second order fot/, < ¢ < 2 and
first order forc > 2. It is interesting to characterize this
exponent also for the PBD model; work in this direction is
in progress, and a detailed temperature dependence of bubbl
length distributions will be presented elsewh&rdepen-
dently of the model, foic > 2 the average bubble length
Lg O >IP(l) remains finite aslT — T., and it diverges for
c < 2, thus presenting a discontinuous or a continuous
transition, respectively.

As an advance of our work in progress, in Figure 4 we
depict a preliminary result for the exponenand the decay
length & obtained for pure GC sequences at different
temperatures. As happens in the PS métialso here the (1) Banerjee, A.; Sobell, H. MJ. Biomol. Struct. Dyn1983 1, 253.

. - . Sobell, H. M.Proc. Natl. Acad. Sci. U.S.A985 82, 5328.
exponent increases linearly with temperature below the (2) Choi, C. H.: Kalosakas, G.; Rasmussen, K. @.: Hiromura, M.; Bishop,
critical temperature. The PS model also predicts that A. R.; Usheva, ANucleic Acids Re2004 32, 1584.

1.9F .

1.7F N

1.6

We are not aware of any experimental technique able to
track individual bubbles in long sequences in order to study
their size distributions. However, with study of the prob-
abilities of complete melting of molecules of different sizes,
the power law behavior we have described may appear. The
%robability of complete melting of a given sequence has
already been experimentally measufedsing a novel
technique based on hairpin quenching. This same technique,
applied at constant temperature to sequences of varying
length but similar composition, should clarify how the
formation of bubbles depends on their size below the melting
temperature. However, it should be noted that this experiment
measuring complete melting is not exactly equivalent to our
study of bubble formation: sequence, finite size, and
boundary effects may play an important role.

In summary, using the Peyrar@ishop—Dauxois model
we have shown that at physiological temperatures the
formation of thermally induced bubbles of different sizes
follows a nonexponential distribution with long tails, due to
nonlinear interactions within base pairs. The occurrence of
these openings may have an important effect, which should
be taken into account in biological processes involving the
opening of double-stranded DNA. Moreover, structural
properties of the DNA molecule may also depend on the
gequency of occurrence of these bubbles.
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