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Experimental tests of the Peyrard-Bishop model applied to the melting of very short DNA chains
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The melting curves of short heterogeneous DNA chains in solution are calculated on the basis of statistical
thermodynamics, and compared to experiments. The computation of the partition function is based on the
Peyrard-Bishop Hamiltonian, which has already been adopted in a theoretical description of the melting of long
DNA chains. In the case of short chains it is necessary to consider not only the breaking of the hydrogen bonds
between single base pairs, but also the complete dissociation of the two strands forming the double helix.
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[. INTRODUCTION which are relevant for pharmacological applicatipd} and
in the study of nonlinear energy localization and transduc-
There is a need for a theory of the melting of short DNAtion. With a particular focus on the last problem, discrete
chains(oligonucleotides The melting is the highly coopera- nonlinear models of DNAsee, e.g., Ref$12,13, and, for a
tive thermal disruption of hydrogen bonds between complereview, Ref.[14]) have been introduced; sequence effects
mentary bases in the double helix, as usually monitored byere considered in Refl15]. These models are appealing,
the UV absorption increment due to the unstacking of thebecause they are simplified microscopic models with a small
separated bas¢s]. At the equilibrium melting temperature, number of degrees of freedom, and thus are also affordable
half of the bonds are disrupted. Synthetic oligonucleotides Ofor the simulation of very |ong times. The experimenta”y
a fixed length and base pairs sequence have been used fopgailable melting curves offer a way to optimize the param-

long time as model systems for the study of the structurakters of these models, and therefore also increase confidence
and thermodynamical properties of the longer and morg, theijr use in dynamical studies.

complex natural forms of DNA2]. Many studies have

More recenl articular attention has been given to the(the PB model The authors showed, through statistical me-

y, particu : gven chanics calculations and constant temperature molecular dy-
study of the sequence effects on the thermal stability of %amics[l6—1a anolied to the case of a verv lona homode-
variety of specially designed oligonucleotides, due to their » @pp y long 9

importance in the exploitation of molecular biological tech- neous DNA chain, that the modeI. can give a gatlsfactory
niques in gene theragy] and genome mappiri]. Predic- _meltmg curve, especially after the |mprovem_ent mtrod_uced
tive information has been gained through an extensive thefl Ref-[18]. The PB model has been successively applied to
modynamical investigation of the melting behavior of heterogeneou_s chains, either modeling the_ heterogenelty with
oligonucleotides, based on the computation of the Gibbs fre@ quenched disordgf9)], or properly choosing basis sets of
energy, at a fixed solvent composition, as a sum of contribuorthonormal functions for the kernels appearing in the ex-
tions from nearest neighbors in the sequeni®3]. This  Pression of the partition functiof20], but comparison with
phenomenology, and the predictive power of the thermodyexperimental data was not attempted. In all these works the
namical approach, should then be confronted with a microfact that the DNA's considered are quite long was essential,
scopic theory of short, heterogeneous DNA chains. for the following reason. In a solution with two types of
Modeling of DNA melting was initially motivated by the DNA single strandsA andB, there is a thermal equilibrium
study of the important process of transcription, in which thebetween dissociated strands and associated double strands
double helix has to be opened locally to allow a reading of(the duplexesAB), and a thermal equilibrium, in the du-
the genetic code. This was based, many years ago, on Isinglexes, between broken and unbroken interbase hydrogen
like models[8,9], and more recently on an approach basedoonds. The average fractighof bonded base pairs can then
on the modified self-consistent phonon approximafi®@]  be factorized a®= 0.,.0in: [8,9]. bey is the average fraction
(see also Ref[11] and references therginThese methods of strands forming duplexes, whil,, is the average fraction
allow only equilibrium estimates of the probability of bond of unbroken bonds in the duplexes. The dissociation equilib-
disruption. However, it is also important to consider DNA rium can be neglected in the case of long chains, wiigge
dynamics, both at melting and premelting temperaturesand thusf go to 0 whend,,is still practically 1. Conversely,
There is an interest in relaxation and kinetic phenomenain the case of short chains the processes of single bond dis-
ruption and strand dissociation tend to happen within the
same temperature range; therefore, the computation of both
* Author to whom correspondence should be addressed. Electronig,; and 6, iS essential, as we will point out while presenting
address: campa@axiss.iss.infn.it our comparison with experimental data. In Rg0] the fac-
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torization of 6 is stated, but only the case of long chains is 1 N

then considered. Oin=1y > (I (Yo—Yi),
The aim of this work is to show, through a comparison =1

with experimental data, that the one-dimensional PB model

can be used to compute the melting curves of short DNA,Syvhereﬁ(y) is the Heaviside step function and the canonical

It will also be shown how to take into account the dissocia-"’wer.age< > is defined considering only the c}\ouble strand
tion equilibrium. configurations. We have chosen a value of 2 A yigr After

a discretization of the coordinate variables and the introduc-
tion of a proper cutoff on the maximum value of tlges

1. MODEL AND RESULTS [10], the computations needed for the canonical averages are
. o readily reduced to the multiplication of finite matrices, since
The potential of the PB mod¢lL6—1§ is given by the potential1) couples only nearest neighbors, and are eas-

ily performed by suitable computer programs.
K Let us now considel,,;. At equilibrium the chemical
u=> [_[1+pea(yi+l+yi)](yi+l_yi)2 potentials of the three speciés B, andAB [22] are related
m 12 by the equationuag— ua— ug=0. Using the definition of
the chemical potentials as derivatives of the free energy, and
+D,(eaYi— 1)2]’ (1)  inturn the relation of the latter to the partition functions, we
obtain an equation involving appropriate partition functions.
In the usual experimental conditions the solutions can be
considered ideal; with the further assumption that the model
effectively takes the presence of the solvent into account, we
obtain the usual equilibrium condition:

where y; is the distance between th¢h complementary
bases minus their equilibrium separation. The paraméters
p, anda refer to the anharmonic stacking interaction, while
the interbase bond is represented by a Morse potential, with NagZ(A)Z(B)
depthD; and widtha;. In Refs.[16—1§ there is only a m= :
single parameteld because only homogeneous DNA'’s have ATB
been considered. The stacking interaction, that in the firsfpere N; is the number of molecules of specigsin the
attempts[16,17 was purely harmonic (=0), decreases \ojumeV considered, and(j) is the partition function of a
when the complementary bases reach farthep@sitive:  mojecule of specief in V [23]. The numbers\; are related
this p dependent nonlinear term was found to be relevant tqy the constraints 85+ N+ Ng=cons&2N, and AN,
give cooperativity to the melting procegk8]. _ —ANg=—AN,g. Considering the casbl,=Ng (the ex-

_To model heterogeneous DNA's, we have inserted tWQyarimental curves that we are presenting are made in these
different values ofD;, according to the two possible congitions, with the duplex obtained by annealing equal con-

Watson-Crick base pairs: adenine-thymin@\T) and  centrations ofA andB), we arrive at the following expres-
guanine-cytosingGC). The former has two hydrogen bonds, gjon for Oex=Nag/No:

while the latter has three. We have then chosen a depth for

the GC Morse potential 1.5 times that for the AT Morse Qo= 1+ 6— /62425,

potential. The complete set of parameter values that we have

chosen is k=0.025 eV/IR, p=2, «=0.35 A"!, D,y whered is given by the expression:

=0.05 eV, Dgc=0.075 eV, axr=4.2 A1, and agc

=6.9 AL, For a given set of values, the melting tempera- _ Z(A)Z(B)  Zind A)Zine(B) aavZex(A) Zexd B) 5

ture of homogeneous DNA can be deduced with the tech- "~ 2NoZ(AB)  a,Zi(AB)  2NoZe(AB) @

nique of the transfer matrix methgd6—18, and the values

have been adjusted to reproduce the experimentally observedhere in the rightmost side we have introduced the separa-

melting temperature of long homogeneous DNA in the mostion of the partition functions in internal and external parts

usual solvent condition$9,21]. The set of values given [8,9]; the meaning of,, will be explained in a moment. For

above has been used for all the different oligonucleotideghe calculation of the internal functions, that do not include

considered. The parameter values are close to those in tliee overall translation of the molecules, we use the DNA

original PB model. model described abovgvhich is also simply adapted to the
We have then made a statistical mechanics computatiomlescription of single strands, allowing an analytical evalua-

in which partition functions have been used to obtain bothion: only a harmonic stacking interaction remains, which is

0t and 6.,;. For the computation of;,; one has to separate weaker than in the duplex, since in this case the term involv-

the configurations describing a double strand on the onéng p is 0). We have chosen to insest,= Vastage in the

hand, and dissociated single strands on the other. The vetsgst side of Eq(2) to make both fractions separately dimen-

possibility of dissociation makes this a nontrivial problem. sionless; therefore they cannot depend on the choice of units.

We have adopted the following strategy. Th@ bond is  Without any such normalization the first fraction would have

considered disrupted if the value yfis larger than a chosen the dimensions of an inverse of a length, since the overall

thresholdy,. We therefore have defined a configuration totranslation is not included i@, . It is included in the exter-

belong to the double strand if at least one of th&s is  nal functions, that, however, also have to take into account

smaller thary,. It is then natural to defing;,; for anN base the dynamics not described by the simple one-dimensional

pair duplex by model, related to conformational movemeilike, for ex-
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ample, the winding of the strandsThis point was already T
considered in Ising models: the influence on the dissociation 1
process of the degrees of freedom not described by the model
cannot be neglected, and it must be accounted for in some
way. In analogy to what was proposed for the Ising models
[8,9] on the basis of the partition functions of rigid bodies
[24], we make the following choice:

*
BaZed AV ZodB) _1* L .
2NoZe,(AB) Ng '

where the parametegsandq can be fixed by a comparison
with experimental melting curves), is the single strand
concentrationNy/V, andn* is a chosen reference concen-
tration (we have taken M, a usual concentration in ex-
periment$. We defer further comments about this equation
until after the presentation of the results.

Here we show the comparison of our calculations with the
experimental melting curves that have been obtained, in our
lab, for three different oligonucleotides, in a 10-mM Na
phosphate buffer, 0.1-mM NBEDTA and 200-mM NaClpH
6.7. One of the oligonucleotides contained 27 base pairs, and
the other two had 21 base pairs. The sequences are given by

(s1) 5,CTTCTTATTCTTATTGTTCGTCTTCTQy ,
(s2) 5,CTCTTCTCTTCTTTCTCTCTC:} ,

(s3) 5/GTGTTAACGTGAGTATAGCGT3r ,

and by the respective complementary strands. We have con- R LR VL N K LR V.Y
sidered the cases; at two different concentrations. The T(K)

single strand concentration V.Vasll 2.4 uM, (sp) 1.7 ’“.M' FIG. 1. Experimental melting profildgull lines) and theoretical
and ;) 3.1 and 12QuM. _In Fig. 1 we show the EXPErMen- oqits(dashed linesfor the three DNA chains. We have plotted the
tal and computed . melting curves. Our computations, ag,,e of p=1— 6. (a) Sequencss,. (b) Sequencss,. (c) Sequence
stated above, take into account both fact@gsand fexi- TO s, at the lower concentrationd) Sequencss at the higher concen-
assess quantitatively the effect@f,;, we have checked that tration. The fitted parametegs and q have the following values:

at complete melting, whefA becomes practically zerg.e., p=232.43 andq=29.30 fors,, p=36.77 andg=34.89 fors,, and
¢=1), the values ob),,; are still 0.81(a), 0.85(b), 0.83(c), p=29.49 andq=27.69 fors,.

and 0.78(d). This is consistent with the Ising-like computa-

tion shown by Wartell and Benight for a 95 base pair DNA, 1(a) shows a slight disagreement between computed and ex-
where 6, at complete melting is still 0.6&ee Fig. 8 of Ref.  perimental curves. However, it has to be noted that our ex-
[9]). As can be seen, there are sequence and concentratiparimental curves have been normalized following a stan-
effects on the experimental melting curves, which are welldard procedure, in which base line subtraction can have
reproduced by the computed curves. Note that a 40-fold conminor effects on the shape of the normalized curves, particu-
centration increase fa; yields an increase of only 5° in the larly in the premelting regioitsee, e.g., Sec. 1 of RgB]).
melting temperaturéa logarithmic dependence on the con-
centration is expectedl1]). Similar differences between
curves at the low concentrations should then be due to se-
guence and length effects. We would like to stress that in the In conclusion, our comparisons show that it is feasible to
casesg the parameterp and g have been fitted to the ex- compute the equilibrium melting profile of DNA oligonucle-
perimental curve at the lower concentration. The comparisontides with the PB nonlinear model. We would also like to
with the experimental curve at the higher concentration hasote that the modelization of the external partition functions
then been performed with only the change of the valuegof ratio in Eq.(3) is very similar to that adopted in Ising models
in Eq. (3), without changing the values @f andq; this has for medium size DNA’s(100—600 base paird8,9]. This
reproduced the difference between the melting temperaturenfirms that this term is related to the conformational flex-
of the two cases, that differ by about 5°. This fact indicatedbility of the double and single strands, not described by a
that the concentration dependence of the left-hand side afne-dimensional model. The internal term is related to the
Eq. (3) is described by the preexponential factor, while theone-dimensional Hamiltonian, and then to nearest neighbor
parametergp andq are related to the molecular conforma- interactions. For long DNA'Slarge N), at temperatures in
tion. At the beginning of the melting region, especially Fig. which 6, is already close to 0, the part in EQ) depending

Ill. CONCLUSIONS
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on the internal partition functions goes as” for some As we noted, in the limit of larg®l this sensitivity should go
positive y, and thusd~0 andf.,~1. ThisN dependence of to 0. At the end it would be possible to test the predictive
the internal part can be seen, for example, in the case gfower of this model and confront it with the predictions of
homogeneous sequences with the transfer matrix methqgaurely thermodynamical calculations.
[16-18. It is expected to be the same for heterogeneous In a more extended paper, in preparation, we will show a
sequences. more exhaustive comparison with experimental curves. We
In very short chains like ours, it is not surprising that thewill also check if a simple analysis based on the number of
specific sequence has some influence on the parametersoccurrences of the different intrastrand nearest neighbor
andq, while in medium chains some self-averaging effectscouples in the sequences is sufficient to obtain the param-
should already take place. In fact, as shown in the caption teters, similarly to what happens in the calculations of Gibbs
Fig. 1, we have found differences of about 25% in the pafree energy in short oligonucleotidés,7].
rameters referring to different sequences. We are now work-
ing on a more extended set of melting curves for a properly
chosen set of oligonucleotides, that can help in the attempt to
find the relation between the specific sequence and the opti- We are very grateful to F. Barone, M. Matzeu, F. Mazzei,
mized parameters. Such a study will also regard the quantand F. Pedone for providing the experimental melting curves
tative assessment of the sensitivity of the melting curves tand for illuminating discussions. We also want to thank M.
f.y: and to the fitted parametepsandq, as a function oN. Peyrard for interesting comments.
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