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In this review paper [1] the authors have presented a synthetic and brief account of our current understanding of the
energetics of the melting process in DNA molecules. The authors highlight open questions related to the thermody-
namics of the nearest neighbor model comparing performances of a few selected currently available thermodynamic
datasets. They also discuss the kinetics of the melting process emphasizing its relevance for practical applications
where melting is often carried out under irreversible conditions. DNA melting is the process by which the two com-
plementary strands of a DNA molecule dissociate into two single strands [2—4]. DNA melting can be achieved by a
series of methods such as heating, adding denaturant to the solvent or mechanically pulling the two ends. Despite of its
fundamental importance in biology (local DNA melting is a essential process in gene regulation) and biotechnology
(DNA melting is a step of PCR amplification reactions) the fundamental understanding of this process is not fully
understood.

The dissociation of DNA into two strands shares some of the characteristics of a first order phase transition (such as
the melting of a solid or the evaporation of a liquid) but with marked differences. Whereas ordinary first-order phase
transitions occur at well-defined conditions of temperature and pressure, DNA melting occurs gradually in a series of
steps. The resulting melting curve depends strongly on the DNA sequence exhibiting multiple transition events rather
than a single sharp transition. Half a century ago, Devoe and Tinoco [5] and Crothers and Zimm [6] proposed a simple
model for the energetic stability of double helical structures. The nearest neighbor (NN) model for nucleic acids
predicts the free energy of formation of a duplex from its dissociated strands by summing all energy contributions of
adjacent nearest neighbor stacks along the sequence. The motivation behind the NN model originates from the fact
that hydrogen bonding is not enough to explain the stability of the double helix. With only hydrogen bonding DNA
might form a ladder rather than a helix. However the dipole-dipole induced attraction between adjacent bases makes
the two strands twist around each other making DNA collapse into a double helix. In principle the total number of
NN energies equals 16 (4 x 4), however there are only 10 due to the complementary strand symmetry. The additional
circular symmetry (the total number of A and G equals to the total number of T and C, respectively) reduces the total
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number of free parameters from 10 to 8. The actual number of parameters is however larger: to the total number of
entropies and enthalpies of each NN motif (8 x 2 = 16) one should also add the so-called initiation factors (at least 2,
accounting for GC and AT free ends) resulting in a total of, at least, 18 parameters making the NN model sufficiently
complex. During the past 30 years a large number of laboratories were committed into deriving the different energy
parameters from large datasets of melting temperatures of short duplexes and long polymers in varied conditions such
as GC content, oligo concentration and length, monovalent and divalent salt, etc. However the different experimental
methods used (calorimetry, optical, etc.), the specific set of sequences analyzed, the precise definition of the melting
temperature and the various approximation schemes used for the NN parameters lead to datasets which consistency
is difficult to evaluate. In 1998 John Santalucia proposed [7] a unified dataset of energy values and initiation factors
melding together his own results with those derived by several other labs worldwide. This has led to the so-called
unified oligonucleotide (UO) dataset [8] widely used by several prediction tool web servers. The UO energy values
have been recently validated by single molecule force methods by unzipping long DNA sequences [9,10]. This is
remarkable given the fact that the dissociated state is completely different in both cases (a random coil upon melting
and a stretched single stranded DNA upon unzipping) and that melting experiments report on melting temperatures
whereas unzipping experiments measure free energy differences. Therefore there is a pretty large consensus on the
reliability of the NN model and its energy parameters.

However, there still remain questions to be understood. One is the different performance of the currently available
NN energies in long and short duplexes. While the prediction of differential melting curves is reasonably good in the
case of long polymers, the same cannot be said of short DNA duplexes where the nearest neighbor model system-
atically underestimates the melting temperature values. The reason of such deviation is not known. Single molecule
unzipping studies showed the same effect upon implementation of the nearest neighbor model with 10 parameters and
the UO initiation factors [9]. Recent single molecule studies that include the circular symmetry of the NN model and
that directly extract initiation factors from unzipping force data show however a better agreement between predicted
and measured melting temperatures [10]. This suggests the importance of accurately determining initiation factors for
melting temperature prediction of short duplexes where end effects are expected to be stronger. The question remains
open and requires further research.

Another interesting question raised by the authors is the relative strength of the base stacking and base pairing
interaction for the helix elongation parameters. A main feature of melting temperature prediction is the so-called
Marmur-Doty plot, i.e. the observed linear dependence between the melting temperature of duplexes and the fraction
of GC base pairs in the sequence [11]. Such linearity suggests hydrogen bonding (rather than base stacking) as the
main contribution to duplex stability. Similar dependences have been studied for the dependence of melting tempera-
ture as a function of monovalent and divalent salt concentration [12,13]. In the NN model the free energy of formation
and the melting temperature of a DNA molecule is expected to exhibit a quadratic dependence on the fraction of GC
content, however such dependence has not been observed suggesting that either the contribution between stacking
and hydrogen bonding is not purely additive or that enthalpy-entropy compensations occur that make the quadratic
term negligible [14]. The question of the relative weight between the base pairing and the stacking terms has been
addressed in two studies. One is based on the electrophoretic motion of nicked DNA molecules across polyacrylamide
gels at different denaturing conditions [15], whereas the other is based on single molecule studies of DNA origami
thick fibers containing blunt ends pulled by mechanical forces [16]. The results of Ref. [15] suggest that the main
contribution to duplex stability is stacking of neighboring bases, the enthalpy of hydrogen bonding being negligible
(one tenth approximately) as compared to stacking. However the free energies obtained from both approaches are
in disagreement possibly because the different experimental assays (which require extrapolating results to zero de-
naturant concentration in one case and zero force in the other case) measure free energies along different pathways
requiring different entropy correction terms. The reconciliation of these two studies [15,16] and the understanding of
the linearity of the Marmur—Doty plots remains an open question.

Another important topic discussed in the paper is the question of the kinetics of melting and hybridization that
shows strong hysteresis in denaturation—renaturation cycles. Nucleation of a few base pairs is often required for
renaturation to occur meaning that the transition state is close to the dissociated state. The long timescales expected
for thermalization (about several minutes for a few hundred base pairs DNA) make experiments difficult to interpret.
Force unzipping experiments with temperature controlled optical tweezers may offer a new experimental window to
accurately quantify such kinetic phenomena. Moreover the denaturation-renaturation timescales might be tuned by
force making possible to observe bubble formation and strand fraying under reversible conditions [17].
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DNA melting is one of the most essential and fascinating molecular transformations in biophysics that still hides
secrets for the scientists. The paper by Vologodskii and Kamenteskii offers a fresh account of some of these problems
still awaiting for new theoretical and experimental developments.
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