
Statistical mechanical simulation of polymeric
DNA melting with MELTSIM
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Abstract
Motivation: MELTSIM is a windows-based statistical mech-
anical program for simulating melting curves of DNAs of
known sequence and genomic dimensions under different
conditions of ionic strength with great accuracy. The
program is useful for mapping variations of base composi-
tions of sequences, conducting studies of denaturation,
establishing appropriate conditions for hybridization and
renaturation, determinations of sequence complexity, and
sequence divergence.
Results: Good agreement is achieved between experimental
and calculated melting curves of plasmid, bacterial, yeast
and human DNAs. Denaturation maps that accompany the
calculated curves indicate non-coding regions have a
significantly lower (G+C) composition than coding regions
in all species examined. Curves of partially sequenced
human DNA suggest the current database may be heavily
biased with coding regions, and excluding large (A+T)-rich
elements.
Availability: MELTSIM 1.0 is available at: //www.uml.edu/
Dept/Chem/UMLBIC/Apps/MELTSIM/MELTSIM-1.0-Win/
meltsim.zip. Melting curve plots in this paper were made with
GNUPLOT 3.5, available at: http://www.cs.dartmouth.edu/
gnuplot_info.html
Contact: blake@maine.maine.edu; jbizzaro@alexan-
dria.uml.edu

Introduction

The familiar helical conformation of DNA is the conse-
quence of Watson–Crick hydrogen bonds on opposing
strands, and of more substantial interactions between closely
stacked base pairs. Strengths of these interactions are well
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below those of covalent bonds, so the helix can be denatured
by relatively mild alterations of conditions supporting the
native structure. Since covalent bonds are unaffected, dena-
turation is reversible; convenient for the investigation of dif-
ferent aspects of equilibrium thermodynamics. Although
thermally induced denaturation differs in mechanism from
the natural process of replication, studies of equilibrium
melting provide valuable insight into the thermodynamics of
this process and DNA.

The most sensitive and convenient means of following
equilibrium denaturation is by UV electronic spectroscopy,
where the perturbation of stacked base pairs during the
helix–coil transition is accompanied by large changes in ab-
sorption. Figure 1 shows a melting curve of the linear form
of the 4662 bp plasmid DNA pN/MCS-13, obtained by the
difference-approximation method at 270 nm, where the dif-
ferential extinction coefficients for the dissociation of A⋅T
and G⋅C pairs, ∆εA⋅T and ∆εG⋅C, are equal (Blake and Hy-
dorn, 1985). Such curves can be compared directly with
calculated curves, dθh/dT, where θh is the calculated fraction
of base pairs remaining in the helical state.

Denaturation occurs in steps, as regions of sequence parti-
tion into discrete thermodynamic ‘domains’ that melt coop-
eratively as intermediate subtransitions. The stability of do-
mains depends on their sequence, but as seen in Figure 2, on
their position as well: internal loops (Case I), ends (Case II),
enlargements of pre-existing coils (Case III), expansion of
loops through to the ends of the helix (Case IV), intervening
domains, resulting in the coalescence of neighboring loops
(Case V), and finally the separation of the strands. In model-
ing these transitions, it is assumed that melting is everywhere
at equilibrium, and fully reversible. Except under extraordi-
narily high DNA concentrations, conditions that undermine
the unique sensitivity of the spectroscopic approach, the sep-
aration of strands is always a non-equilibrium process and is
therefore not considered in the model.
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Fig. 1. Experimental derivative melting curve of 20 µg of pN/MCS-13
DNA in 0.0745 M-Na+, followed at 270 nm. The 4662 bp plasmid
DNA was linearized by EcoRV at position 185 in preparation for
melting. Peaks were numbered only for identification purposes, and
except for nos 1–5, do not denote individual subtransitions. Peak no.
1 represents the subtransition for the 245 bp repetitive insert:
[AAGTTGAACAAAAA] 17AAGTTGA, located 805 bp from the
EcoRV locus, so that the domain melts as a closed loop.

Denaturation is a highly cooperative process, where the
conformational states of base pairs exhibit a strong depend-
ence on the states of their neighbors (Poland and Scheraga,
1970). Accounting for the stability and cooperativity of
DNA, and the various intermediate subtransitions seen in
Figure 1, and modeled in Figure 2, has approached quantitat-
ive levels, so that it has become possible to calculate accurate
melting curves just from knowledge of DNA sequences;
which gets us to the purpose of this report. With current para-

meters in a statistical mechanical program, we show that it is
possible to calculate melting curves and denaturation maps
of DNA sequences of even genomic dimensions with great
accuracy.

Thermodynamic considerations

As seen in Figure 2, the foremost thermodynamic effect on
melting temperature, TM, is the statistical weight for the dis-
sociation of base pairs. This quantity, denoted by s for helix–
coil transitions at equilibrium, includes both enthalpic and
entropic factors,

s = exp–(∆G/RT) = exp–(∆H – T⋅∆S)/RT (1)

The enthalpic loss arises predominately from unstacking
pair i from j at the ends of helical domains (Case II). Recogni-
tion of nearest-neighbor effects is taken into account with sij ;
where ∆Hij  and ∆Sij  represent values for the ten unique
stacked pairs; given in Table 1, for the standard buffer condi-
tions. Given thermodynamic additivity, the equilibrium con-
stant for a domain of length N is represented by the product
of individual stability constants, sij N, and its variation with
temperature by the van’t Hoff expression

�1n(sN
ij )

�T
� N� �H

RT2 (2)

where

�H ��
N

1

�Hij�N (3)

Also, the average statistical weight for a DNA of length L,
melting in k domains,

� s���
k

1

SN
ij � L (4)

Fig. 2. Schematic representation of five of the six dissociation processes of polymeric DNAs, with changes in numbers of boundaries and
equilibrium constants.
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Table 1. Nearest stacked and paired neighbor energies

A second, smaller, and predominately entropic effect on
melting temperature arises from the formation of loops
(Poland and Scheraga, 1970), requiring sufficient thermal
energy to interrupt helices sustained by cooperative interac-
tions; to release internal paired and stacked residues from
interacting with their neighbor-pairs. Consequently, the sta-
bility constant sij N, is weighted by a cooperativity parameter,
σc, and by a loop function for the greater probability of loop
closure:

f(N) = (N + D)–α (5)

where N is the number of residues in the loop domain, D an
empirical stiffness parameter (Fixman and Freiere, 1977),
and α an adjustable loop-closure exponent that allows for
spatial constraints on the chains. A value of D = 1 is assumed,
while the value for α derived from Monte Carlo and direct
enumeration studies of the probability of ring closure for ran-
dom walks with excluded volume, is taken to be 1.7 ± 0.2
(Fisher, 1966; Poland and Scheraga, 1970). The overall
weighting function for Case I melting of interior loops is
therefore given by,

SN�1
ij � �c � (N� 1)�1.7 (6)

while those for other processes involving loops, represented
by cases III–V, are given in Figure 2.

The common, most dominant weighting function in all
cases is the stability factor. For the standard [Na+] conditions
used in obtaining the experimental curve in Figure 1 (0.0745
M-Na+), values of sij  are determined from Eqn (1) and ∆Hij
and ∆Sij  from columns seven and eight in Table 1. The
nearest-neighbor parameters in Table 1 were evaluated from
high-resolution melting experiments of 42 plasmids contain-
ing well-behaved synthetic tandemly repeated inserts (Blake
and Delcourt, 1998). Domain TM were arranged into a set of
linear algebraic expressions:

TM = Σ fij  ⋅ Tij (7)

where fij  represents the fractional neighbor pair frequencies
in the domain. Tij  were determined by Crout’s method for LU
matrix decomposition.

However, it is not possible to uniquely determine all 10
nearest neighbor parameters from polymer studies (Gold-
stein and Benight, 1992; Vologodskii et al., 1984); instead,
only eight invariants can be determined. Thus, the method of
singular value decomposition was applied to provide the sol-
ution with the minimum sequence dependence of the 10
nearest-neighbors consistent with the eight polymer invari-
ants (SantaLucia, 1998). This procedure has been shown to
provide polymer parameters that are in good agreement with
rank-determinant oligonucleotide parameters (SantaLucia,
1998; Allawi and SantaLucia, 1997). The nearest-neighbor
enthalpy changes, ∆Hij , were determined by fitting shapes of
experimental curves to Eqn (2).

Values of ∆Sij  for other [Na+] can be derived from columns
3 and 5, by assuming the salt effect is completely entropic,
and,

∆Gij  =  ∆Hij  – TM ⋅∆Sij  =  0 (8)

The salt dependence presented in Table 1 shows a system-
atic dependence on %(G + C), consistent with previous ob-
servations (Frank-Kamenetskii, 1971).

Literature values for the cooperativity parameter, σc, have
generally varied between 1 × 10–5 and 5 × 10–5 (Oliver et al.,
1977; Amirikyan et al., 1981; Blake, 1987). A recent value
determined from a large collection of well-behaved model
systems, 1.26 × 10–5, seems to be of universal applicability
(Blake and Delcourt, 1998).

The model generally adopted in theoretical treatments of
melting is the Ising one-dimensional lattice (Hill, 1959; War-
tell and Montroll, 1972; Wartell and Benight, 1985), to which
loop entropy has been appended. Exact algorithms for the
behavior of this model have computer times proportional to
N2 (Wartell and Montroll, 1972; Poland, 1974). Poland’s
method used here, employs exact recursion relations for
probabilities as transient variables for reverse recursion for-
mulae. His forward formula then serves in the calculation of
unconditional probabilities for the fraction of paired residues
θh(T) and dθh(T)/dT. We include the approximation of the
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loop function with an exponential series as proposed by Fix-
man and Freiere (1977); which reduces computer time to
∼6�N.

Experiment and theory

The pN/MCS13 DNA that produced the curve in Figure 1
was constructed (Blake and Delcourt, 1998) from pBR322,
with a 245 bp repetitive sequence: [AAGTTGAAC-
AAAAT] 17AAGTTGA, installed between two large,
(G+C)-rich domains that serve as energetic barriers to further
melting. The subtransition for the repetitive domain is no. 1,
while those for the neighboring barrier domains are no. 10
and no. 11 in Figure 1.

pN/MCS13 was linearized at the unique EcoRV locus
(position 185) for both experimental and calculated melting
(Figure 3a). The EcoRV locus is 805bp away from the repeti-
tive sequence domain, which therefore melts as a closed loop
(case I in Figure 2). The level of agreement between theory
and experiment can be seen in magnified form in Figure 3b,
where both experimental and calculated subtransitions for
the repetitive sequence were isolated from closeby transi-
tions by subtracting curves for the plasmid without the re-
petitive insert from corresponding curves with the insert. The
experimental curve, with Tobs

m  (no. 1) = 75.59�C, is repre-
sented by the continuous heavy line, and the statistical mech-
anical curve, with Tcalc

M  (no. 1) = 75.66�C, by the thin line,
punctuated by cross-shaped (+) symbols. The agreement be-
tween observed and calculated TM, amplitudes, breadths and
areas is good; characteristic of all tests of the model.

The calculated denaturation map in Figure 3a indicates a
concerted dissociation of the region between 824 and 1069,
corresponding precisely with the location of the repetitive
sequence; indicating this domain dissociates in an abrupt, es-
sentially two-state fashion. This is substantiated by the calcu-
lated two-state van’t Hoff curve (Blake and Delcourt, 1998),
denoted by the diamond-shaped symbols in Figure 3b; with
a TM of 75.59�C, a mean enthalpy of 8.87 kcal/mol-bp, and
a size of 245 bp. Other domains dissociating as internal loops
at positions 1400, 2000, 3300 and 4300, do so by more grad-
ual accretion of residues at helix boundaries with increasing
temperature.

Experiment and theory agree just as well for DNAs one
thousand times longer; where numbers of subtransitions are
∼50× greater, resulting in essentially featureless, smooth
melting curves. The example of the melting of the 4 638 858
bp E. coli DNA in the standard buffer (0.0745 M-Na+) is
shown in Figure 4, where the experimental curve is repre-
sented by the continuous line and calculated by the diamond-
shape points. There is similar good agreement between ex-
perimental and calculated curves of Saccharomyces cerevi-
seae DNA of 12 067 277 bp (Bizzaro et al., 1998). The
denaturation map from calculated curves of the 16 yeast

Fig. 3. (A) Calculated derivative melting curve of the pN/MCS-13
DNA sequence, under the same conditions used to obtain the
experimental curve in Figure 1. For convenience in the correlation o
subtransitions with features of the denaturation map, the third
dimension: position in sequence, is here plotted on the right hand
vertical axis with the scale for the two-dimensional melting curve on
the left. (B) Enlargement of the melting curve of the 245 bp repetitive
sequence in pN/MCS-13, labeled no. 1 in Figures 1 and 3A. The heavy
somewhat irregular trace represents the experimental curve. The trace
punctuated by cross-shaped symbols (+) denotes the calculated curve
The curve denoted by filled diamonds represents a melting curve
calculated on the assumption of two-state equilibrium melting of the
repetitive sequence domain.

A

B

chromosomal DNAs indicate that flanking regions are sig-
nificantly more (A+T)-rich than coding regions, as observed
in other species (Suyama and Wada, 1983; Wada and Suya-
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Fig. 4. Experimental (solid trace) and calculated (diamond points)
melting curves of E. coli DNA.

Fig. 5. Calculated melting curve of a 1600 bp segment of a D.
discoideum multi exon-intron gene, together with corresponding
denaturation and gene maps, showing the correlation of low
temperature melting-low (G+C) content regions and high tempera-
ture melting-high (G+C) content regions with non-coding and
coding elements, respectively.

ma, 1984; Blake and Earley, 1986). Differences in stability
of coding and non-coding regions are particularly evident in
Figure 5, showing the melting curve of a Dictyostelium dis-
coideum multi exon-intron gene, together with denaturation
and gene maps; for which a correlation of stabilities with
functional elements was found (Marx et al., 1998).

Fig. 6. Experimental (solid trace) and calculated (impulses) melting
curves of human DNA. The former was obtained on total nuclear
DNA, while the latter was calculated for only 5.7 × 106 bp from the
GenBank database.

The story is different for the larger (6 × 109 bp) human
DNA, where the sequence is only partially known. The ex-
perimental melting curve is broad, with a distinct peak at
80�C and a shoulder at 85�C, and differs from the calculated
curve in an interesting way. The latter was produced from a
large sequence of 5.7 × 106 bp by concatenation of three
dozen large non-redundant human DNA sequences from the
GenBank database; obtained from at least eight different
chromosomes. The calculated curve, denoted by the shaded
area in Figure 6, was reduced by 62% in area so that it would
fit under the experimental curve. There is good correspon-
dence of the high-temperature region from 85–90�C, and of
the two TM of the bimodal calculated curve with the peak and
shoulder of the experimental curve. However, assuming our
partial collection of human sequences is representative of all
the sequences in the database, it would appear that sequences
thus far determined have excluded large (A+T)-rich el-
ements that are present in the human genome. From the linear
relationship of temperature and (G+C) content (Marmur and
Doty, 1962; Blake, 1996), the peak at 80�C corresponds to
a (G+C) content of 38%, and from the denaturation map ar-
ises mainly from intergenic and flanking regions; whereas
the peak (shoulder) at 85° corresponds to a (G+C) content of
50%, and arises almost exclusively from coding regions.

Computer programs

MELTSIM 1.0, compiled for the Windows OS (95, 98, or
NT), requires 32 MB RAM, and is capable of handling se-
quences up to 2 × 106 base pairs at one time. The input file
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consists of a title line, followed by lines of A, C, G and T
sequences in upper or lowercase, with or without line breaks.
An associated program, COMPILE, converts GenBank-for-
matted files into MELTSIM input files with a title line. Both
two-dimensional and three-dimensional output files are pro-
duced, together with a log file of details of the run. Melting
curves of a 4662 bp sequence took 1.5 min on a PC with 166
MHz Pentium chip, when the temperature increment was
0.03�C, and the range was 20�C. The E. coli sequence (4 638
858 bp) took 170 min, with a temperature increment of 0.1�C
/25�C.
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