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We propose a statistical mechanics model for DNA melting in which base stacking and pairing are explicitly
introduced as distinct degrees of freedom. Unlike previous approaches, this model describes thermal denatur-
ation of DNA secondary structure in the whole experimentally accessible temperature range. Base pairing is
described through a zipper model, base stacking through an Ising model. We present experimental data on the
unstacking transition, obtained exploiting the observation that at moderately lowpH this transition is moved
down to experimentally accessible temperatures. These measurements confirm that the Ising model approach is
indeed a good description of base stacking. On the other hand, comparison with the experiments points to the
limitations of the simple zipper model description of base pairing.
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I. INTRODUCTION

In the DNA double helix, the two strands are held to-
gether by the base pairing interaction due to hydrogen bonds
between complementary bases on the different strands. Base
pairing is stronger forG-C (three hydrogen bonds; binding
free energyDG37

o ,3kBT310 [1]) than forA-T (two hydrogen
bonds;DG37

o ,1.5kBT310). The other important interaction is
between nearest-neighbor bases along the same strand; this is
referred to as “base stacking,” and induces a partial configu-
rational order even of the single-stranded(ss) molecule. The
double helix melts into separate strands upon heating; dena-
turation of the DNA secondary structure can be detected by
the increase in UV absorption. Optical absorption around
260 nm arises from thep-p* electronic transition in both
purine and pyrimidine bases. An increase in absorption rep-
resents a change in the electronic configuration of the bases;
both base unstacking and unpairing contribute to this effect
[1]. Indeed, UV absorption of DNA duplex samples contin-
ues to rise with temperature after complete separation of the
double helix, due to unstacking of the bases in the single
strands. Depending on the sequence, the contribution to UV
absorption due to unstacking may be comparable to the con-
tribution due to unpairing(see Figs. 1 and 3). For this reason,
UV spectroscopy may be advantageous compared to calo-
rimetry for studies of stacking.

Theoretical models are necessary to understand the micro-
scopics of the transition, and also to extract thermodynamic
parameters from the experimental measurements[2]. The
main approaches are exemplified by the nearest-neighbor
(NN) thermodynamic model[3], the Poland-Scheraga[4],
and the Peyrard-Bishop[5] statistical mechanics models; for
short oligomers, the simpler zipper model[6] is sometimes
used. Modern developments of Peyrard-Bishop-like Hamil-
tonian models were applied to describe DNA unzipping un-
der an external force[7–10]. Recent theoretical work has
concentrated on the nature of the transition in the thermody-
namic limit [11–15]; by contrast, here we focus on the ques-
tion of which degrees of freedom are crucial for a statistical
mechanics description. We present experimental data on oli-
gomers which highlight that base pairing and stacking must

be considered as independent degrees of freedom; the mea-
surements further show that stacking is well described by an
Ising model. Qualitatively, the unpairing transition is rela-
tively narrow in temperature, while stacking interactions dis-
play a broader transition(see Figs. 1 and 2). We propose a
model where pairing is treated within a zipper model, and
stacking within an Ising model approach; the latter was pre-
viously suggested for the single stranded(ss) DNA structure
in Ref. [2]. We compare this model with experimental mea-
surements for four different oligomer sequences: a sequence
of length 60(L60) designed to form a bubble in theAT rich
middle region; a sequence of length 36 designed to unzip
from oneAT rich end (L36); two short, homogeneous,GC
dominated sequence of length 13(L13 and L13-2). In order
to unambiguously pinpoint the critical temperature for strand
separation(see arrows in Fig. 1) we measure two different
melting curves: the UV absorption curvefsTd, which moni-
tors a combination of base stacking and pairing, and the dis-
sociation curvepsTd, which monitors the fraction of com-
pletely dissociated molecules, obtained through a method
based on quenched states which we recently introduced
[16,17]. By design, the model can account for the unstacking
contributions to the UV melting curves. To further test the
model, we present experimental melting curves of single
stranded DNA oligomers, where base stacking are the only
contributing degrees of freedom. We find that at moderately
low pH (3.6) the unstacking transition is moved below
100 °C, so that the whole melting curve is accessible. From
these data we show directly that the unstacking transition is
well described by the Ising model approach. On the other
hand, comparing to the experimental data shows that the zip-
per model, which was adopted here for simplicity, is defi-
cient in describing the unpairing transition of even short oli-
gomers(see Fig. 3). In summary, this study highlights the
role of stacking as a distinct degree of freedom in the statis-
tical mechanics of DNA melting and further demonstrates
that an Ising model description is adequate for stacking.

II. BASE PAIRING

We start from the simple zipper(SZ) model, which de-
scribes the UV absorption of double stranded(ds) DNA oli-
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gomers up to the temperature of strand dissociation. In this
model there is a fixed energy cost and a fixed increase in
number of configurations per broken base pair. The latter
assumption is unrealistic as it ignores excluded volume ef-
fects; the advantage is an elementary analytical solution of
the model. With the further assumption that the molecule can
only unzip from the ends, the partition function for an oligo-
mer with N base pairs is given by

Zzipper= o
p=0

N−1

sp + 1dexpfps− U/T + sdg + ZN,

ZN = expfNs− U/T + sd + sDg, s1d

where the summation indexp is the number of open base
pairs, ZN describes the state of complete strand separation,
U.0 is the pairing enthalpy per base,s.0 is the pairing
entropy. The combinatorial factorsp+1d accounts for unzip-
ping at thetwo ends. Enthalpies and entropies are divided by
the Boltzmann constant. The bulk entropy termsD (“strand
dissociation”) accounts for the extra entropy gain when the
two strands separate(sD is a function of DNA concentra-
tion); it is necessary to correctly describe the dissociation
curvesp [see Fig. 3(A2)].

III. BASE STACKING

The increase in UV absorption after strand separation, vis-
ible in Figs. 1 and 3, is due to unstacking in the single

FIG. 1. (A1), (B1) Normalized UV absorption spectraf measured at 260 nm for the L60 and L36 ds DNA oligomers. The experiments
are the circles; the model is the solid line. The data for L36 was fitted using Eqs.(5)–(8); for L60 the model was extended to include different
pairing interactions forGC andAT, as explained in the text. Arrows show the end point of the ds melting transition, determined from the
dissociation curves in(A2) and(B2). (A2), (B2) Measured and predicted dissociation curvesp, for the same oligomers. The measurements
were obtained from the quenching method. The model is plotted using the same parameter values as in(A1) and (B1).

FIG. 2. Melting curves obtained from UV absorption for the ss
oligomers L13(a) and PH21(b). Circles are the experimental data;
solid lines are the Ising model Eq.(2). The data were obtained at
pH=3.6, in order to lower the midpoint of the unstacking transition.
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strands. The unstacking contribution to the melting curves
highlights the necessity of considering base pairing and
stacking as separate degrees of freedom. We describe stack-
ing by an Ising model with two parameters: the stacking
enthalpyE and the stacking entropyS. The probability of a
single unstacking at temperatureT is then

PsTd = exps− E/T + Sd/fexps− E/T + Sd + 1g, s2d

and the partition function for ss DNA with at mosts unstack-
ings is given by the product ofs individual stacking partition
functions:

Zstackingssd = f1 + exps− E/T + Sdgs. s3d

We consider that a base can be unstacked only if it is un-
paired; this is consistent with a zipper model description of
pairing. If theN-mer ds DNA has unpaired ends of lengtha
andb (a+b=p, p,N) we have 2p stackings, which might be
unstacked. The partition function for the model with pairing
and stacking is, from Eqs.(1) and (3),

ZZS= o
p=0

N−1

sp + 1dexpfps− U/T + sdgZstackings2pd + ZN,

ZN = expfNs− U/T + sd + sDgZstackings2N − 2d. s4d

We note that from Eqs.(3) and(4) it is easy to derive the NN
model enthalpy and entropy, which are then not constant
parameters, but functions of the temperature. Such tempera-
ture dependence has been observed in experiments[18,19].

A. Zipper model for ds DNA CG rich on one side andAT rich
on the other (ZM2)

There are two different kinds of bubbles in DNA: bubbles
bounded on both sides by ds segments(“bubble in the
middle”), and half bubbles opening from the ends of the
molecule(“bubble at the end”). As we have generated ex-
perimental data on both kinds[18], here and in the next
section we specialize the model to the corresponding se-
quences.

Let us consider a ds DNAN-mer with aC-G-rich region
A bases long, and anAT-rich regionB bases long,A+B=N
(such as the sequence L36). The partition function in our
approach is

ZZM2 = ZN + o
0øa+b,N

expfA1sad + B1sbdgZstackingf2sa + bdg,

s5d

ZN = expfA1sAd + B1sBd + sDgZstackings2N − 2d. s6d

The functionsA1sxd, B1sxd are given below:

A1sxd

= Hxs− UCG/T + sCGd, x ø A,

As− UCG/T + sCGd + sx − Ads− UAT/T + sATd, x . A,
J

s7d

B1sxd

= Hxs− UAT/T + sATd, x ø B,

Bs− UAT/T + sATd + sx − Bds− UCG/T + sCGd, x . B,
J

s8d

whereUCG, sCG, UAT, sAT are the pairing enthalpy and en-
tropy (per base) for the CG- and AT-rich regions, respec-
tively.

To compare with our experimental data on more complex,
nonhomogeneous sequences, such as L60, we extended the
model in two ways. We introduce different pairing enthalpies

FIG. 3. Open circles: normalized UV absorption spectraf mea-
sured at 260 nm for the L13(A1) and L13-2(B) DNA oligomers.
The lines are the model.(A2) measured and predicted dissociation
curvep for L13. The dashed line in(A2) shows that the dissociation
entropy termsD is needed to account for thep curves. The con-
tinuous line in(B) is a fit using the model withsD=0 (sD is called
SD in the figures). The dashed line in(B) shows that the UV spec-
trum of L13-2 cannot be fitted with the appropriate valuesD=8.0.
This deficiency is due to the oversimplified zipper model
description.
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and entropies forGC andAT pairing (but maintain, for sim-
plicity, a single entropy and enthalpy of stacking), and we
allow in the partition sum states with a single bubble bound
by ds tracts. Bubble formation is suppressed by a nucleation
cost. For simplicity, we do not explicitly write the partition
function here, and instead just show the result in 1(1).

RESULTS

For the experiments, synthetic oligomers were annealed
as previously described[17]; final concentration for the mea-
surements was 1mM in phosphate buffer saline(PBS) at an
ionic strength of 50 mM,pH=7.4. The sequences used were:
L13 (GCCGCC A GGCGGC), L13-2 (CGA CGG CGG
CGC G), L36 (CAT AAT ACT TTA TAT T GCC GCG CAC
GCG TGC GCGGC) (AT rich at one end), L60 (CCG CCA
GCG GCG TTA TTA CAT TTA ATT CTT AAG TAT TAT
AAG TAA TAT GGC CGC TGC GCC) (this has anAT rich
tract in the middle), andPH21 (CGA CGG CGG CGC GCC
GTG CGC) (used to study the unstacking transition). The
UV absorptionf was measured at 260 nm, in a 1-cm optical
path cuvette, and normalized so thatf =1 corresponds to
strand dissociation(see Fig. 1). These and the dissociation
measurements have been described before[16,17,20].
Briefly, to determine the dissociation curvesp (see Fig. 2),
samples are heated at temperatureTi, then quenched to
,0 °C. Because the sequences are partially self-
complementary, molecules which were dissociated at tem-
peratureTi form hairpins after the quench. The relative num-
ber of hairpins (representing the fraction of dissociated
moleculesp at temperatureTi) is determined by gel electro-
phoresis.

In Fig. 1 we display results from the measurements(sym-
bols) and the model(continuous lines). On the left are the
UV measurementsf, on the right the dissociation curvesp.
For the L60 and L36 UV absorption curves, the part of the
spectra below 71 and 75 °C, respectively(arrows), corre-
sponds to the melting of the double helix, while the spectra
above these temperatures correspond to base unstacking in
the ss DNA(compare Figs. 1 and 2). To compare the model
with the experimental data, the UV absorption is assumed to
be a linear function of pairing and stacking:

f = sNa 3 sunpairingsd + 2sN − 1dd 3 sunstackingsd + gd/C,

s9d

whereC is the concentration of the ds oligomer, measured in
mmol, a andd are the molar extinction coefficients for un-
pairing and unstacking, measured in mmol−1 cm−1 (the opti-
cal path being 1 cm). To fit the model to the data, we used
the following procedure.a, d, andg are found by minimiz-
ing the integral of the squared difference between the mea-
sured and predicted UV spectra. The unstacking part of the
UV spectra was fitted first, using Eq.(3). The stacking en-
thalpy and entropy were found to be 16 000 K and 42, re-
spectively, corresponding toT1/2=108 °C. These high values
of the stacking parameters are due to the stronger stacking
interactions of theCG tract.AT stackings are weaker[2] and
for nonhomogeneous sequences should be considered sepa-

rately. To obtain initial values for the global fit, the double
helix melting part of the UV spectra was fitted first without
stacking. Finally a global fit using all thermodynamic param-
eters was performed in the whole temperature range. The
resulting parameters are reported in Table I. From the table,
pairing enthalpies and entropies forA-T are about half the
values forG-C. The free energiesU−Ts are consistent with
literature values(see the Introduction). The strong stacking
exhibited by L36 is easily decoupled from pairing using the
model. For weak stacking, as in theA-T-rich part of L60, it is
more difficult to distinguish stacking from pairing. The
stacking extinction coefficientsd obtained from the model
are in agreement with the extinction coefficients in the litera-
ture [1,21]. The increase in pairing extinction coefficienta
between L36 and L60 is due to the increase in the number of
weak stackings in the DNA sequence. This deficiency of the
model is due to the use of only one set of stacking param-
eters. The ratios of pairing enthalpies to entropies are for all
sequences within 3% of each others340±10 Kd. In the data
displayed in Fig. 1 we can see only the beginning of the
unstacking transition, since the midpoint of unstacking oc-
curs above 100 °C. Indeed, according to data in the literature
[2,21] and our own measurements the unstacking transition
for many stacking combinations is above 100 °C, with the
exception of the well studiedAA andCC stacking in polysAd
and polysCd [2]. We found that the unstacking transition tem-
perature can be lowered significantly by lowering thepH.
This allows us to investigate directly whether the Ising
model gives a good description of the stacking degrees of
freedom. In Fig. 2 we showsingle strandedunstacking
curves obtained atpH=3.6 for the sequences L13 and PH21.
L13 is almost self-complementary, but at thispH the ds
structure is not stable at room temperature; PH21 is non-self-
complementary, so there is no ds structure at anypH. We see
that the unstacking transition is much broader in temperature
compared to double helix melting, and is well described by
the Ising model with a single parameter set.

The stacking enthalpies obtained from these experiments
(Fig. 2) were 8770 and 8000 K, and the stacking entropies
27.3 and 24.6 for the L13 and PH21 oligomers, respectively.
These are lower than the parameters obtained from the data
at pH=7.4 (Fig. 1), showing that the stacking interaction is
significantly weakened at lowpH.

DISCUSSION

In the NN model, unpairing of the bases and partial un-
stacking are combined into ten effective thermodynamic pa-

TABLE I. Thermodynamic parameters used for the experimen-
tal curve fit.

oligo UCG UAT sCG sAT sD a d

L36 6640 3690 19 11.05 6.4 2.28 6.98

L60 6690 3600 19.2 10.8 12 5.30 9.30

L13 6950 N/A 21 N/A 7.2 0.73 9.98

L13-2 6170 N/A 18 N/A 0 3.77 4.49
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rameters. The advantage is a description in terms of a com-
plete set of parameters for all possible base combinations.
However, the NN model considers the influence of stacking
on the pairing free energies measuredat the double helix
melting temperature. Thus this model does not describe
DNA behavior at temperatures above the double helix disso-
ciation temperature. In contrast in the present model we de-
couple pairing and stacking into independent degrees of free-
dom described by different parameters. The need for
introducing stacking degrees of freedom is obvious from Fig.
1 (A1), which shows that unstacking contributes a large part
to the experimental melting curve. This part is not captured
by previous models. The model described here is closest to
the Peyrard-Bishop approach[5], which includes a stacking
interaction term in the Hamiltonian. It differs in that we de-
scribe stacking as an Ising model, which is physically ap-
pealing and consistent with the experiments(Fig. 2).

The dissociation curvesp are helpful to unambiguously
pinpoint the end point of ds melting; they also reveal the
limitations of the zipper model approach, even for short se-
quences(L13), where bubbles are unimportant. Namely, near
the endpoint of ds melting, the experimental dissociation
curves are consistently steeper than the model. In fact, the
experimental data adumbrate a melting curve without inflec-
tion point, characteristic of a discontinuous transition. Other
difficulties with the zipper model, apparent in Fig. 3, are
discussed later. The physics missing from the zipper-style
description is related to the oversimplification of assigning a
fixed entropy gain per open base pair.

Hairpin formation, which is not included in the partition
function of the model, may contribute to the UV signal at
temperatures above the strand dissociation[22]. We exam-
ined the stability of the various hairpin structures at different
temperatures using the MFOLD server[23]. We conclude
that in the case of L60, the contribution of hairpin states
above the dissociation temperature is negligible. For L36
there is a small contribution, and for L13 a significant con-
tribution. To further analyze this point, we designed two dif-
ferent 13-mer sequences of similarGC content: L13 and
L13-2; the first is self-complementary(forms hairpins),
while the second is not. Analyzing secondary structures with

the MFOLD server, we expect hairpin formation to give a
significant contribution to the UV spectrum beyond strand
separation for L13, but no contribution for L13-2. Neverthe-
less, Fig. 3(B) shows that for L13-2, the increase in UV
absorption after strand dissociation(at ,73 °C) is still sig-
nificant; this must be attributed to the melting of the remain-
ing stacking structure present in the single strands.

Figure 3 also highlights the role of the strand dissociation
entropy sD and the more stringent comparison between
model and experiment which is possible when the strand
dissociation curvepsTd is also measured. While it is possible
to fit the data in Fig. 1(A1) without this term, it is not
possible to fit the data(A1) and the data(A2) without it. The
melting transition of L13 is significantly narrower compared
to L13-2, due to the competition between the hairpin and
duplex formation in L13; for the same reason the dissocia-
tion temperature is also lower for L13. The softer melting
curve L13-2 can still be fitted by the zipper model, but only
with sD=0 [continuous line in Fig. 3(B)]. However, intro-
ducing an appropriate value forsD [taken from the fits Fig.3
(A)] shows that the zipper actually predicts too steep a tran-
sition [dashed line Fig. 3(B)]. In a forthcoming paper we
describe an improved model which combines the indepen-
dent stacking degrees of freedom and Poland’s algorithm of
bubble counting[24], resolving this difficulty.

In conclusion, we have shown that stacking degrees of
freedom must be included in a statistical mechanics descrip-
tion of DNA melting, in order to account for the experimen-
tal melting curves in the whole accessible temperature range.
Further, we bring direct experimental evidence that these
stacking degrees of freedom are well described by an Ising
model approach. Thus stacking is uncooperative. In the
present work, we used the zipper model to describe pairing,
for simplicity. Further work might explore how to incorpo-
rate this description of stacking into more realistic Hamilto-
nians.
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