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Despite the widely spread acceptance that the enthalpy of DNA duplex unfolding does not depend on 
temperature and is greater for the CG base pair held by three hydrogen bonds than for the AT base pair 
held by only two hydrogen bonds, direct calorimetric measurement has shown that the enthalpic and 
entropic contributions of both base pairs are temperature dependent and at all temperatures they are 
greater for the AT base pair.  The larger enthalpic and entropic contributions of the AT base pair result 
from water that is fixed by this pair in the minor groove of DNA and is released at duplex dissociation, 
while their dependence on temperature results from hydration of the apolar surfaces of bases that 
become exposed upon duplex dissociation.  Analysis of the obtained thermodynamic characteristics of 
unfolding/refolding of the DNA duplexes of various compositions shows that the enthalpic contribution 
of base pairing is negligibly small, while the entropic is considerable.  Thus, the DNA base pairing is the 
entropy driven process but it is conjugate with the bases stacking that is the enthalpy driven. The last 
is responsible for about 50% of duplex stabilizing Gibbs energy and for almost 100% of its enthalpy, 
that is for the total heat of DNA melting. 
 
Key words:  DNA, stability, hydrogen bonding, base stacking, hydration. 

 
 
INTRODUCTION  
 
The appearance of the Watson and Crick model of DNA 
in 1953 was the greatest event in biological science as it 
explained the mechanism of coding genetic information 
and its multiplication (Figure 1).  Moreover, it has 
suggested the physical ground for the DNA double helix 
that appeared to be supported by the hydrogen bonds 
between the conjugate base pairs, two between the A 
and T and three between the C and G bases.  This 
seems to be confirmed by the optical observation that 
increase of the CG content leads to increase of the DNA 
duplex thermostability (Marmur and Doty, 1962).  Since 
then there were many attempts to estimate the 
thermodynamic contribution of base pairing to the  double 

helix maintenance measuring the heats of melting of the 
synthetic polynucleotides by the conventional 
calorimeters for liquids.  Although steering the highly 
viscose solutions of polynucleotides in these instruments 
was a problem, they seemed to confirm expectation that 
enthalpic contribution of the C and G base pairing 
exceeds that of the A and T, as was believed assuming 
that the double helix is maintained only by the hydrogen 
bonds between these two bases pairs (Krakauer and 
Sturtevant, 1968; Neuman and Ackerman 1969; 
Breslauer and Sturtevant, 1977; Breslauer et al., 1986; 
Chalikian et al., 1999).  It was suggested also that certain 
contributions   to   the   DNA  duplex  formation  might  be 
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Figure 1.  The DNA double helix and the pyrimidine and purine 
base pairing suggested by Watson and Crick (1953). 

 
 
 
expected from compact packing of the flat bases 
(Breslauer et al., 1986; Sugimoto et al., 1996; SantaLucia, 
1998; Yakovchuk et al., 2006).  Doubts in the 
experimental ground for all these suggestions stimulated 
appearance of more precise calorimetric instruments 
designed for studying the viscous and highly deficient 
solutions: the Nano-DSC and Nano-ITC (Privalov, 2012).  
These instruments permitted to start detailed 
thermodynamic investigation of the short synthetic DNA 
duplexes of certain compositions (Vaitiekunas et al., 
2015).   

 
 
CALORIMETRY OF THE DNA DUPLEXES  
 
Using the Nano-DSC (Differential Scanning Calorimeter) 
it was found that the temperature inducing 
unfolding/refolding of the DNA duplex is not a simple 
process as it was supposed to be (Jelesarove et al., 
1999; Privalov, 2012). It consists of gradually increasing 
torsion fluctuations of the duplex followed by a phase of 
cooperative dissociation of forming it strands proceeded 
with large heat absorption and resulting in significant heat 
capacity increment (Figure 2).  Thus, since the heat 
capacity is a temperature derivative of enthalpy, the 
enthalpy of duplex dissociation appeared to be 
temperature dependent.  Surprisingly this heat capacity 
increment was found to be identical for both the AT and 

CG base pairs, amounting to (0.130.01)kJ/Kmol-bp 
(Table 1).  Furthermore, although duplexes containing AT 
base pairs melt, as expected, at lower temperatures  than 

those consisting only of CG pairs, absolutely unexpected 
had less stable duplexes of the same length but 
containing AT pairs melt with a higher heat effect (Figure 
3).  Thus, contrary to the expectation, the enthalpic 
contribution of the AT base pair exceeds that of the CG 
base pair.  Since the AT-containing duplex melts at a 
lower temperature than the same length duplex but 
entirely of CG pairs, one can conclude that the entropic 
contribution of the AT base pair also exceeds significantly 
that of the CG base pair. 

The above results obtained by Nano-DSC were 
confirmed by the titration experiments carried with Nano-
ITC (Isothermal Titration Calorimeter).  It appeared that 
the heat effect of association of the strands of identical 
length but differing in the presence of AT base pairs 
exceeds that of the purely CG duplex at all studied 
temperatures (Figure 4). 

It is notable that the enthalpies of formation of both 
duplexes are temperature dependent: they increase with 

temperature rise with a similar slope, H/T=(0.130.01) 

kJ/Kmol-bp, that is with exactly the same heat capacity 

increment, Cp, as was found analyzing the melting 
profiles of the duplexes.  Comparison of the enthalpic and 
entropic contributions of the base pairs is less 
straightforward because of the near-neighbors effect that 
occurs at the border of the AT and CG base pairs (Borere 
et al., 1974); however, using the long enough non-
interrupted AT sequences these values can be 
determined with reasonable accuracy.  Thus, it followed 
from the ITC and DSC data that extrapolated to standard 
temperature 25°C the enthalpic and entropic contributions 
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Figure 2.  The heat capacity profiles of 12-CG duplexes and its deconvolution 
on the gradual and cooperative phases (Vaitiekunas et al., 2015). 

 
 
 

Table 1.  Contributions of the CG and AT base pairs to the enthalpy (H), entropy (S), Gibbs energy 

(G=H-TS) and the heat capacity increment (Cp) at DNA duplex dissociation at 25°C in 150  mM NaCl, 5 
mM Phosphate pH 7.4 aqueous solution.   
 

Base pair  
H

coop
 

kJ/mol-bp 

S
coop

 

J/Kmol-bp 

G
coop

 

J/Kmol-bp 

Cp 

J/Kmol-bp 

CG 19.00.3 36.20.2 8. 90.2 
0.130.01 

AT 28.00.3 73.50.5 6.10.2 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.  Comparison of the partial molar heat capacities of 12 base pair 
all CG duplex and the same length duplex having AT pairs in the central 

region.  All measurements at the identical concentration of 283 M in 140 
mM NaCl, 5 mm Na-Phosphate, pH 7.4. 
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Figure 4. The ITC measured enthalpies of formation of the 9-bp DNA duplexes 
(that consisting only of the CG base pairs and that containing the AAA/TTT 
triplet) at various temperatures (see for more details: Vaitiekunas et al., 2015).   

 
 
 
of the CG and AT base pairs are:  
 

H
CG

(25°C)=(19.00.2)kJ/mol-bp, and  
 

H
AT

(25°C)=(28.00.3)kJ/mol-bp                                  (1) 
 

S
CG

(25°C)=(36.20.2)J/Kmol-bp, and  
 

S
AT

(25°C)=(73.50.5)J/Kmol-bp.                                (2)  
 
It appears therefore that the duplex stabilizing effect of 
the CG base pair is larger than that of the AT not 
because its enthalpic contribution is larger but because 
its entropic contribution is smaller (Privalov and Crane-
Robinson, 2018a, b). The question is: why is the entropic 
and also enthalpic contribution of the AT base pair larger 
than that of the CG? 
 
 
ROLE OF WATER 
 
As follows from (1) and (2), the difference between the 
CG and AT base pairs contributions amounts to 6.0 

kJ/mol-bp in enthalpy and 28.6 J/Kmol-bp in entropy.  
Surprisingly these values are very close to the enthalpy 
and entropy of water freezing which are 6.0 kJ/mol and 

22.0 J/Kmol. The close correspondence between the 
found differences in the base pairs contributions to the 
duplex stability and the ice melting characteristics 
suggest that the difference between the AT and CG base 
pairs thermodynamic contributions is caused by the water 
molecule (Privalov and Crane-Robinson, 2018a, b). 

Water specifically fixed by the AT base pairs in the 
minor     groove      of     DNA     was     indeed      noticed  

crystallographically (Drew and Dickerson, 1981).  It was 
found that these water molecules are fixed by the N3 of A 
and O2 of T bases of the AT pair (Kopka et al., 1983; 
Prive et al., 1987; Mandal et al., 2016).  Release of the 
tightly bound in the minor groove water into the bulk 
solution should result in positive contributions to both the 
enthalpy and entropy of DNA melting. Excluding this 
water contribution from the calorimetrically measured 
enthalpy and entropy of the A and T bases, the net 
enthalpic contributions of these bases appear then to be 
almost similar to that of C and G: 
 

H
CG

(25°C) = (19.00.2)kJ/mol-bp and S
CG

(25°C) = 

(36.20.2)J/Kmol-bp                                                     (3) 
 

H
AT

(25°C) = (22.00.3)kJ/mol-bp and S
AT

(25°C) = 

(51.00.2)J/ Kmol-bp                                                    (4) 
 
 
FORCES HOLDING THE DNA BASE PAIRS 
 
Assuming, as usually believed, that the DNA double helix 
is maintained by the hydrogen bonds between the 
conjugate bases and dividing the obtained enthalpy, 
entropy and the Gibbs energy values of the CG base pair 
(Table 1) on the number of hydrogen bonds between 
these bases, one finds as if a single hydrogen bond 
contributes about 6.3 kJ/mole-bp in enthalpy, 12 

kJ/Kmole-bp in entropy and 3 kJ/mol-bp in Gibbs energy.  
These values largely exceed the expected for the brake 
of a single hydrogen bond between the polar groups in 
the aqueous media: after Pauling (1960) the enthalpy of a 
single hydrogen bond between the polar groups of 
protein  in  aqueous  solution  is  expected  to  be  slightly  



 

 
 
 
 
positive, while the entropy be negative since the exposed 
polar groups are increasing order in the surrounding 
water.  Comparison of the given in (3) and (4) enthalpies 
of the CG base pair and the corrected on water AT base 
pair shows indeed that they do not differ much.  Since the 
CG base pair is held by three hydrogen bonds, while the 
AT by two, one can conclude that the enthalpic 
component of the base pair hydrogen bonding is indeed 
negligibly small.  Comparison of the entropic contribution 
shows that it is negative and amounts to 

500.3)J/Kmol per bond.  Therefore, at standard 
temperature 25

o
C=298.16 K, a single hydrogen bond 

provides about G=ST=(5.00.3)J/Kmol-bp298.16K 

=( kJ/mol to the Gibbs energy of base pair, which 
is just what is usually expected for the hydrogen bonds 
maintaining proteins structure in aqueous solution.  It 
appears then that the Gibbs energy of a single CG base 
pair (which is held by 3 hydrogen bonds) amounts to 4.8 
kJ/mol, while of a single AT base pair (which is held by 
two hydrogen bonds) it amounts to 3.2 kJ/mol.  It is 
notable, however, that these two base pairs provide 
almost nothing to the enthalpy of duplex stabilization. 
This immediately raises the question: what is then the 
source of the calorimetrically observed large heat effect 
of DNA duplex melting, that is the source of the enthalpy 
of DNA duplex dissociation? 
 
 
THE ENTHALPY OF DNA UNFOLDING  
 

The calorimetrically observed large enthalpy of DNA 
melting might result (a) from release of the water fixed in 
the minor groove of DNA; (b) from unpacking the bases 
in the DNA duplex.  The first might provide about 6.0 kJ 
per mole of AT base pair but the rest of the DNA enthalpy 
might result only from melting the stacked bases.  One 
could expect that unpacking the bases stack might be 
responsible not only for the large enthalpy of DNA 
melting but also for its clear dependence on temperature, 
that is for the heat capacity increment specific for the 
DNA melting (Figure 2 and Table 1).   

The experimentally observed significant heat capacity 
increment at DNA duplex dissociation presents striking 
controversy in the DNA energetics.  It is known that 
hydration of the polar groups results in their partial heat 
capacity decrement, in contrast to the apolar group’s 
hydration that results in the partial heat capacity 
increment (Kauzmann, 1959; Privalov and Gill, 1988; 
Privalov and Makhatadze; 1992; Spolar et al., 1992; 
Makhatadze and Privalov, 1995).  According to Privalov 
et al. (1992) the heat capacity effect of hydration of the 
apolar and polar groups is expressed by the equation:  
 

Cp (25°C) = 2.14.
ASAapolar1.27.

ASApolar  (5)  
 

Thus, break of the hydrogen bindings between the 
coupled bases of DNA,  which  results  in  appearance  of  
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the new charged groups, should proceed with the DNA 
partial heat capacity decrement.  In fact, as demonstrates 
Figure 2, at the DNA unfolding-dissociation its partial heat 
capacity increases. The clear heat capacity increment at 
the DNA duplex dissociation shows that this process 
proceeds not only with break of the hydrogen bonds 
between the polar groups and exposure of these groups 
to water but also with breaking the contacts between the 
apolar groups tightly packed in the DNA interior and 
exposure of these apolar groups to water. 
 
 
SURFACES EXPOSED UPON DNA DUPLEX 
DISSOCIATION 
 
At the present time there are several well defined 
crystallographic structures of DNA duplexes that permit 
estimation of their exposed surfaces. Unfortunately, we 
do not have the structure of the unfolded DNA since its 
separated strands, being highly flexible, are in extensive 
thermal motion, fluctuate.  Nevertheless, approximating 
unfolded DNA with its isolated single strands, one might 
determine by the Nacess program the approximate water 
accessible surface areas (WASA) of the polar and non-
polar groups (Dragan et al., 2019). Such analysis carried 
with the several DNA duplexes showed that their 
unfolding results indeed in significant increase of the 
exposed apolar and polar surfaces (Table 2).  Increase of 
the polar surfaces upon DNA unfolding might result 
mainly at disruption of the hydrogen bodings between the 
paired polar bases, while increase of the apolar surfaces 
might result only from dissociation of the tightly stacked 
bases resulting in exposure of their apolar flat surfaces to 
water.  It is remarkable that in the unfolded DNA the 
exposed polar and apolar surfaces are almost similar in 
area.  However, since the intrinsic heat capacity effect of 
apolar surface hydration largely exceeds that of the polar 
groups hydration (Equation 5), the overall heat capacity 
effect of DNA duplex unfolding is positive: the averaged 
expected heat capacity effect of both the AT and CG 
base pairs dissociation appears to be 

Cp=(0.140.03)kJ/Kmol-bp. This value is surprisingly 
close to the calorimetrically measured heat capacity 

increment at DNA duplex unfolding, (0.130.01) kJ/Kmol-
bp.  Close correspondence of the measured and 
calculated heat capacity effects show that the used 
approximation of the unfolded DNA duplex by its isolated 
single strands is valid.  Moreover, this correspondence 
shows that upon heating DNA not only the polar groups 
involved in hydrogen bonding of the conjugate bases but 
also the apolar surfaces of those bases become exposed 
to water.   

It should be noted that the recalculated per gram the 
specific heat capacity increment at DNA duplex unfolding 
is significantly smaller than the specific heat capacity 
increment at globular proteins unfolding (Makhatadze and 
Privalov,  1995;  Privalov,  2012).   This   shows   that  the
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Table 2. The polar and apolar water accessible surfaces (WASA) of the DNA duplexes, of their unfolded states 
(isolated single strands) and the heat capacity increments expected at dissociation of these duplexes. 
 

Ref DNA duplex  Polarity 
WASA, Å

2
 WASA, Å

2
 WASA 

Å
2
 

Cp 

kJ/Kmol-bp Folded Unfolded 

(a) 
5’-CGCGAATTCGCG-3’ 

3’-GCGCTTAAGCGC-5’ 

Non-polar 2128 4738 2610 
0.11 

Polar 2438 5833 3395 

(b) 
5’-CGCAAATTTGCG-3’ 

3’-GCGTTTAAACGC-5’ 

Non-polar 2188 4849 2662 
0.13 

Polar 2494 5705 3211 

(c) 
5’-ACTACAATGTTGCAAT-3’ 

3’-TGATGTTACAACGTTA-5’ 

Non-polar 2873 6632 3759 
0.17 

Polar 3216 7414 4198 

(d) 
5’-CCAATAATCGCGATTATTGG-3’ 

3’-GGTTATTAGCGCTAATAACC-5’ 

Non-polar 3475 8193 4718 
0.15 

Polar 3826 9380 5554 

Averaged heat capacity increment of DNA unfolding 0.14 0.03 
 

(a) Drew and Dickerson (1981); (b) Woods et al. (2004); (c) Narayana and Weiss (2009); (d) Garcia et al. (2019). 

 
 
 
concentration of the apolar groups in the DNA interior is 
significantly lower than in the globular proteins.  The high 
concentration of apolar groups in proteins is just what 
makes them globular.  It appears, however, that the 
contacts between the apolar bases in the DNA double 
helix are also playing essential role in its construction.  
 
 
CONTRIBUTION OF THE BASES TO THE DNA 
DUPLEX STABILITY 
 
Earlier studies of the DNA duplex stability, affected by the 
Watson and Crick model of DNA and by the first optical 
observations that the presence of three hydrogen bonded 
CG base pair increases the DNA duplex stability 
encouraged the belief that H-bonding is the primary 
determinant of duplex stability and thus of its 
thermodynamics.  However, the hydrogen bonds, which 
are entropic, cannot be responsible for the large enthalpy 
of DNA unfolding and more so for its dependence on 
temperature, that is the heat capacity increment specific 
for the DNA melting.  It appears, therefore, that there 
should be in the DNA duplex some other source of the 
enthalpy except the hydrogen bonding between the 
conjugate bases.  As such might be only the tightly 
packed bases in the DNA duplex.  The flat apolar 
surfaces of these bases suggest extended van der Waals 
contacts between them.  Disruption of these contacts 
should require considerable enthalpy, while exposure of 
their apolar surfaces into water should result in the 
significant heat capacity increment.  It is just this heat 
effect and the heat capacity increment that are 
calorimetrically recorded upon DNA melting (Figure 2).  
The question is then: how much Gibbs energy is provided 
by the bases stacking to the DNA duplex stabilization?   

As shown in Section 4, the Gibbs energy of CG base 
pair, which is held by three hydrogen bonds, amounts to 

(4.80.3) kJ/mol-bp, while the overall Gibbs energy of this 

base pair is (8.90.2) J/Kmol-bp (Table 1). The difference 
between these two values, about 4.1 kJ/mol-bp, might be 
provided only by the stacked bases. Thus, it appears that 
the base stacking is responsible for about 46% of the 
overall Gibbs energy of the CG base pair.  Similarly, the 
two hydrogen bonds might provide only 3.2 kJ/mol-bp to 
the Gibbs energy of the AT base pair, while the overall 

Gibbs energy of this base pair is (6.10.2) 1J/Kmol-bp 
(Table 1).  It appears, therefore, that in the case of AT 

base pair the base stacking is responsible also for almost 
50% of the whole Gibbs energy of AT base pair. It is 

remarkable, however, that in both cases stacking of bases 

is responsible for almost all enthalpy of DNA melting. 
 
 
CONCLUSION 
 
It appears that the base pairing and the base stacking are 
two tightly interconnected processes.  Indeed, pairing the 
bases requires their proper orientation; but proper 
orientation of the bases leads to their stacking; and vice 
versa:  the base stacking assumes proper orientation of 
the conjugate bases that is required for their hydrogen 
bonding.  Thus, these two steps represent a single 
cooperative act of the DNA double helix formation. 
Cooperation of the base pairing and base stacking 
explains the extreme efficiency of the DNA double helix 
propagation that proceeds with raise of its rigidity.  In this 
cooperative folding process, while the hydrogen bonds 
between the conjugate bases are of critical importance 
for the proper adjustment of the two complementary 
strands of DNA, the formed double helix is reinforced by 
the simultaneous stacking of the apolar bases.   
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