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Effects of some metal ions on the denaturational heat capacity
increments in dilute solutions of ds-DNA
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Abstract

The native DNA duplex may be viewed as a cooperatively-ordered H bonded structure, including well localized Watson–Crick
base pairs and H-bounded networks of hydration parts of the DNA–solvent interface in the grooves of the helix. In this paper,
we present the effect of different metal ions (Li+, Mg2+ and Cu2+) on the denaturational heat capacity increment (�Cp) for
calf thymus DNA.

Since the contribution from the ordered hydration water fraction disruption energy to the total enthalpy and heat capacity
increment values of double helix melting is significant, it must be possible to detect the effect of metal ions on the structural
ordering/disordering of the H-bounded network in the hydration shell of the DNA duplex.

Experimental results suggest that Li+, which is preferentially adsorbed in the minor groove of B-DNA and should contribute
significantly to the stabilization of B-form, has a pronounced influence on the value of�Cp. For the system Mg2+–DNA,
the values of�Cp are also significant, which can be explained by the formation of inner hydration sphere complexes and
immobilization of structural water by the grooves of the duplex, stabilizing the helix. The effect of Cu2+ ions is much
more pronounced. The satellite peaks of calf thymus DNA become lower as the concentration of Cu2+ increases and for
concentrations of Cu2+ higher than 0.010 M, they disappear and�Cp = 0. This is indicative of the known preference of
Cu2+ for purins and GC rich sites of DNA, binding to the N7 of guanine. As a result, disruption of the base stacking and
hydrogen bounded water networks in the grooves of the double helix takes place.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that metal ions have major effects
on double helix stability and structure[1,2]. The effect
on helix stability, as reflected on the thermal helix–coil
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transition, has been the most widely studied conse-
quence of metal ions binding to nucleic acids. Ions
will rise the transition temperature (Tm) if they bind
more strongly to the double helical form than to the
single-stranded form and such binding may bespecific
or non-specific[1,2] (and references therein).

The effect of metal ions on the denaturational heat
capacity increment values (�Cp) in dilute solutions of
ds-DNA has not been studied until now because this
phenomenon (existence of�Cp) has been established
only recently[3–6]. The results of the determination
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of apparent heat capacities of naturally occurring
DNA in both native (helix) and denatured (coils)
states in dilute aqueous solutions[3] and the analy-
sis of a large amount of available experimental data
(obtained also for polymeric nucleic acid duplexes),
using the new generation of differential scanning
calorimetry (DSC) [5,6], suggest that the melting
of duplexes is accompanied by positive changes in
the heat capacity(�Cp) ∼ (170–400) J K−1 mol−1

(base pair) ([3–6]and references therein). This has
significantly changed the understanding of the ori-
gins of duplex stability[6]. In particular, it has been
suggested that the total enthalpy of denaturation of
ds-DNA, �Hmelting, includes different contributions,
specificand non-specific:{�Hmelting (T ) = �Hspec
(T ) + �Hnonspec(T)} [6]. The contribution of the or-
dered hydration water fraction disruption energy to the
total enthalpy and�Cp values of double helix melting
has been measured and discussed by us recently[7].

In this work scanning microcalorimetry was used to
study the dependence of melting enthalpy (�H), tem-
perature (Tm) and heat capacity increment (�Cp) on
Li+, Mg2+ and Cu2+ ions concentration, in solutions
of constant DNA concentration. The thermodynamic
parameters (Tm, �H and�Cp) of heat denaturation
will be reported and the values of the heat capac-
ity increments (�Cp) will be discussed in terms of
DNA–metal ion interactions.

2. Experimental

2.1. DNA samples

Calf thymus DNA was obtained from Sigma as
type I calf thymus DNA sodium salt (protein content
<3%) and used as received with the purity checked
by the absorbance ratio,A260/A280, of DNA [1] (1.8 <

A260/A280 < 1.9 for all the solutions studied).
LiCl, MgCl2 · 6H2O and CuCl2 · 2H2O (Aldrich,

ReagentPlusTM, 99.99%) were used without further
purification to prepare the metal ion solutions.

All the solutions were prepared with ultra pure water
(Millipore, Milli Q Gradient).

A DNA stock solution was diluted with the appro-
priate volumes of buffer solution and of the metal ions
solutions to a final DNA concentration of 1 mg/ml
(1.5×10−3 M) and different metal ion concentrations:

0.010–0.050 M for Li+ and Mg2+ and 0.001–0.010 M
for Cu2+. For high concentrations of Cu2+ (≥0.02 M)
the formation ofaggregateswell above the micrometer
size could easily be observed and, for this reason, the
range of Cu2+ concentrations was limited to 0.010 M.

All the measurements were performed in pH 7.0
buffer solutions consisting of 0.015 M sodium chloride
and 0.015 M sodium citrate.

The DNA concentration, expressed in base pairs,
was determined by spectrophotometry using a molar
absortivity,ε260, of 20 l g−1 cm−1.

2.2. Calorimetry

The calorimetric measurements were carried out
using a SETARAM micro DSC III calorimeter with
calorimetric cell volume 1.0 ml. The heating rate was
0.2 K min−1.

Appropriate buffer versus buffer baselines were
determined after the DNA versus buffer scans. After
subtraction of the buffer scan, the DNA scan was nor-
malized for concentration and the temperature depen-
dence of excess heat capacity curves,�Ce

p = f (T),
was obtained. The heat capacity difference,�Cp,
was determined from the difference inpre and post
transition baseline, at the midpoint of the transition;
the calorimetric enthalpy,�H, was determined by in-
tegration of the area enclosed by the transition curve
and thepre and post transition baseline; the melting
temperature,Tm, was determined as the midpoint of
the melting transition.

3. Results and discussion

A typical calorimetric transition curve of calf
thymus DNA (Fig. 1) shows a complicated, but re-
markably reproducible, pattern of individually dis-
tinguishable peaks. As shown by Klump et al.[8]
(see also[3,4]), the superstructure of the calorimetric
transition curve is far from accidental and reflects the
relative population of the sequence composition of the
cooperative units along the calf genome[8]. This se-
quence reveals a large variety of thermal stabilities and
the superposition of the individual sequences results
in the envelope of the complete melting curve. The
presence of highly repetitive short and homogeneous
sequences such as the so calledsatelliteDNAs, which
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Fig. 1. Excess heat capacity as a function of temperature for calf
thymus DNA. DNA 1 mg/ml, sodium citrate buffer, pH= 7.0,
scanning rate= 0.2 K/min.

turn out to be related to the individual peaks sticking
out from a broad transition in calf thymus DNA, is
clearly demonstrated in[8] and also onFig. 1. The
temperature of the maximum of the peaks depends on
the GC content of the given satellite fraction (GC-rich)
and increases as the GC content increases[8].

The next important characteristic of the calorimetric
transition curve of calf thymus DNA is the existence
of a heat capacity change[3,4]. A positive change
in heat capacity,�Cp = (195 ± 20) J K−1 mol−1,
can be clearly seen onFig. 1. Previously[7] we
have shown that unwinding of ds-DNA requires the
disruption of H bonds within the native double he-
lix and its replacement by less specific H bonds to
the solvent. The cooperative nature of double helix
unwinding implies that most, if not all, H bonds are
formed in the native state and depend on conditions
such as the temperature. These H bonds include
H-bonds forming Watson–Crick A–T and G–C base
pairs, ordered H-bounded water lattices in the grooves
(like a water spinecovering the minor groove)[1,2]
and clusters of ordered water near the phosphate
groups of the helix. Increasing the temperature, the
hydrogen-bonded lattice is melted and the number of
ds-DNA–solvent H bonds decreases[9], giving an in-
creasingly more endothermic contribution to the total
enthalpy of transition and a positive value of�Cp

to the ds-DNA→ss-DNA transition. This interpreta-
tion is quite similar to A. Cooper’s alternative model
of protein folding-unfolding, based on the thermo-
dynamics of phase transitions in hydrogen-bonded

networks[10] and agrees with experimental data for
the system DNA–water, obtained earlier, using adia-
batic low-temperature calorimetry, in a wide temper-
ature region, including the liquid helium temperature
interval (2–373 K) [11,12]. According to these re-
sults, the native DNA duplex may be viewed as a
cooperatively-ordered H bonded structure, including
well localized H-bounded networks of hydration parts
of the DNA–solvent interface[7,11], surrounded by
an aqueous network of less well-ordered H-bonds,
in which the degree of H bonding decreases with
increasing temperature.

The effect of different metal ions on the denat-
urational heat capacity increment must reveal how
strong is the effect of structural ordering/disordering
of a given metal ion on the H-bounded network in the
hydration shell of the DNA duplex.Figs. 2–4show
the temperature dependencies of the excess heat ca-
pacity for dilute solutions of calf thymus DNA in the
presence of Li+, Mg2+, and Cu2+ ions with different
concentrations.

It can be seen that in the presence of Li+ and
Mg2+ ions the superstructure of the calorimetric tran-
sition curves of DNA preserves all the characteristics
(compare withFig. 1): the individual peaks, sticking
out from a broad transition in calf thymus DNA, are
clearly seen onFigs. 2 and 3. Nucleic acid duplex melt-
ing is accompanied by a positive heat capacity change,
�Cp, with average values of (395± 40) J K−1 mol−1

for Li+ and (390± 40) J K−1 mol−1 for Mg2+. The
average values of melting enthalpy in solutions of
Li+ and Mg2+ are the same:�H = (34±4) J mol−1.

It is well known that Li+ is preferentially adsorbed
in the minor groove of B-DNA[2] and this should con-
tribute significantly to the stabilization of the B-form.
This means that Li+ ions stabilize the water spine in
the minor groove of the duplex and disruption of this
ordered water network contributes to the values of en-
thalpy [7] and denaturational heat capacity change.

High resolution X-ray analyses show that, except in
direct binding of Mg2+ ions with phosphate groups,
Mg2+ immobilization of structural water by the
grooves of the duplex and formation of ion–nucleic
acid inner-sphere complexes take place[13]. The
second hydration shell incorporates five Mg2+ ions
(three cations located at the major groove and two at
the minor groove) bounded in an octahedral geometry
to six water molecules[14]. So, Mg2+ ions stabilize
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Fig. 2. Temperature dependence of the excess heat capacity for
dilute solutions of calf thymus DNA in the presence of Li+
ions with different concentrations: (a) 0.010, (b) 0.030 and (c)
0.050 M. DNA 1 mg/ml, sodium citrate buffer, pH= 7.0, scanning
rate= 0.2 K/min.

also the hydrogen bounded water network and, as
a result, increase the denaturational heat capacity
increment.

The effect of Cu2+ ions on the denaturational heat
capacity increments is more remarkable: with increas-
ing concentration of Cu2+, the satellite peaks of calf

Fig. 3. Temperature dependence of the excess heat capacity for
dilute solutions of calf thymus DNA in the presence of Mg2+
ions with different concentrations: (a) 0.010, (b) 0.020 and (c)
0.040 M. DNA 1 mg/ml, sodium citrate buffer, pH= 7.0, scanning
rate= 0.2 K/min.

thymus DNA become lower and for Cu2+ concentra-
tions higher than 0.010 M they disappear. The aver-
age value of melting enthalpy in Cu2+ solutions is
considerably lower than in Li+ and Mg2+ solutions:
�H = (28±4) J mol−1. The values of�Cp decrease
also with increasing concentration of Cu2+ and for
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Fig. 4. Temperature dependence of the excess heat capacity for
dilute solutions of calf thymus DNA in the presence of Cu2+
ions with different concentrations: (a) 0.004, (b) 0.008 and (c)
0.010 M. DNA 1 mg/ml, sodium citrate buffer, pH= 7.0, scanning
rate= 0.2 K/min.

concentrations higher than 0.010 M,�Cp = 0. This is
indicative of the known preference of Cu2+ for purins
and GC rich sites of DNA, binding to the N7 of gua-
nine. As a result, disruption of the base stacking[1,2]
and hydrogen bounded water networks in the grooves
of the double helix takes place.

4. Conclusions

The native DNA duplex may be viewed as a
cooperatively-ordered H bonded structure, includ-
ing well localized Watson–Crick base pairs and
H-bounded networks of hydration parts of the DNA–
solvent interface and in the grooves of the helix.
The denaturational heat capacity increment (�Cp)
for calf thymus DNA in the absence of metal ions
is �Cp = (195 ± 20) J K−1 mol−1. Experimental
results suggest that Li+ is preferentially adsorbed in
the minor groove of B-DNA (which should contribute
significantly to the stabilization of B-form) and has a
more pronounced influence on the value of�Cp =
(395 ± 40) J K−1 mol−1. For Mg2+–DNA, �Cp =
(390 ± 40) J K−1 mol−1, which is indicative of the
formation of inner hydration sphere complexes, so im-
mobilization of structural water by the grooves of the
duplex, stabilizing the helix, takes place. The effect of
Cu2+ ions is the most pronounced: the satellite peaks
of calf thymus DNA get lower as the concentration
of Cu2+ increases and for a concentration of 0.010 M
Cu2+, �Cp = 0. This is indicative of the preference
of Cu2+ for purins and GC rich sites of DNA binding
to the N7 of guanine and, as a result, disruption of the
base stacking and hydrogen bounded water networks,
in the grooves of the double helix, occurs.

Acknowledgements

Thanks are due toFundação para a Ciência e
Tecnologia (FCT) for financial support given to
Centro de Investigação em Quı́mica da Universidade
do Porto–CIQ (UP). One of us (G.M.) thanks FCT
for the award of anInvited Scientist Grant(Grant
number PRAXIS XXI/BCC/20280/99).

References

[1] V.A. Bloomfield, D.M. Crothers, I. Tinoco Jr., Nucleic Acids,
Univ. Sci. Books, Sausalito, CA, USA, 2000, p. 475.

[2] W. Senger, Principles of Nucleic Acid Structure, Springer,
Tokyo, 1984, (Chapter 8).

[3] G.M. Mrevlishvili, G.Z. Razmadze, T.D. Mzinarashvili, N.O.
Metreveli, G.R. Kakabadze, Thermochim. Acta 274 (1996)
37.

[4] G.M. Mrevlishvili, N.O. Metreveli, G.Z. Razmadze,
T.D. Mdzinarashvili, G.R. Kakabadze, M.M. Khvedelidze,
Thermochim. Acta 308 (1998) 41.



88 G.M. Mrevlishvili et al. / Thermochimica Acta 394 (2002) 83–88

[5] A. Schoppe, H.J. Hinz, H. Rosemeyer, F. Sella, Eur. J.
Biochem. 239 (1996) 33.

[6] T.V. Chalikian, J. Volker, G.E. Plum, K.J. Breslauer, Proc.
Natl. Acad. Sci. U.S.A. 96 (1999) 7853.

[7] G.M. Mrevlishvili, S.M.C. Carvalho, M.A.V. Ribeiro da Silva,
T.D. Mdzinarashvili, G.Z. Razmadze, T.O. Tarielashvili, J.
Therm. Anal. Cal. 66 (2001) 133.

[8] H.H. Klump, J. Volker, D.L. Maeder, Th. Niermann, C.H.M.
Sobolewski, Thermochim. Acta 193 (1991) 391.

[9] J. Norberg, L. Nilsson, Proc. Natl. Acad. Sci. U.S.A. 93
(1996) 10173.

[10] A. Cooper, Biophys. Chem. 85 (2000) 25.
[11] E.L. Andronikashvili, G.M. Mrevlishvili, G.Sh. Japaridze,

V.M. Sokhadze, D.A. Tatishvili, J. Non-Equilib. Thermodyn.
14 (1989) 23.

[12] M. Mrevlishvili, L.L. Buishvili, G.Sh. Japaridze, G.R.
Kakabadze, Thermochim. Acta 290 (1996) 65.

[13] M. Egli, V. Tereshko, M. Teplova, G. Minasov, A. Joachimiak,
R. Sanishvili, Ch. Weeks, R. Miller, M.A. Maier, H. An, D.
Cook, M. Manohoran, Biopolymers 48 (1998) 234.

[14] H. Rosenberg, D. Rabinovich, F. Frolow, R.S. Hegde, Z.
Shakked, Proc. Natl. Acad. Sci. U.S.A. 95 (1998) 15194.


	Effects of some metal ions on the denaturational heat capacity increments in dilute solutions of ds-DNA
	Introduction
	Experimental
	DNA samples
	Calorimetry

	Results and discussion
	Conclusions
	Acknowledgements
	References


