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Abstract

The study of thermodynamic parameters of ice—water phase transition in aqueous solutions of ss-DNA, at different con-
centration of polynucleotide single chains is reported and the critical concentration for which the enthalpy of transition is
zero has been determined. The thermodynamic parameters of ice—water phase transitions, obtained for native ds-DNA and
for ss-DNA in the whole concentration region (0.2—2.04%g DNA) and the hydration values (bound water quantity) for
native (helix), denatured (single strand coils) amfoldedss-DNA are compared. The critical values of the hydration at
which all the water in the DNA-KD system exists in the bound (unfrozen) state are established, for these conformations,
with great precisionN3, pya = (0.55+ 0.01)g HO/g DNA, NZ pya = (0.40 4 0.01)g H,O/g DNA. According to this
calorimetric data the transformatiodduble stranded helix> “single stranded chains” is accompanied by dehydration of
ds-DNA: AN = N(}:S — NZ = (0.154 0.01)g H,O/g DNA. We suggest that the formation of B-DNA duplex from mixing
of their complementary single strands is mostly accompanied by the uptake of structural water molecules and so, the overall
hydration of a duplex is mainly determined by its conformation and stability.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cleotides, the very complex surface of double helix
and its hydration and solvation are the most poorly
How “the aperiodic crystal of heredity[1]— defined parts of the structures obtained by crys-

the three-dimensional structure of the DNA double tallography methods, since they are topologically
helix—is stabilized is an attractive problem. Despite disordered or dynamically averaged and conforma-
the increasing knowledge, and the considerable pro- tional fluctuated (special for high molecular DNA in
gress made in the X-ray analysis of short oligonu- aqueous solutions).

Using a low-temperature DSC we studied the hy-
dration of high molecular ds-DNA2]. We designed
o +351.22-6080-822. a new type of calor_imetric vessel on the basis of the
E-mail addressrisilva@fc.up.pt (M.A.V. Ribeiro da Silva). stainless steel crucible of the DSC-141 (SETARAM)
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of ds-DNA without changing the materials inside the the composition and sequence may retain considerable
calorimetric cells. This gives the possibility of obtain- residual structurgl1].
ing the principal results for the correct dependence of The total enthalpy of denaturation of ds-DNA,
the enthalpy of the ice—water phase transitions versus AHmelting, includes the “specific” and “nonspecific”
the concentration of biopolymers (starting at low wa- contributions{AHr%eltmg(T) = AHspedT)~+ A Hnonsp
ter content and up to the regime of “semidilute” and ()} [8]. The “specific” interactions includes the hy-
“dilute” solutions (definition off3])) and revealed the  grogen bonds which play a central role in forming
critical concentration at which the enthalpy of transi- \watson—Crick (W—C) A-T and G-C base pairs. In
tions becomes zerf2,4-6]. We measured the hydra-  addition to interstrand H-bonding, intrastrand base-
tion of DNA for native (helix) and denaturated (coils) stacking and interstrand cross-stacking interactions
states and SuggeSt that the main contribution in the en'are important in maintaining the bases in a stacked
thalpy of the process of the heat denaturation of DNA  strycture along the length of the DNA backbone. In
duplex is the enthalpy of disruption of the ordered general, hydrogen bonds between W-C base pairs are
water structure in the hydration shell of the double yjewed as “informational”, whereas the base-stacking
helix [2]. It should be emphasized that other authors jnteractions are regarded as “noninformational”
[7] obtained similar result on the basis of the analy- merely stabilizing the double helid3]. It is impor-
sis of data obtained by using different physical meth- tant that the total enthalpy of denaturation of ds-DNA
ods, measuring structural, mechanical, electrical and js equal for condensed DNA (concentrated solution,
energetically properties dNA-ions—watesystems.  gels, crystals of DNA) and for the DNA in dilute so-
Possibly this part of energy composes the non-specific |ytions [2,7]. But the different topology of individual
general contribution (70%) in the enthalpy of tran- sjngle polynucleotide strands in condensed states and
sition of all type of duplexeg8]. It has been also  in dilute solutions of DNA and the presence of the
established?] that for DNA in the condensed state resjdual folded structures of ss-DNA can influence the
the ratio between the heat capacity increment ¢AC  yajues of hydration enthalpyAHhydration Upon de-
and the entropy change (AS), = ACp/AS ~ 2 naturation and denaturational heat capacity increment
is smaller than for DNA in dilute aqueous solutions (AC,) in these different regime].
(« = 2-4). This mean§?] that there are some other o reveal the main peculiarities in the thermody-
sources for the large heat capacity change in diluted namic characteristics of thermal denaturation of ds-
solutions of DNA, for example, the hydrophobic ef- DNA it is necessary to obtain independent data about
fects[9] and the unfolding of single polynucleotide thermal properties of high molecular single stranded
chains[10]. DNA (ss-DNA) and hydration parameters for ss-DNA
The main difficulty in identifying and characterizing by using the same method: low-temperature DSC with
the solvent-exposed groups of atoms of DNA in their the new calorimetric ampould2].
“coil” state is related to the uncertainty associated with  Accordingly, the aims of this investigation are the
the degree of unfolding of the single stranded state study of the thermodynamic parameters of ice—water
[10-12] (Fig. 1). It should be noted that there are a phase transition in aqueous solutions of ss-DNA,
number of experimental observations suggesting thatat different concentration of polynucleotide single

a

Fig. 1. Schematic representation of the processes of transition from unstacked single strands (a), to stacked conformations of two single
strands (b), and transition from two single strands to a double helix (c).
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chains, as well as to reveal the critical concentration  Our new designed type of calorimetric cél] on

for which the enthalpy of transition is zero and, to the basis of the stainless steel crucible of the DSC-141
compare data of thermodynamic parameters of ice— was used. The new crucible has a hole sealed by a
water phase transitions obtained for native ds-DNA stainless steel thin screw and with teflon packing,

and for ss-DNA in the whole concentration re-
gion (0.2-2.0g HO/g DNA) and the hydration value
(bound water quantity) for native (helix), denatured
(single strand coils) andnfoldedss-DNA.

2. Experimental
2.1. Materials

Lyophilized powder of calf thymus ss-DNA
(Sigma), containing~65wt.% DNA was used. Lyo-
philized samples of calf thymus Na—ds-DNA (Sigma),
with protein concentration in samples3% were also
used. These lyophilized materials contained 14 wt.%
of water; usually Na-salt DNA contained7—10 wt.%
salt.

2.2. Preparation of DNA samples

The ss- and ds-DNA were hydrated into high-
pressure stainless steel calorimetric crucibles of vol-
ume 30 mm (DSC 141, SETARAM), sealed and kept
in this condition for several weeks. Water content was
determined by weighing t6-0.01 mg, taking into ac-
count the water content of as-received Na—DNA. The
accuracy of the given hydration values is estimated
to be £0.01 g of water/g of dry DNA. DNA hydra-
tion level was between (0.2 and 2.0) g®fg DNA.
The DSC is cooled by means of a liquid nitrogen

which allows an easy modification of the composition
of DNA solution, without changing the DNA quantity
inside the cell. The new ampoule gives the ability
to measure the heat of melting of water at different
concentrations without change of materials inside the
calorimetric cells. This gives the possibility of obtain-
ing the principal results for the correct dependence of
the enthalpy of the ice—water phase transitions versus
the concentration of DNA (and other biopolymers)
and revealed the critical concentration at which the
enthalpy of transitions becomes zero (Figs. 2 and 3).
The bound water was calculated on the basis of
the difference between the measured ice—water phase
transition enthalpy in the gels of DNA and the en-
thalpy of melting of pure water (333 J/g water). The
absence of heat absorption in the ice—water phase
transition temperature interval indicates that all the
water added to the dehydrated DNRids. 2 and 3),
became bound to the DNA macromolecules and so
became a constituent part of the double helix or sin-
gle stranded of DNA4-6]. Since bound water does
not participate in the freezing/melting process, the
heat effect of the freezing/melting of such aqueous
solutions (or gels) of DNA is smaller than expected
for the total amount of water which is present in the
solution. The total amount of water in the solution
can be determined separately by subsequent drying
the solution in desiccators under vacuum. Since the
enthalpy of freezing of water is very large (—333 J/g),
this method permits to determine, with very high

stream. The DSC scans were recorded on heatingaccuracy, the amount of bound wafér6]. We mea-

from —100 to 120°C at scanning rate 1 K/min. The
weights of the samples used were betwe€tD and
20mg.

2.3. Calorimeter

A DSC 141, SETARAM differential scanning

sured the heat effect of freezing/melting of the gels
of ss- and ds-DNA when DNA is denaturatf] or
ss-DNA isunfolded, by heating the same solution to
high temperatures. The difference between these two
heat effects of freezing/melting will correspond to the
process of hydration/dehydration of DNA upon denat-
uration or, ss-DNA upominfolding. Since throughout

calorimeter was used. The baseline was obtained with this experiment the ss- and ds-DNA solutions are
empty sample crucibles and after temperature correc- never removed from the hermetically sealed calori-
tion and energy calibration, by making measurements metric cell, this heat effect difference can be measured
in the working temperature region (—100+4d.20°C) with high accuracy. The accuracy in the determi-
using standard materials (benzoic acid, naphthalenenation of the bound water is-0.01 g HO/g DNA
and indium) for temperature and heat of fusion. [4-6].
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Fig. 2. Ice—water phase transitions in ss-DNA (Na—DNA of calf thymus) (a), and in ds-DNA (Na—-DNA of calf thymus) (b), in coordinates:
heat flow (mW)—temperatures$ @)—concentration (g pO/g DNA). Scanning rate 1 K/min.

3. Results and discussion of water in the single stranded DNA-B system,
loses the character of sharp phase transition and like
The detailed study of ice—water phase transition in ds-DNA solutions (Fig. 2b), it degenerates into a
in the solution of ss-DNA at wide range of concen- transition of order—disorder type which is extended
tration of ss-DNA shows (Fig. 2a) that the melting in temperature as explained in refererjdes]. Both



G.M. Mrevlishvili et al./ Thermochimica Acta 394 (2002) 73-82

350

300 1
250
200 4
150

AH (J/g H,0)

100 A
50 A

0 T
0,0 0,5

L T T i
1,0 1,5
C/(g DNA/g H,0)

250

200 A

150 A

100 A

AH (J/g H,0)

50

0 [ ;
0,0 1,0
C/(g H,O/g DNA)

15 2,0
®)

Fig. 3. (a) Enthalpy of fusion of water as a function of concen-
tration of DNA (g DNA/g H;O) for ss- and ds-DNA. (b) Enthalpy
of fusion of water as a function of water content (g®ig DNA)

for ss- and ds-DNA.

dependencies of the enthalpy of fusion of bulk wa-
ter versus concentration of DNA (g DNA/@pB)
(Fig. 3a) and the enthalpy of transition versus con-
centration of water (g bO/g DNA) (Fig. 3b) reveal
the dramatic difference in the character of interac-
tion of water with the polynucleotide chains in the

single stranded and double stranded conformations.

The least squares line used to obtain a value for
the critical hydration gives the two different quan-
tities for this most important parameter for ss- and
ds-DNA. The critical values of the hydration at which
all the water in the DNA-HO system exists in the

bound (unfreeze) state are established for this con-

formations with great precisiori\s/(]ZShDNA = (0.55+
0.01)gH20/gDNA, or (20 £ 1)mol H,O/mol bp
and NZ s = (0.40 + 0.01)gH,O/gDNA. Ac-
cording to this calorimetric data, for the transfor-
mation “double stranded helix*> “single stranded
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chains” accompanied by dehydration of ds-DNA:
AN = N} — N& = (0.15+ 0.01)g H,O/g DNA, or

(5 £ 1)molH>0/mol bp). This quantity is equal to
the value obtained in our previous investigation of
the hydration change upon thermal denaturation of
ds-DNA [2]; this definitely suggests that the “dou-
ble helix” — “single strands” thermal transition is
accompanied by disruption of the ordered water frac-
tion in the hydration shell of the double helix. It is
also important, that the large change in slope of the
DSC plot at about 1 g$D/gDNA (C = Cg, Fig. 3b)
characterizes only ds-DNA—-® system; usually this
large change in slope on the dependence of enthalpy
of fusion (A Hy,0) versus concentration of biopoly-
mers or water is interpreted as the glass—solution
transition[14]. This is a very important point on the
water/biopolymers concentration scale. At concen-
trations C > Cg (with increasing of concentration
of water) we have a dilute polymer solution where
macromolecules are separated by large distance and
hardly interact with each other at all. The properties of
such solutions are governed merely by the properties
of the individual macromoleculd8]. With increasing

the concentration of the polymers, the polymer coils,
or later, starts to overlap and then one has the regime
of semidilute solution; obviously, the intermediate
regime between “dilute” and “semidilute” solutions
will be when the coils do not overlap, but just touch
each othef3]. At concentrationsC <Cgy this regime

is changed to the regime of densely entangled coils.
Hence, the transformations between the different
regimes take place for ss-DNA without large change
in the slope of the DSC plot in the measured concen-
tration region (Fig. 3a). It is important, to point out
that the difference between these two DSC plots can
be interpreted as the enthalpy of dehydration upon
transition “ds-DNA— ss-DNA”.

After the critical hydration points (C>§ and
C>Nsg for both conformations the hydration val-
ues are changed; for semidilute and intermediate
regimesN 3 = (0.60+ 0.01)g H,O/g DNA, or (21+
1) mol H,O/mol bp), andNZ = (0.62-067)g H,0/g
DNA. This means, that in these regimes the accessible
total surface area for both conformations increases,
but ss-DNA binds more additional water since the
accessible total surface area for water is greater for
this conformation when in double helix, with ordered
hydrated waters in the grooves of the hdR}.
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According to X-ray crystallographic analysis of the
hydration of A- and B-DNA forms, at atomic resolu-
tion, Egli et al.[15] demonstrated that the overall hy-
dration of B-DNA consists of three hydration shells:
first shell contain (12,5), second shell (6) and third

(A)
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shell (2) mol BO/mol bp. Hence, the total hydration
Nx-ray = (20.5)molH,O/molbp, which is in ex-
cellent agreement with our calorimetric value. It is
important to remember that according to the X-ray
data, the largest number of first shell water molecules
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Fig. 4. (A) Ice—water phase transition in ss-DNA aqueous solution (water con&3-D.01 g H,O/g DNA). (B) Heat capacity change in
the same ss-DNA solution at high temperature (a); heat absorption peaks in ds-DNA-water system (water content abgDfgIDINAH
(b). (C) Ice—water phase transition in the same ss-DNA aqueous solution after heating and cooling. Scanning rate 1 K/min.
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in A- and B-form duplexes, are found around phos- solutions takes place as a result of the transition of
phate groups: up to seven waters per base pair liean unpaired single strand from a random coil, in
within a 3A range from the O 1P and O 2P atoms which the bases are not stacked to an ordered helical
[15]. It is also important that the B-DNA crystal structure in which the bases are stacked (Fig. 1). It
structure confirms cyclic configurations involving has often been suggested that stacking is also driven
either five or six water molecules, as the preferred by classical hydrophobic interactions. In this model,
basic component of solvent networks around DNA. ordered water is released from around the bases upon
It has also been established the well-known spine of stacking, and this provides a favorable entropy term.
hydration as a just well ordered fragment of a more But, the thermodynamic parameters provide no evi-
extensive solvent network that fills the entire groove dence that classical hydrophobic bonding is important
and creates a web around the ds-DNA]. Namely, for driving stacking ([12], p. 270).
these enumerated water molecules, composing the In this respect it is interesting the DSC study of
hydration water network, arenelted upon thermal ss-DNA in a wide temperature interval, including
denaturation of DNA, according to the calorimetric high temperature region, for revealing the response
data (this work andZ2]). In ss-DNA the largest num-  of this temperature treatment on the character of
ber of the hydration shell water molecules remain the ice—water phase transition in the ss-DNA—water
around the phosphate groups and in the ds-DNA the system.Fig. 4. shows the example of such experi-
water molecules of the disordered hydration shell ments. We see that in semidilute solutions of ss-DNA,
are replaced by less specific hydrogen bonds to thein the high temperature region, we do not observe
solvent. heat absorption peaks (compare with heat absorption
It is also possible that the increasing of bound peaks on the same diagram for ds-DNA-water sys-
water quantity in ss-DNA in dilute- and semidilute tem); this is not surprising, because it is well known
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that, in practice, it is not easy to see transitions for

single-strand stacking/unstacking, since the transi-
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the dependencé€" = f(n) for the ss-coils of DNA.
This peculiarity demonstrates that on the double helix

tions occur over a wide temperature range, even for of DNA, as on the matrix, it is possible “growing

homopolynucleotides, for example, the reported en-
thalpy changes, for single strand stacking in poly(A)
vary from —12 to 54kJmot! and the enthalpy

changes for single strand poly(U) are practically zero
([22], p. 263). Nevertheless, we detect some differ-

the semicrystalline H-bounded water latticEl9],
with heat capacity minimum 2.9 J/gK and maximum
3.4J/gK (we must remember that the heat capac-
ity of pure water is equal to 4.2J/gK and of ice is
—2.1J/gK). The area under the peak may be imagined

ence in the thermodynamic parameters for ice—water as the energy of disordering of this water structure
phase transitions after the heating of same ss-DNA and is equalAQ =T [ ACW(n)dn = (30+ 4)J/g
solutions: ice—water phase transition temperature DNA = (20 + 3)kJ/mol bp[7]. The energy cost of

(peak top) for the preheated ss-DNAx®I solution is
lowered by about-2 K, and the enthalpy of ice—water

the destruction of the bound water fraction in the
hydration shell of the duplex, upon thermal denatu-

phase transition also decreases insignificantly (seeration, is equal toAHy = (26 + 3)kJ/molbp[2].

inscriptions on therig. 4). This means that ss-DNA,
(with Ngs = (0.63 4 0.01)g H>O/g DNA in this con-

Hence, we obtain a good agreement between these
two independent ways for the general characteristics

centration regime) after temperature treatment binds of DNA—water interaction and for the description of

small additional quantity of water and the total value
of bound water insignificantly increase®ss heat=
(0.66+ 0.01)g H,O/g DNA.

There is another interesting aspect of the descrip-

tion of the biopolymer—water system concerning the
determination of the heat capacity values for bound
water and macromolecul¢8,16-18].

the bound water role in the energetic of DNA double
helix winding—unwinding processes. Really, accord-
ingly to [21], by increasing the temperature from 250

to 370K the average number of H-bonds between
the oligonucleotide duplex and water molecules de-
creases significanthsig. 5 presents the temperature

dependences of the heat capacitypJCof DNA,

On the basis of the temperature dependence of thethe average number of hydrogen bonds between the

heat capacity of DNA—water system at wide range
of temperature and water content (n) it is possible,
for both ds-, and ss-DNAs, to calculate (at constant
temperature, for example, ét= 30°C) the contri-
bution of the heat capacity of water {Cand DNA
(CPNAY in the total heat capacity of the whole sys-
tem, on the ground principle of additivity the latter

oligonucleotide duplex, d(CGCGCg&) and water
molecules (according to the data obtained by using
of molecular dynamics simulationg1]), extrapo-
lated in the temperature intervals of melting, and
spin—lattice (f) and spin—spin §) proton relaxation
times (s), in dilute solutions of DNAS]. Thus, with
increase in temperature, the hydrogen-bonded lattices

being possible because intervals of water content (n) are meltedand the number of ds-DNA-solvent hy-

change by small steps [from {nto (n2 = ny1 +
An)]; [n = (g H,0/g DNA) or (mol H,O/mol bases)]
[7,16-18].

(1+n)Cp=CPNA 40 W (1)
_ {@Q+n2)Co— A +n1Ca}
- An

According to the data of Maleev et dl/] the de-
pendenceCW = f(n) reveals “peak” between water
contentn = 4-12mol BO/mol bases (or between
water content where all three hydration spheres of
double helix are present (21 mob8/mol bp, accord-
ing X-ray [13] and calorimetric data (see previous
sections and2])). Peculiarities like this are absent on

CW

(@)

drogen bonds willdecrease, giving an increasingly
more endothermic contribution in total enthalpy of
transition and so, positiv\Cp to the ds-DNA —
ss-DNA transition thermodynamics. Therefore, con-
sidering the physical-chemical properties of the na-
tive DNA, we should concentrate our attention at
two “substructures™ the DNA *“aperiodic crystal”,
being the matrix, and the structure of H-bonded wa-
ter lattice penetratingof the double helix[18,20].

In another words, formation of B-DNA duplex from
mixing of their complementary single strands is
mostly accompanied by the uptake of structural wa-
ter molecules and so the overall hydration of a du-
plex is mainly determined by its conformation and
stability.
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81
4, Conclusions

Unwinding of a ds-DNA requires that hydrogen
bonds within the native double helix (hydration
shell including the water spine and ordered clus-
ters in the grooves of helix and water molecules
in the duplexes around phosphate groups) be dis-
rupted and replaced by less specific hydrogen bonds
to solvent. The cooperative nature of double helix
unwinding implies that most, if not all, hydrogen
bonds formed in the native state will depend on con-
ditions such as temperature. These hydrogen bonds
include H-bonds forming (W-C) A-T and G-C base
pairs and ordered H-bounded water lattices in the
grooves and near the phosphate groups of helix.
With increase in temperature, the hydrogen-bonded
lattices aremelted, the number of ds-DNA-solvent
hydrogen bonds will decrease, giving an increasingly
more endothermic contribution to the total enthalpy
of transition and positiveACp to the ds-DNA —
ss-DNA transition thermodynamics. The real pic-
ture is concerned on the thermodynamics of phase
transitions in hydrogen-bonded networks, in which
the degree of hydrogen bonding decreases with in-
creasing the temperature. In the results, insofar as
thermodynamic properties are concerned when com-
paring duplexes, the temperature under considera-
tion is as important as, if not more important than,
the duplex type, the base composition, or the base
sequencs].
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