
Ž .Biophysical Chemistry 80 1999 217]226

A thermodynamic study on the formation and stability
of DNA duplex at transcription site for DNA binding

proteins GCN4

Wei Cao, Luhua LaiU

Institute of Physical Chemistry, College of Chemistry and Molecular Engineering, Peking Unï ersity, Beijing 100871, China
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Abstract

Ž .Using isothermal titration calorimetry ITC , we studied the thermodynamic parameters of the 15-mer duplex
w Ž .x w Ž .xdsDNA d GAGATGACTCATCTC ? d GAGATGAGTCATCTC formation from its two complementary single
Ž . Ž .strands S1 and S2 over a range of temperatures. The two complementary single strands d GAGATGACTCATCTC

Ž . Ž . Ž .herein called S1 and d GAGATGAGTCATCTC herein called S2 containing palindromic sequences may assume
ordered structures at low temperatures, which made the duplex dsDNA formation rather complicated. The

Ž . Ž 0.thermodynamic parameters for the duplex formation, such as the binding constants K , the enthalpies D H , theb
Ž 0. Ž 0.free energies DG , the entropies DS are strongly temperature-dependent. The thermally-induced disruptions of

the duplex and its two complementary single strands, S1 and S2, were measured using differential scanning
Ž .calorimetry DSC and CD spectroscopy, the results demonstrate that the DNA duplex is very stable, and its

component single strands have an ordered structure at low temperature. This 15-mer specific sequence DNA may act
as recognition site for DNA binding proteins GCN4 and plays a key role in transcription regulation of gene
expression. Our analyses of the thermodynamic data suggest that the duplex formation is a coupled process between
conformational transitions in the two single strands and their binding to form duplex dsDNA. Q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

It is both important and valuable to understand
the stability of DNA secondary structures under a
variety of conditions in many significant
biochemical applications. A number of studies of
thermodynamic stability of various sequences of

w xDNA have been presented 1]6 . These studies
confirm that the overall stability and the melting
behavour of a DNA duplex structure depend on

w xits base sequence. Marky et al. 1 demonstrated
that DNA duplex structures can thermodynami-
cally be considered to be the sum of their near-
est-neighbor interactions. Recently, differential

Ž .scanning calorimetry DSC and UV spectroscopy
have been employed to characterize thermally-in-
duced helix-to-coil transitions in specially de-
signed and synthesized oligomeric and polymeric

w xDNA molecules 7,8 . The thermodynamic func-
Ž 0.tion D H upon duplex formation has also been

investigated by isothermal titration calorimetry
Ž .ITC for some DNA oligomers with known se-

w xquence 9,10 .
Specific sequence DNA structures are of inter-

est from a biological point of view, because they
may act as recognition sites for DNA binding and
modifying proteins. DNA molecules containing
palindromic sequences have been implicated to
be involved in gene regulation, protein]DNA
recognition and drug]DNA binding affinity and

w xspecificity 11]14 . The complementary single
strands with a specific sequence can form ordered
structures, which can significantly influence the

w xduplex formation 15 . However, because of the
difficulties in quantitatively analyzing equilibrium
data associated with these single strands forming
duplexes at room temperature, the thermody-

Ž 0 0 0.namic characterization D H , DG , DS of the
formation of these sequence-specific DNA du-
plexes from complementary ordered single strands
are conspicuously lacking. Furthermore, the af-
finities that the complementary single strands ex-
hibit in forming the unhybridized or hybridized
DNA duplexes are also deficient. This deficiency
is serious because such data are required for
learning their many biological functions such as
the control of transcription and recognition of
regulatory proteins.

Our objective is to investigate the formation of
double helical DNA duplexes from two comple-
mentary single strands and the effects of temper-
ature on DNA duplex formation and stability. In
this article, we have conducted calorimetric inves-
tigations and CD measurements on the two com-
plementary single strands shown below. They dif-

Žfer only from the central base, one is C referred
. Ž .to as S1 and the other is G referred as to S2 .

Strand 1: 5XGAGATGACTCATCTC3X

Strand 2: 5XGAGATGAGTCATCTC3X

This 15-mer specified sequence DNA is of inter-
est because it plays a key role in transcription
regulation of gene expression and may act as
recognition sites for DNA binding proteins such
as yeast transcriptional activator GCN4 in vivo
w x16,17 . To be specific, we have measured the

Ž 0.duplex formation enthalpy D H and binding
Ž .constant K at various temperatures usingb

isothermal titration calorimetry. The isothermal
titration calorimetric results reported here pro-
vide a unique ability to determine detailed infor-
mation on thermodynamic quantities such as en-
thalpy and binding constants of molecular associ-
ations directly from the heat produced by the
reaction. At the same time, the standard free
energies of binding and the standard entropies of
binding can also be obtained. The data derived
from these studies enable us to evaluate quantita-
tively the influence of single strands containing
palindromic sequences on the formation of du-
plex, the stability and the melting behavior of a
DNA duplex, and the influence of temperature
on the thermodynamic properties of the duplex
dsDNA formation. The interaction process of
DNA binding proteins GCN4 and DNA has not
been well characterized nor has its mechanism
been understood, thus, it is important to investi-
gate the details of thermodynamic properties for
this specific sequence DNA duplex formation.
The DNA designed for this study enable us to
further investigate the mechanism and the con-
formational change of their interaction with pro-
teins or peptides.
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2. Material and methods

2.1. Solution preparation

The dried individual component strands were
purchased from Sheng Gong Bioengineer Com-
pany, Shanghai, China. They were synthesized on

Žan automatic DNA synthesizer Model 391 PE
.company, USA using standard phosphoramidite

chemistry. Each strand synthesized was purified
by C18 reverse-phase HPLC, and purity of the
strands was checked by polyacrylamide gel elec-
trophoresis and analytical reverse-phase HPLC.
All solutions were prepared by directly dissolving
dry and desalted oligomers. The buffer solution
consisted of 10 mM sodium phosphate and 100
mM NaCl, adjusted to pH 7.4. The duplex was
formed by mixing equal amounts of complemen-
tary strands and temperature annealing by heat-
ing at 808C for 10 min, followed by slow cooling.
The annealed samples were allowed to equili-
brate at 48C for 24 h before analysis. Oligonu-
cleotide concentrations were determined spec-
trophotometrically by measuring the absorbance

Ž .at 260 nm, the extinction coefficients « : 1.420=
10y5 for S1 and 1.422=10y5 My1cmy1 for S2.
The « values were determined directly by using a

w xnearest-neighbor analysis 18 .

( )2.2. Isothermal titration calorimetry ITC

The measurements of the heat of mixing a
single strand with its corresponding complemen-
tary strand at various temperatures were carried

Ž .out with an isothermal titration calorimeter ITC
from CSC Company, USA. For DNA duplex, so-
lutions of one strand were used to titrate the
complementary strand to form a duplex. A 250-ml
syringe was used for the titrant, mixing was af-
fected by stirring this syringe at 300 rev.rmin.
Typically 25 injections of 10 ml each were per-
formed in a single titration at temperatures of 25,
35, 40, 45, and 508C, respectively, wherein du-
plexes are formed, that is, temperatures ap-
proaching that where the single strands started to
melt. The reference cell of the calorimeter acts as
a thermal reference to the sample cell, and was
filled with buffer. To correct for single strand

heats of dilution, the control experiments were
also performed at various temperatures using
similar conditions with buffer solution only. All
solutions were degassed to reduce the noise. At
each temperature, the instrument was electrically
calibrated by means of a standard electric pulse.
The concentrations of the two complementary
single strands for titration are 1.4=10y5 and
8.8=10y5 M, respectively. The buffer contains
100 mM NaCl, 10 mM sodium phosphate, pH 7.4.

Ž .The isothermal titration calorimetry ITC
measurements were designed to obtain primarily
the enthalpy of each complex formation and their
stoichiometries. The heats of each reaction were
determined by integration of the peaks observed.
After the contribution from the heat of dilution
of each injection was subtracted, the heat was
plotted against the molar ration of the two com-
plementary single strands. The binding constants
Ž . Ž 0.K , enthalpy of binding D H , and stoichiome-b

Ž .try N of the formation of duplex were de-
termined by fitting the binding isotherm against
the binding equation described by Freire et al.
w x19 using the independent binding model.

2.3. High-sensitï ity differential scanning calorimetry
( )DSC

Differential scanning calorimetry can be used
to detect and follow thermally-induced order]dis-
order transitions in oligonucleotides and other

Ž .molecules. Calorimetric heat flow mW vs. tem-
Ž .perature T profiles were directly measured for

the duplex and the two component single strands
using Micro DSC III, Setaram, France. The
calorimeter is connected with the CS32 controller
and interfaced with a compatible IBM computer,
using the software package for data acquisition
and analysis. The instrument was calibrated with
a standard electrical pulse. A scan rate of
18Crmin was employed from 10 to 1108C
throughout. An extra pressure of 1 atm was main-
tained during all DSC runs to prevent possible
degassing of the solutions on heating. In all ex-
periments, the reference cell was filled with the
buffer and all samples were degassed to reduce
the noise. The concentrations of the oligomers
for the calorimetric studies in single strand were
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2.9=10y4 M for dsDNA, S1 and S2. The buffer
solution used for the calorimetric measurements
contained 100 mM NaCl, 10 mM sodium phos-
phate, pH 7.4. The area of the resulting curve is
proportional to the transition heat, which when
normalized for the number of moles is equal to

Ž .the transition enthalpy D H .cal

( )2.4. Circular dichroism CD spectroscopy

CD spectroscopy for the complementary single
strands S1, S2 was measured using a CD6 Spec-
tropolarimeter, Jobin-Yvon Company, France.
This instrument is computerized and is equipped
with a programmable thermoelectrically con-
trolled cell holder. The 0.1-cm cells were used
and the concentration of all samples were 18 mM.
All solutions contained 10 mM sodium phosphate
buffer, pH 7.4, 0.1 mM EDTA and 100 mM NaCl.

3. Results

3.1. Isothermal titration calorimetric experiments

We carried out isothermal titration calorimet-
ric experiments on the duplex dsDNA formation
from the two complementary single strands at 25,
35, 40, 45, and 508C, respectively. Fig. 1 shows
experimental data for a typical titration for du-
plex formation between the two complementary
single strands, S1 and S2, at 408C. The upper
panel shows the trace recorded for each of 25
10-ml injections made at 600-s intervals. The sig-
nificant observation is that we measured ex-
othermic enthalpies for the formation of the ds-
DNA. The area of each peak was integrated and
corrected for the heat of dilution, which was
estimated by a separate experiment by injecting
the titrant strand into the buffer. By fitting the
titration curve with a non-linear least-squares
method, the enthalpy change D H 0, and the equi-
librium binding constant K of DNA duplex for-b
mation can be estimated with the assumption of
an independent binding site model for duplex
formation. The lower panel shows the fit of each
integrated heat to a titration curve calculated on
the basis of one binding site model. The results

Ž .Fig. 1. a Typical ITC profile of the binding process between
the 15-mer single strands S1 and S2 at 408C. Buffer contains
10 mM sodium phosphate, pH 7.4, and 100 mM NaCl. Each
peak corresponds to a 10-ml injection containing 89 mM S2

Ž .into the cell containing 14 mM S1. b The results of curve
fitting to a single-site model by the software supplied with the
calorimeter.

obtained by this curve fitting were Ns0.98"0.02
Ž .binding sites per molecule, K s1.34 "0.12 =b

106 My1 and D H 0 sy158.9"0.6 kJrmol.
The equilibrium properties of double helical

duplex formation at various temperatures are
summarized in Table 1. These properties depend
on temperature. The N values for DNA duplex
formation are slightly lower than 1. However, the
deviations of this magnitude decrease as the tem-
perature rises. The possible reasons for the devia-
tions we think are that the two complementary

Žsingle strands assume multiple conformations see
.Section 4 . After correction for dilution heats at

each temperature, the molar binding enthalpies
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Table 1
Thermodynamic parameters of dsDNA formation at different temperatures

y6 y1 0 0 0 .Ž . Ž . Ž . Ž . Ž .T 8C K =10 M D H kJrmol DG kJrmol DS JrK molb

35 1.38"0.06 y128.2"3.7 y36.2"0.1 y298"12
40 1.34"0.12 y158.9"0.6 y36.7"0.2 y392"4
45 0.93"0.16 y228.0"0.3 y36.3"0.4 y607"4
50 0.28"0.05 y281.4"0.9 y33.7"0.4 y767"4

and binding constants K for dsDNA duplex for-b
mation were calculated by fitting calorimetric
titration data using the calorimetric software
DataWorks and BindWorks supplied with the
calorimeter. The standard free energies of ds-

Ž 0.DNA formation DG were obtained from the
equation DG0 syRT ln K , in which the K isb b
the binding constant at the corresponding tem-
perature. The DS0 function was calculated from
the standard thermodynamic relation DG0 s
D H 0 yTDS0. We obtained favorable free ener-
gies that result from partial compensation of fa-
vorable enthalpies with unfavorable entropy.

The temperature dependence of the enthalpy
change in the temperature range studied here
enabled us to evaluate the heat capacity change,
DC , associated with the duplex formation fromp
the complementary palindromic single strands.
From Table 1, we observed that the apparent
D H 0 decreases with increasing temperature, indi-
cating that the duplex formation is accompanied
by a negative DC . The plot of D H vs. T shows ap
nearly linear dependence in the temperature
range from 35 to 508C. Fitting the plot of D H 0

vs. T with a straight line, we obtained the esti-
mated value of DC of y10.6 JrmolrK in thep
temperature range studied here.

3.2. Calorimetric melting of S1 and S2 single strands

In order to make sure that the duplex dsDNA
is stable in the temperature range studied and
determine whether a temperature-dependent
conformational transition of the two complemen-
tary single strands might play a role in the duplex
formation, we measured their thermal disruption
by DSC. Fig. 2 shows a typical calorimetric trace
Ž .heat flow vs. temperature for the thermally-in-

Ž .duced, order]disorder transition of S1 curve a ,

Ž .S2 curves b and dsDNA in 100 mM NaCl, 10
mM sodium phosphate, pH 7.4 buffer, which pro-
vide us with the characterization of their thermal
transition. Each of three curves shown in Fig. 2
was obtained under identical conditions for the
heating scan. Note that the dsDNA and the two
single strands exhibit large endothermic effects
that reflect the thermally-induced disruption of
the ordered structures. However, comparison of
these three curves in Fig. 2 reveals a dramatic
difference. The shape of the dsDNA thermal
transition with the T of 71.38C is sharp, which ism
the typical thermodynamic profile for double heli-
cal nucleic acid structures. However, by contrast,
the thermal disruptions of the two single strands
are rather broad, covering a temperature range

Fig. 2. Differentail scanning calorimetry curves for dsDNA
and its two complementary single strands S1, and S2 in 10 mM
sodium phosphate buffer containing 100 mM NaCl at pH 7.4.
Ž . Ž . Ž .a single strand S1; b single strand S2; c duplex dsDNA.
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from 14 to 808C for S1 and from 35 to 708C for
S2. The results from our experiments are in
agreement with other temperature-dependent
studies on equilibrium properties of single-

w xstranded oligonucleotides 15 .
For each transition, the area under the experi-

mental heat flow vs. temperature curve is propor-
tional to the total endothermic heat needed for
random-coil disruption. By averaging multiple
runs, the transition enthalpy D H was obtainedcal
directly when these heats were normalized for the
total number of moles of strands. Transition tem-
peratures T and the corresponding calorimetricm

Ž .enthalpies D H are listed in Table 2. Thecal
enthalpy of dsDNA disruption is 380.6 kJrmol at
71.38C, which indicates that the dsDNA is con-
siderably stable thermally. The value we obtained
is in excellent agreement with the value of 387.7
kJrmol calculated from the sum of its nearest-
neighbor interactions according to the method

w xreported by Breslauer et al. 1 .

3.3. CD spectroscopy

In order to determine the conformational tran-
sition of the single strands with increasing tem-
perature, we measured temperature-dependent
CD spectra for the two single strands S1 and S2.
Fig. 3 shows the results, the upper and lower
panels are for S1 and S2, respectively. The shapes
of the CD spectra shown in Fig. 3 indicate that at
low temperature, both single strands exhibit CD
spectra characteristic of an ordered structure. At
approximately 808C, the CD spectra for S1 and S2
exhibit altered shapes and reduced intensities,
reflecting that the ordered structure present at
low temperatures has been thermally disrupted.

Table 2
Ž .Calorimetrically measured enthalpies for the melting D Hcal

Ž .and melting temperatures T for dsDNA and its componentm
single strands

Ž . Ž .DNA T 8C D H kJrmolm cal

S1 52.5 347.8
S2 54.5 282.4
dsDNA 71.3 380.6

4. Discussion

The objective of these studies was to investi-
gate the thermodynamic parameters of the DNA

w Ž .x wduplex d G AG ATG ACTCATCTC ? d-
Ž .xGAGATGAGTCATCTC formation from two

Ž .complementary single strands S1 and S2 and the
influence of the temperature on its formation and
stability. The results obtained here form the basis
for our further studies on its interaction with
DNA binding proteins. Isothermal titration

Ž .calorimetry ITC is a general method for measur-
w xing binding interactions 20]22 . Since it mea-

w xsures heat directly, it is the only technique 23
which allows simultaneous determination of all

Fig. 3. Family of temperature-dependent CD spectra for the
single strands S1 and S2 at Ts20, 30, 40, 50, 60, 70, and 808C.
The concentration is 18 mM for both single strands and the
buffer contains 10 mM sodium phosphate, 100 mM NaCl, and
0.1 mM EDTA, at pH 7.4. The upper and lower panels are for
S1 and S2, respectively.
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Ž 0 0 0.binding parameters K , D H , DG , DS . In ourb
studies, binding interaction between the two com-
plementary single strands can be characterized in
the general form as below,

Ž .S1qS2|dsDNA 1

At each temperature, the thermodynamic equilib-
rium system in solution has two processes, the
dsDNA formation and the dsDNA disruption,
which are reversible and form a dynamic state
equilibrium process. The binding constant K andb
the heat of binding D H 0 are the independent
variables of thermodynamic interest.

4.1. Enthalpies of duplex formation

The observed binding enthalpies for the duplex
formation from two complementary strands at
various temperatures are listed in Table 1. The
results show that the binding enthalpies are all
endothermic in the temperature range studied
herein, but decrease with increasing temperature.
This indicates that the duplex formation is ac-
companied by an apparently large negative DC .p
The D H 0 is nearly linearly dependent on the
temperatures studied. If we assume DC is inde-p
pendent of temperature in the temperature range
studied, and linearly fit this plot, the value of DCp
is calculated to be ]10.6 JrmolrK in the temper-
ature range 35]508C.

Comparing with the enthalpy for duplex disrup-
tion measured by DSC melting at the duplex
thermal transition temperature 71.38C, the en-
thalpy differences between duplex formation and
duplex disruption are observed. The enthalpy for

Ž .duplex disruption 380.6 kJrmol is larger than
the duplex formation enthalpies of y128.2,
y158.9, ]228.0 and y281.4 kJrmol at 35, 40, 45
and 508C, respectively. This disparity can be inter-
preted in terms of the differences in the enthalpy
states of the single strands at different tempera-

w xtures 15 . The enthalpies for duplex formation
comprise endothermic contributions from the dis-
ruption of the single-strand stacking interactions
prior to duplex formation, and exothermic con-
tributions from the duplex formation, which in-
clude base]stacking interactions, hydrogen-bind-

ing, Van der Waals interactions, hydration inter-
w xactions, etc. 9 .
w xBreslauer 15 has constructed a thermody-

namic cycle to interpret the enthalpy difference
between duplex formation at 258C and duplex
disruption at 748C. The following model is worth
considering for the present duplex formation and
enables us to rationalize the disparity and evalu-
ate the contributions of the single strands stack-
ing interactions to the duplex formation.

D H1

Ž . Ž . Ž .Duplex 108C › S f808C qS f808C1 2

xD H ­D H2 4

Ž . Ž . Ž .Duplex T › S T qS T1 2
D H3

D H corresponds to D H , the transition en-1 cal
thalpy was obtained from DSC melting, which
also depends on the temperature range used to
integrate. D H corresponds with yD H 0, the neg-3
ative of the duplex formation enthalpy measured
by ITC at 35, 40, 45 and 508C. D H is equal to2
zero since our DSC profile for dsDNA reveals no
enthalpy change in heating the duplex from 108C
to the temperature range studied here. D H is4
the sum of enthalpy changes associated with the
heating of each single strand from T to 808C.

For the two single strands S1 and S2, we have
measured the enthalpy changes of their thermal

Ž .disruption using DSC Fig. 2 . The values, D Hcal
and D H for S1 and S2, are listed in Table 2.VH
Inspection of Fig. 3 reveals that the transitions of
S1 and S2 begin approximately 208C lower than
the temperature range studied in ITC. Thus, at
different temperatures, the D H values are dif-4
ferent, i.e. the contributions of the ordered struc-
ture of S1 and S2 to the duplex formation are
different. At low temperatures, the single strands
can possess more ordered structures which should
need more energy for random-coil transition first,
and then enthalpically drive them to form a du-
plex. The enthalpy for duplex disruption at 71.38C
can be considered as the enthalpy for duplex
formation in the overall random-coil states of the
single strands. Thus, based on the thermodynamic
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cycle shown above, D H sD H qD H qD H , we1 2 3 4
can calculate the magnitudes of contribution of
S1 and S2 to the duplex dsDNA formation at
various temperatures. The results are 66.3%,
58.2%, 40.1%, 32.0% at 35, 40, 45, and 508C,
respectively.

From these ITC, DSC and CD experiments, we
Žcan conclude that at low temperatures lower

.than T , the single strands can possess consider-m
able ordered structure that can significantly in-
fluence the thermodynamic driving forces for du-
plex formation. In the present cases, there are

Ž .two equilibria as below which may make signifi-
cant contributions to the simple binding equilib-

w xrium 1 varying with temperature.

Ž . Ž . Ž .S1 ordered structure |S1 random coil 2

Ž . Ž . Ž .S2 ordered structure |S2 random coil 3

At equilibrium, the two single strands might have
multiple conformational transitions, which make
the duplex dsDNA formation studied here rather
complicated. This suggests that more attention
should be paid to the conformational states of
single strands for analyzing the mechanism of
duplex formation. Other interactions in this bind-
ing equilibrium system, such as hairpin formation
in single strands and the intermolecular bulge
duplex formation from same single strands must
be considered. Although there is no detailed in-
formation on the conformational states of the

Žsingle strands, the CD spectra of S1 and S2 Fig.
.3 confirm that they have ordered structures.
Furthermore, we have carried out similar ex-

periments for duplex formation at lower tempera-
Ž .tures e.g. 258C . The curve of Fig. 4 shows the

heat produced in each of 25 10-ml injections of
7.2=10y5 M S2 into 0.5 ml of 1.3=10y5 M S1
at 258C with 500-s intervals between an injections.
It is evident that this binding process at 258C is
quite complicated, strongly suggesting that the
single strands possess stable ordered structures at
low temperature which cannot make them over-
come the energy barrier of transitions to a ran-
dom-coil state. Therefore, they cannot form the
duplex dsDNA in the same form as that at high
temperatures. The two palindromic single strands

Fig. 4. Calorimeter data observed in the titration of 72 mM S2
into 0.5-ml of 13 mM S1 at 258C under the same conditions as
in Fig. 1. The injections were made at 500-s intervals.

are self-complementary and could adopt sec-
ondary structures such as hairpins or bulge du-
plex formed by intermolecular interaction below

Ž . w xtheir thermal transition temperature T 24,25 .m
The secondary structure features of these two
complementary single strands should significantly
influence the duplex dsDNA formation.

4.2. Binding affinities

The binding constants for interaction between
the two complementary single strands at several
temperatures are listed in Table 1. While the
binding free energy only increases slightly with
temperature, the enthalpy of duplex formation
decreases dramatically. The observed binding
constant is lower at 508C than that at lower

Ž .temperatures e.g. 358C . This result indicates the
duplex is more stable at low temperatures, which
can be easily rationalized in the form of the
equilibrium movement varying with temperatures.

ŽIn solutions, the binding equilibrium as shown in
.equilibrium 1 moves to duplex disruption transi-

tion with increasing temperature, so the binding
affinities decrease with increasing temperature.
The experimental K values obtained from ITCb
experiments are in the range of 105]106 My1 at
the temperature range studied herein. At lower
temperatures, the binding constants K should beb
larger.

This binding equilibrium system is complex,
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which may include other binding interactions, such
as the binding between the same single strand
forming the bulge duplex and the intra-molecular
binding in the single strand forming hairpins.
Thus, we have also carried out the ITC experi-
ments under similar conditions to verify whether
these binding interactions exist. The results indi-
cate these interactions have not been observed in
the binding process of the two single strands in
the temperature range studied.

4.3. Free energy and entropy of duplex formation

Table 1 lists the free energy and entropy of
DNA duplex formation from single strands S1
and S2 at several temperatures. The DG0 are
derived from the experimental values of K ac-b
cording to DG0 syRT ln K . The overall freeb
energies of duplex formation will include con-
tributions from exothermic enthalpy terms and
entropy terms. The observed DG0 changes slightly
with the increasing temperature, which results
from the partial compensation of exothermic en-
thalpies and unfavorable entropy that counteracts
the effect of a large negative D H 0. According to

w xMarky’s work 9 , the entropy contribution is due
to the following contributions: the bimolecular
association reaction, the complementary nature
of the oligomers, changes in the oligomer config-
uration in going from single strands to duplex,
uptake or release of counterions, uptake of water
molecules, etc. The entropy contribution for the
DNA duplex formation is more unfavorable at
high temperatures. A major source of the nega-
tive DS0 may come from the flexibility of the two
single strands.

5. Conclusions

We have thermodynamically characterized
DNA duplex formation at several temperatures
and the thermal disruptions of its two comple-
mentary single strands. Our results show that at
low temperatures, single strands can possess con-
siderable stable secondary structures, which can
influence the duplex DNA formation, especially

those single strands containing palindromic se-
quences are very stable at room temperature.
Consequently, due to this single strand
base]stacking interaction, the mechanism of the
DNA duplex formation is complicated, and the
thermodynamic parameters for the duplex forma-
tion, such as the binding affinities, the formation
enthalpies, the formation free energies, may
change with temperature. Thus, potential con-
tributions from the conformational states of sin-
gle strands must be recognized and accounted for
to study the formation of duplexes and high-order

Ž .structures such as triplex from their component
single strands.
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