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Abstract

This investigation presents measurements of isothermal ssDNA oligomer hybridization enthalpy at various DNA length, GC contents,
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emperatures, and salt concentrations by isothermal titration calorimetry (ITC) at temperatures below the melting temperature of the
tudy aimed to reveal the hybridization mechanism of ssDNA for gene chip applications. The role of hydrogen bonds between com
ases, the stacking forces between bases, the electrostatic repulsion between strands, the dehydration and conformational rea
sDNA in hybridization are estimated from the interaction enthalpy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The development and application of DNA biochips have
ttracted interest in understanding the mechanism of DNA
ybridization. It is generally believed that hydrogen bonding,
-stacking between the base pairs of complementary strands,
nd the conformational change of single-strand DNA (ss-
NA) play major roles in the formation of double-strand
NA (dsDNA). The thermodynamics of hybridization
rovides evidence of the forces and mechanisms involved

n DNA–DNA interactions. However, the hybridization
nthalpies have not been well documented, particularly at

emperatures significantly lower than the melting temper-
ture (Tm) of dsDNA, temperatures common in gene chip
pplications.

The enthalpy–entropy compensation relationship has
een observed in various ssDNA dinucleotides hybridization
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with and without mismatch at temperatures belowTm [1].
The results indicate that weak intermolecular forces betw
ssDNA are important in hybridization. Water molecules
essential to stabilize the secondary and tertiary struc
of biomolecules, and the hydration states of the DNA re
in various forms of DNA. Therefore, in the hybridizati
of two ssDNAs, desolvation (removal of structural
electrostricted water molecules[2] and counter ions) o
ssDNA and the destruction of intra-ssDNA stacking
hydrogen bonding (conformational rearrangements)
essential before hybridization can occur. These proc
require energy but contribute entropy partially owing to
release of water in the desolvation processes. The chan
heat capacity accompanying duplex formation from ssD
[3] suggests an apparent conformational change of ss
from the unstructured single stranded state to the he
(stacked) single stranded state[4]. Additionally, the energ
increase required by conformational change at a hi
temperature indicated that hydrogen bonding and�-stacking
intramolecular forces are important in ssDNA hybridiza
[5].
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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The melting temperature (Tm) and enthalpy of dsDNA
have been measured by differential scanning calorimetry
(DSC)[6]. However, reported enthalpies are not applicable in
gene chips, which are normally used at a temperature below
Tm. Furthermore, the melting enthalpy measured by DSC is
a function of temperature.

The hybridization enthalpy applicable to gene chip appli-
cations is the enthalpy change between the initial state (two
ssDNAs at the environment temperature) and the final state
(hybridized dsDNA at the environment temperature). The en-
thalpy change for ssDNA hybridization in gene chips should
thus be investigated at constant temperature via isothermal
titration calorimetry (ITC).

ITC provides thermodynamics information for various
biomolecular interactions[7] and proteins with solid surface
[8]. ITC has been used to study ssDNA hybridization[9], but
the highly exothermic dilution heat of highly charged ssDNA
in solution may not have been accurately presented. There-
fore, the dilution heat of both ssDNAs (target and probe) in
buffer must be precisely estimated.

The present study employed ITC to measure the hybridiza-
tion enthalpy between ssDNAs of various lengths and GC
content at different temperatures and salt concentrations to as-
sess the hybridization enthalpy and mechanism at the temper-
atures below theTm of dsDNA. These results will benefit de-
velopers and end-users in designing and choosing gene chips.
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rate dihydrate was obtained from Merck (Germany). Sodium
chloride and sodium dodecyl sulfate (SDS) were all obtained
from Sigma (USA). The SSC buffer was prepared by mixing
3 M sodium chloride with 0.3 M tri sodium citrate dihydrate
and defined as the 20×SSC buffer. The 2×SSC and 5×SSC
buffers were diluted directly from the 20×SSC.

2.2. Methods

Isothermal titration calorimetry was done with a thermal
activity monitor (TAM) (Thermometric AB, Sweden), with
a 4 ml stainless-steel ampoule filled with a solution of target
ssDNA. When thermal equilibrium was reached between the
ampoule and the heat sink, the probe ssDNA solution was
titrated into the ampoule via a Hamilton syringe fitted with a
stainless-steel needle driven by a computer-controlled pump.
The output power,P, was integrated with time and divided by
the quantity of ssDNA titrated. The apparent heat from titra-
tion was corrected by subtracting the dilution heat of both the
target and probe ssDNA solutions to obtain the net heat of
interaction between ssDNAs. The dilution heat of the probe
ssDNA was obtained by injection the same amount of target
ssDNA as for the measurement of hybridization into the am-
poule filled with hybridization buffer without target ssDNA,
while the dilution heat of target ssDNA was done by titrating
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. Materials and methods

.1. Materials

Deoxyribonucleic acids (DNA) were obtained fro
inopharm (Taiwan) and are listed inTable 1. Tri-sodium cit

able 1
equence and notation of the single-strand DNA oligomers used in th

5′-DNA sequence-3′ Le

T5 AAGGG 5-m
P5 CCCTT 5-m
T71 GGGAAAA 7-m
P71 TTTTCCC 7-m
T72 AAAGGGG 7-m
P72 CCCCTTT 7-m
P151 CATCCGTGTGGTAAC 15
T151 GTTACCACACGGATG 15
P152 CGACGACTGGCATGC 15
T152 GCATGCCAGTCGTCG 15
T16 GTTAGGACACGGATTG 16
P16 CAATCCGTGTCCTAAC 16
T17 GTTAGGACGACGGATTG 17
P17 CAATCCGTCGTCCTAAC 17
T181 GTTAGGACGACGGGATTG 18
P181 CAATCCCGTCGTCCTAAC 18
T182 GTTATTACAACATTATTG 18
P182 CAATAATGTTGTAATAAC 18
T22 GACGTCATCCCCACCTTCCTCC 22
P22 GGAGGAAGGTGGGGATGACGTC 22

denotes single-strand and T and P represent the target and probe, r
ers).
uffer into the ampoule with target ssDNA. The hybridi
ion enthalpy (�H) thus can be calculated using the follow
quation[8]:

= Vq∗�H

(kJ) denotes the net heat of the interaction between ssD
fter the subtraction of both dilution heat of target and p
sDNA.V (ml) represents the volume of ssDNA solution

stigation

MW (g mol−1) Tm (◦C) GC/(mol.%)

1552 16 60
1414 16 60
2179 20 42.9
2022 20 42.9
2195 22 57.1
2007 22 57.1
4554 46 53
4563 46 53
4564 50 67
4555 50 67
4946 43 50
4786 43 50
5274 47 53
5074 47 53
5603 60 56
5363 60 56
5471 37 22
5489 37 22
6506 72 63
6346 72 63

ively. The numbers following SP or ST indicate the length of the ssDNr of
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Fig. 1. Variation of the hybridization enthalpy (kJ/mol) of ssDNAs (ST5 and
SP5) with ssDNA concentration at 15◦C in 2× SSC buffer with 0.5% SDS.

the ampoule.q* (mol/ml) is the amount of ssDNA interac-
tion. Stoichiometric hybridization of injected ssDNA with its
complementary ssDNA chain in the ampoule is assumed, es-
pecially for the temperatures below the melting temperature
of the dsDNAs. Each injection volume contained one-tenth
of the number of moles of target ssDNA in the ampoule and
10 injections were conducted for the enthalpy measurement;
therefore, at the end of the last injection, a 1 to 1 molar ratio
was reached between the target and probe ssDNA. The de-
tailed operation of the ITC is described in a previous report
[8].

3. Results

The effects of temperature and salt concentration on hy-
bridization enthalpy were investigated first. Experimental
temperatures were 15, 25 or 30◦C, which are all lower than
theTm of the dsDNA. Results are illustrated inFigs. 1–3. At

F
w
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Fig. 3. Variation of the hybridization enthalpy of ssDNAs (ST72 and SP72)
with ssDNA concentration at 15 and 25◦C, at 2×and 5×SSC buffer with
0.5% SDS.

15◦C, the hybridization enthalpy of 5-mer and 7-mer DNA
with their complementary ssDNA in 2×SSC/0.5% SDS or
5× SSC/0.5% SDS were all endothermic and less endother-
mic is obtained at the hybridization buffer with higher salt
concentration. Also, the enthalpy is varied and is more en-
dothermic as the amount of hybridization increase for buffer
with low salt concentration, while the enthalpy is almost con-
stant at the buffer with high salt concentration.Fig. 3 also
shows the hybridization enthalpies of complementary 7-mer
ssDNA hybridization at two different temperatures. The re-
action is less endothermic at higher temperature.

This work studied the effects of length of ssDNA (15-mer
to 18-mer) and the GC content (GC%). Specifically, ssDNA
of 15-mers (ST151–SP151; ST152–SP152) and 18-mers
(ST181–SP181; ST182–SP182) with designated GC content
were selected for this investigation as listed inTable 1.
The results were listed inTable 2. Based on the data, three
points can be concluded. First at all, more endothermic
hybridization enthalpies were observed at increasing salt
concentration at 25◦C as demonstrated inFigs. 1–3. Sec-
ondly, ssDNA with similar GC content, less endothermic
reaction enthalpies were revealed as the ssDNA length
increase. Thirdly, higher endothermic enthalpies at low
GC% of ssDNA were demonstrated in this investigation.
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DS.
. Discussions

The data presented inFigs. 1–3 seem to contradic
he exothermic characteristics of forming hydrogen bo
ng and stacking interaction between the base pair
omplement ssDNAs in hybridization. Examining
ybridization process, however, four distinct subproce
f the hybridization can be distinguished: intramolec
onformational re-arrangement of ssDNA; dehydratio
issolution of ssDNA; base pairing and then hydra
duplex forming); finally dissolution and accompany
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Table 2
List of the hybridization enthalpies (kJ/mol) of the ssDNAs of 15–22 oligomer in various GC%, temperatures and salt concentrations

DNA pair GC% Hybridization enthalpy (kJ mol−1)

2× SSC + 0.5% SDS 5×SSC + 0.5% SDS

25◦C 30◦C 25◦C 30◦C

ST151–SP151 53 16.43 10.22 40.77 10.69
ST152–SP152 67 4.45 – 27.76 –
ST16–SP16 50 1.76 5.76 19.62 5.17
ST17–SP17 53 7.42 9.27 26.37 7.46
ST181–SP181 56 1.17 10.13 12.41 5.47
ST182–SP182 22 – – 64.94 –
ST22–SP22 64 0.96 8.46 −3.05 2.86

structural re-arrangement of dsDNA. The conformational
rearrangements of a structured ssDNA, such as hairpin or
slipped duplex, as well as the dehydration, require energy
and are endothermic subprocesses. In the subprocess of hy-
bridization, from an energy perspective, we should consider
that energy is required to overcome the electrostatic repulsion
between the highly negatively charged ssDNA and the energy
is released from the formation of the hydrogen bonding
and�-stacking. Similar discussions have been documented
on protein interactions in general molecular recognition
processes[8]. Therefore, the endothermic behavior of the
hybridization can be contributed to the conformational
rearrangement and dehydration subprocess as well as to the
repulsive force generated between two ssDNAs.

Theoretical modeling forecasts that 14 water molecules
are bound around the A and G, while 12 water molecules are
bound around T and C. Moreover, the calculated dehydra-
tion enthalpy was 64.67 and 50.03 KJ/mol for [A, G] and [T,
C], respectively[10,11]. The enthalpy required for the de-
hydration dominated the short ssDNA hybrization, and, as a
whole, the negligible energy required for the conformational
changes of short ssDNA oligomer and the lesser energy re-
leased from the formation of hydrogen bonds between the
base pair justified the endothermic hybridization process in
Figs. 1–3. The enthalpy can be compensated by the entropy
gain from the bound water molecules.
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energy is required for the dehydration process when the DNA
molecule solution has higher surface tension.

Moreover, as for the temperature effects at 5×SSC, higher
temperature (30◦C) reduced the energy needed for dehydra-
tion. It means that less energy is required to break the hydro-
gen bonds between the bound water with ssDNAs, resulting
in a less endothermic process of hybridization at higher
temperature conditions. The results were consistent with the
reported data[9,12]. Furthermore, for hybridization at 30◦C
in 2×SSC and 5×SSC, the effects of the salt concentrations
studied were insignificant[9]. Overall, the salt concentration
reduces the electrostatic repulsion between two ssDNAs, thus
increasing the surface tension of DNA in aqueous solutions
and promoting the energy required for dehydration of the
bound water. Consequently, from the thermodynamics point
of view, within certain ranges of the hybridization conditions,
the salt affects more acutely in entropy than in enthalpy.

For the effects of GC content (GC%), the results inTable 2
clearly demonstrate that the released binding energy in-
creased (less endothermic) as more GC pairing occurred.
Comparing with ssDNA of different length but similar GC%,
the energy generated increased as more bonds forming for
ssDNA hybridization. Further calculation of the enthalpy
change with GC% difference revealed 1.0–1.5 KJ/mol de-
creases as we increased GC content. The obtained energy is
lower than but still compatible with the reported 2.38 KJ/mol
d e
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The data of lower (2×SSC) salt concentration as sho
n Figs. 1–3implies notably that higher endothermic proc
as observed with the increasing concentration of dsD

ormed or the increasing number of titration of ssDNA i
he ampoule. This resulted can be explained as more ene
eeded for dissolution as the solution charge density is hi
his phenomenon was observed only in low salt conce

ion, demonstrating the importance of electrostatic repu
n the hybridization. For most of the hybridization involvi
onger complementary ssDNA, the enthalpy change is
entially not a function of moles of ssDNA titrated. The
ridization enthalpies for longer ssDNA were listed inTable 2

or the following discussions.
In comparison of the enthalpies of the various ssD

engths at the two salt concentrations, more endotherm
ction occurred in the 5×SSC condition, indicating that mo
ata by Schwarz et al.[13] of 10-mer DNA hybridization. Th
ata inTable 2also shows that more endothermic hybrid

ion enthalpies were observed at increasing salt concent
t 25◦C as demonstrated inFigs. 1–3. Furthermore, the h
ridization enthalpy is affected in less extent by DNA len
t higher temperatures and lower salt concentrations sug

ng that the dehydration subprocess play profound role am
he subprocesses in the view points of thermodynamics

In Table 2, we shown that, various lengths of full co
lementary ssDNA hybridization create distinct enthalp

ndicating possible applications of measuring hybridiza
nthalpy under certain conditions to discriminate
ybridization length (numbers of match pairs). This find
aybe promisingly applied in SNP detection. Neverthe

he data and arguments in this work are confined in
aterials studied and the ranges of temperatures. H
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temperature would destabilize dsDNA and the hybridization
enthalpy may become exothermic nearTm.

5. Conclusions

Our results demonstrate that isothermal ssDNA hybridiza-
tion at temperature lower thanTm is endothermic and is at-
tributed to the dehydration and structural re-arrangement of
ssDNA. The enthalpy is compensated by the entropy gained
from the dehydration process of ssDNA. The data presented
in this investigation provide basic thermodynamics informa-
tion for gene chip developer and user.

The hybridization processes in this study were performed
isothermally, so that the heat capacity change of the molecules
can be neglected. For hybridization performed.

We also examined the endothermic processes of vari-
ous ssDNA lengths under different hybridization conditions.
Similar results (shown inFigs. 1–3) illustrated the effects of
salt concentration on DNA hybridization of various ssDNA
lengths. Less endothermic hybridization enthalpies were de-
rived under increased salt concentration (2×SSC to 5 or
7× SSC) owing to that the electrostatic repulsive force was
repressed.Fig. 3shows the hybridization enthalpies of com-
plementary 7-mer ssDNA hybridization at two different tem-
peratures. The dehydration subprocess requires less energy
a
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