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a b s t r a c t

Nucleic acid hybridization is one of the essential biological processes involved in storage and transmis-
sion of genetic information. Here we quantitatively determined the effect of secondary structure on the
hybridization activation energy using structurally defined oligonucleotides. It turned out that activation
energy is linearly proportional to the length of a single-stranded region flanking a nucleation site, gener-
ating a 0.18 kcal/mol energy barrier per nucleotide. Based on this result, we propose that the presence of
single-stranded segments available for non-productive base pairing with a nucleation counterpart
extends the searching process for nucleation sites to find a perfect match. This result may provide
insights into rational selection of a target mRNA site for siRNA and antisense gene silencing.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Nucleic acid hybridization based on Watson–Crick base-pair
complementarity underlies a number of essential biological pro-
cesses such as genetic information storage and transmission [1],
three-dimensional folding of nucleic acids [2] and genetic regula-
tion by non-coding RNA elements [3]. Mechanism-based under-
standing of the hybridization process is a prerequisite to
elucidation of the relevant biological phenomena. In addition to
the biological implications, recent advent of new technologies
involving short oligonucleotides leads one to pay increasing atten-
tion to kinetics and thermodynamics of the nucleic acid hybridiza-
tion. Typical examples are nucleic acid-based biosensors and
microarrays [4,5]. In these applications, predesigned secondary
structures of oligonucleotides are often coupled to dynamic func-
tionality of the resulting devices [2]. For example, hairpin struc-
tures of molecular beacons ensure spatial proximity of end-
labeled fluorophores until a complementary counterpart to a loop
region separates the fluorophores by formation of a rigid duplex
[6,7]. This example clearly indicates that improving performance
of the nucleic acid-based devices requires a thorough understand-
ing on how secondary structures affect hybridization kinetics.

It is generally accepted that nucleic acid hybridization is initi-
ated by formation of a nucleation complex in which stable intermo-
lecular base pairing between complementary regions is formed
ll rights reserved.
with a length of a few base pairs [1]. The nucleation complex under-
goes zipping-up of unpaired regions, completing the hybridization
process [8–10]. The two-step model successfully explained the
hybridization kinetics for unstructured oligonucleotides (i.e., de-
void of intramolecular secondary structures) [11–14]. In the case
of hybridization between structured oligonucleotides, the zip-
ping-up step involves local disruption of intramolecular base pair-
ing. Therefore, hybridization kinetics becomes more complicated
than the one for unstructured oligonucleotides. A kinetic model,
to our knowledge, is not yet available to predict the effect of sec-
ondary structures on the hybridization kinetics [8–10]. To develop
a reliable kinetic model, it is essential to understand how the nucle-
ation step is influenced by intramolecular secondary structures. In
this study, we have attempted to address the issue using structur-
ally defined oligonucleotides with a varying length of a single-
stranded overhang segment close to a nucleation site.

To this end, an accurate detection method should be employed
to monitor the progress of hybridization reaction. Monitoring nu-
cleic acid hybridization has been carried out using absorbance hyp-
ochromicity [15–17], fluorescence resonance energy transfer
(FRET) [8,9,13,14,18–21] and surface plasmon resonance (SPR)
[10,22,23]. However, there is an intrinsic drawback of these ap-
proaches that changes in the detection signal result not only from
the final hybridization product but also from hybridization inter-
mediates contributing to early detection signal. To achieve accu-
rate kinetic analysis, it is desirable to use a detection method of
which signal changes are only caused by accumulation of the final
product. In this study, we monitored DNA hybridization by
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Table 1
DNA sequences for the oligonucleotides to examine effect of hybridization state on
the fluorescence intensity.

O 50-CGATTCAAGCGGTTTGGCGTG-Oregon Green 488-30

Ca 50-CACGCCAAACCGCTTGAATCG-30

T1b 50-GACTCGCACATCAGTTACCCGCGGAGAGGCTCACGCCAAACCGCTTGAATCG-30

I 50-AGCCTCTCCG-30

a Strand C is a perfect complement to strand O.
b The single-underlined and double-underlined segments in strand T1 are com-

plementary to strand I and strand O, respectively.
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measuring fluorescence changes of a single fluorescent probe end-
labeled on one of the two DNA oligonucleotides. Using the single-
fluorophore measurement, hybridization rate constants were
determined at different temperatures and salt concentrations to
investigate the effect of secondary structures on activation energy
and change in the number of cations associated in a rate-determin-
ing step. From the kinetic measurements, we found that activation
energy is directly dependent on the length of a single-stranded
overhang that might hinder the nucleation step.
wavelength (nm)
480 500 520 540 560 580 600

flu
or

es
ce

nc
e 

em
is

si
on

 (
x1

0
5  c

ps
)

0

1

2

3

4

5

6

7

O
O-T1
O-T1-I
O-C

Fig. 1. Changes in fluorescence emission of strand O depending on the hybridiza-
tion state. Concentrations of the oligonucleotides were 10 nM. Excitation wave-
length was set to 470 nm. The green sphere represents Oregon Green 488 labeled at
the 30-end of strand O.
Materials and methods

Synthetic oligonucleotides and secondary structure prediction.
HPLC-purified DNA oligonucleotides were purchased from IDT,
Inc. (Coralville, USA). Dye labeling of strand O was performed by
the supplier. DNA stock solutions (100 lM) were prepared in TE
buffer (pH 8.0, 10 mM Tris base, 1 mM EDTA). Sequences for the
DNA oligonucleotides were randomly generated and then manu-
ally optimized using mfold [24] to minimize undesirable intramo-
lecular secondary structures and unfavorable intermolecular
hybridization. DNA secondary structures were predicted by mfold
at the conditions of 300 mM NaCl and 298 K. Secondary structure
stability (DG) was obtained from the mfold calculation.

Kinetic measurements. All the hybridization reactions were per-
formed in a sodium phosphate buffer (50 mM, pH 6.5). Typical
reaction conditions were 5 nM strand O and 50 nM strand T (or
TN) in the reaction buffer supplemented with 250 mM NaCl
(100 ll working volume). Fluorescence measurements were car-
ried out with a fluorometer equipped with a Peltier temperature
controller and a photomultiplier detector (PTI Co.). Excitation and
emission wavelengths were set to 496 and 517 nm, respectively
(both 4 nm bandwidth). Changes in the fluorescence emission
were recorded, which were used in curve fitting to a single expo-
nential function.

Kinetic analysis. Pseudo-steady-state reaction conditions were
used for kinetic analysis. The kinetic traces obtained from the fluo-
rescence measurements were subjected to curve fitting to deter-
mine rate constants (khyb). Under the reaction conditions (i.e.,
[T]0 » [O]0 where [T] and [O] represent concentrations of strands
T and O, respectively, and subscript 0 represents an initial state),
the reaction follows pseudo-first-order kinetics.

d½O�
dt
¼ �khyb½T�0½O� ð1Þ

Integration of Eq. (1) yields a single exponential function whose
exponent is linearly proportional to [T]0 (i.e., kobs = khyb[T]0).

½O� ¼ ½O�0e�kobs �t ð2Þ

Because both O and T–O (i.e., the final hybridization product) con-
tribute to fluorescence emission, the total intensity with respect
to time is given by

f ðtÞ ¼ eT—O½T—O� þ eO½O�; ð3Þ

where e is the molar fluorescence intensity. Because [T–O] equals
[O]0 � [O], Eq. (3) becomes

f ðtÞ ¼ eT—O½O�0 þ ðeO � eT—OÞ½O�0e�kobs �t ð4Þ

Eq. (4) was used for curve fitting to obtain kobs values, and then khyb

values from linear regression between kobs and [T]0.
To determine activation energy, the khyb values obtained at dif-

ferent temperatures (15–37 �C) were fitted to the Arrhenius
equation.

ln khyb ¼ ln A� Ea=RT ð5Þ
Results

Monitoring DNA hybridization using a single fluorophore

It is known that fluorescence intensity is dependent on hydro-
phobic environments of a fluorophore [25]. To examine how the
hybridization state affects emission intensity of a fluorophore la-
beled on a DNA oligonucleotide, we measured changes in the fluo-
rescence emission of Oregon Green 488 end-labeled at the 30-end
of strand O upon hybridization with complementary strands
shown in Table 1. The fluorescence emission from strand O de-
creased by 58% at the maximum emission wavelength (kmax =
517 nm) upon formation of a 21-bp duplex with strand C (Fig. 1).
Hybridization between strands O and T1 resulted in a 21-bp duplex
with a 31-base single-stranded overhang, leading to an increase in
fluorescence emission by 31% compared with the O–C duplex.
Intriguingly, further hybridization of the O–T1 complex with
strand I led to even higher fluorescence emission than that of
strand O. In the O–T1–I trimolecular complex, both regions flank-
ing the fluorophore are double-stranded. These results clearly
show that emission intensity of a fluorophore labeled on a DNA oli-
gonucleotide is highly sensitive to changes in the local hybridiza-
tion state. The fluorescence changes shown in Fig. 1 were large
enough to allow real-time monitoring of the hybridization reac-
tion, leading us to undertake kinetic measurements using the sin-
gle fluorophore.

Time-course monitoring of the hybridization reaction between
strands O and T1 was carried out by measuring fluorescence inten-
sity of Oregon Green 488 labeled on strand O (Fig. 2). Because of
the lower fluorescence emission of the O–T1 complex than that
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Fig. 2. Kinetic traces for the hybridization reaction between strands O and T1.
Concentration of strand O was 10 nM. The reactions were carried out at 21 �C.
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of strand O as shown in Fig. 1, the fluorescence intensity decreased
as the reaction proceeded. The two kinetic traces were well fitted
to a single exponential function, yielding observed kinetic con-
stants of 4.2 � 10�3 and 8.1 � 10�3 s�1 at 10 and 20 nM of strand
T1, respectively.
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Fig. 3. Kinetic analysis of the hybridization between strands T and O. (A) Typical kinetic
state conditions. Concentration of strand O was 5 nM. (B) Linear relationship between
determine activation energy. (D) Salt dependency of the hybridization reaction.
Kinetic measurement with structurally unrelated oligonucleotides

We set out to investigate how secondary structures influence
hybridization kinetics using DNA oligonucleotides that are not
structurally related. To this end, four additional oligonucleotides
of varying length were prepared by successive insertion of ran-
domly generated sequences right before the single-underlined seg-
ment of T1 shown in Table 1. The resulting DNA strands from T2 to
T5 share a 30-end 21-base segment complementary to strand O, so
the new T strands hybridize with strand O. Secondary structure
prediction using mfold showed that no local secondary structures
are conserved among the five T strands (see Figure S1 in the Sup-
porting Information). Changes in the free energy for the most sta-
ble structures were between �2.9 and �4.8 kcal/mol at room
temperature. The mfold calculation predicts that strand O is not
capable of forming a stable secondary structure (see Figure S1 in
the Supporting Information). The most stable structure is only
0.3 kcal/mol more stable than the structure devoid of any base
pairing (note that 0.3 kcal/mol is even lower than the thermal en-
ergy RT, i.e. 0.6 kcal/mol).

To obtain hybridization rate constants (khyb), we used pseudo-
steady-state reaction conditions in which concentration of strand
T (50–125 nM) was much higher than that of strand O (5 nM).
Fig. 3A shows typical kinetic traces, which were fitted to a single
exponential function to obtain observed rate constants (kobs). Lin-
ear regression between the observed rate constants and the con-
centrations of strand T is shown in Fig. 3B, yielding khyb values
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traces obtained at 21 �C for hybridization between O and T5 under pseudo-steady-
kobs measured at 21 �C and the concentration of strand T. (C) Arrhenius plot to



Table 2
Effect of the length of strand Ta on the hybridization reaction with strand O.

T1 T2 T3 T4 T5

Oligonucleotide
length (nt)

52 57 62 72 82

khyb
b (105 s�1 M�1) 15.57 (1.0)c 3.97 (0.25) 6.80 (0.44) 4.91 (0.32) 5.23 (0.34)

Eac (kcal/mol) 16.0 20.8 11.9 16.7 18.3
ln khyb/ln[Na+]d 0.99 0.56 0.76 0.61 0.48

a The 21-nt segment on the 30-end of T strands is complementary to strand O.
b The values are hybridization rate constants at 37 �C.
c The number in parenthesis represents a relative rate.
d The khyb values were measured at 37 �C.
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from the slopes. To determine activation energy (Eac), the khyb val-
ues measured at different temperatures were used in Arrhenius
plots as shown in Fig. 3C. In addition to the temperature depen-
dency of the hybridization rate constant, we examined how salt
concentration affects the reaction rate. The positive slope in the
plot of ln khyb against ln[Na+] shown in Fig. 3D indicates that more
sodium ions are associated as the two DNA strands undergo a tran-
sition state [11,12].

Kinetic measurement and analysis were carried out for the
hybridization of the five T strands with strand O to evaluate the
activation energy and the change in the number of bound sodium
ions (Table 2). The khyb values measured at 37 �C did not show any
correlation with the length of T strands. The highest khyb value was
observed with T1 and the lowest with T2. Variation in the activa-
tion energy was large; the difference in the highest (20.8 kcal/
mol for T2) and the lowest (11.9 kcal/mol for T3) values was
8.9 kcal/mol. The ln khyb/ln[Na+] values were between 0.48 (for
T5) and 0.99 (for T1), indicating that transition state for the hybrid-
ization involves association of more sodium ions [11,12]. Neither
Eac nor ln khyb/ln[Na+] showed a correlation with the length of T
strands.

Kinetic measurement with structurally defined oligonucleotides

To eliminate ambiguity in the interpretation of kinetic data
resulting from the structural dissimilarity of T strands, we used
structurally defined T strands (i.e., TN strands) that were designed
to examine the nucleation step with the ensuing zipping-up step
unaltered. Fig. 4A shows the TN strands that were generated by
removing the first 20 bases from the 50-end of strand T1 and then
n TN
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Fig. 4. Kinetic analysis of the hybridization reaction with strands TN and O. (A) Secondary
to strand O. The lowercase n represents the number of repeating units at the 50-dangling e
the number of bound sodium ion during a rate-determining step.
attaching tandem repeats of AGTTACCC. The resulting four TN
strands share an identical stem-internal loop-stem structure with
an 8-base 30-dangling end, but differing in the length of the sin-
gle-stranded overhang at the 50-end. Because the stem-internal
loop-stem regions of the TN strands are not readily accessible for
nucleation, the 30-end overhang presumably serves as a nucleation
site. Hybridization between strands TN and O results in an identi-
cal 21-bp duplex carrying a varying length of 50-dangling end (note
that bases in bold type in Fig. 4A comprise a segment complemen-
tary to strand O).

We examined temperature and salt dependencies of the hybrid-
ization between strands TN and O. In contrast to the hybridization
between strands T and O, both activation energy and ln khyb/ln[Na+]
values show linear relationships with the length of the 50-dangling
end (Fig. 4B and C). Secondary structure prediction with mfold
shows that the 50-dangling ends for all TN strands do not form
any stable intramolecular secondary structure, indicating that the
50-dangling end remains as a single-stranded state during the
hybridization reaction. Therefore, Fig. 4 indicates that the 50-dan-
gling end affects the activation energy and the number of bound
sodium ions in a length-dependent manner.

Discussion

Fluorescent methods have been popularly employed in kinetic
and thermodynamic analysis of nucleic acid hybridization owing
to the high-sensitivity quantitation and a wide range of fluoro-
phores. In addition to the presence of a nearby fluorophore that
can absorb the emission energy through resonance energy transfer,
changes in a local chemical environment such as neighboring
hydrophobic species are also known to influence the fluorescence
intensity [25]. This property has been extensively used to monitor
protein folding using internal tryptophan fluorescence [26–29].
This led us to envision that a single fluorophore labeled on either
of two complementary oligonucleotides could be used to monitor
hybridization reaction, because the number of nucleotides
available for interaction with the fluorophore should be altered
depending on the hybridization state. In this study, we placed a
fluorescent probe opposite to a predesigned nucleation site in
strand O to detect the final hybridization product (i.e., TN–O com-
plex) selectively over hybridization intermediates.

Oligonucleotides usually adopt intramolecular secondary struc-
tures depending on the length. Therefore, hybridization between
such structured oligonucleotides involves disruption of pre-exist-
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ing secondary structure by newly formed intermolecular base pair-
ing, following formation of a nucleation complex. The intramolec-
ular secondary structures are thought to affect both nucleation and
zipping-up steps, which is one of the reasons why considering the
secondary structure effect in the analysis of kinetic data remains
challenging. In this study, neither activation energy nor ln khyb/
ln[Na+] values turned out to correlate with the length of strand T
as shown in Table 2, suggesting that pre-existing secondary struc-
ture plays a pivotal role in determining the hybridization rate.
However, it was practically impossible to interpret the kinetic data
in Table 2 in terms of secondary structures of strands T shown in
Figure S1, because the T strands do not have a structural similarity.
Another problem in analyzing the kinetic data was that nucleation
can occur anywhere within strand O and the 30-end 21-base seg-
ment of strand T. Considering that the fluorescence signal is influ-
enced by local hybridization state of 30-end of strand O, the khyb

value obtained from the kinetic trace is a mean value averaged
over different reaction pathways starting at a varying nucleation
site.

To remove such ambiguity arising from structural dissimilarity,
we designed TN strands that share an identical secondary structure
with a defined nucleation site. The only difference is the length of a
dangling end located distally from the putative 30-end nucleation
site. Therefore, once the nucleation complex is formed, TN strands
are likely to follow the same displacement pathway involving dis-
ruption of pre-existing secondary structures and formation of new
base pairing. Because the 50-dangling end in strand TN was de-
signed not to form any stable secondary structure, we expected
that the 50-dangling end would hinder formation of the nucleation
complex occurring at the 30-end overhang in a length-dependent
manner.

Intriguingly, we observed that activation energy is linearly pro-
portional to the length of the 50-dangling end (Fig. 4B), generating a
0.18 kcal/mol energy barrier per nucleotide. To our knowledge, this
is the first demonstration of the length-dependent linear increase
in activation energy caused by a single-stranded region flanking
the nucleation site. One of the possible explanations for the linear
relationship is that the timespan involved in a searching process
for the nucleation site in strand O to find a perfect counterpart in
strand TN is seemingly proportional to the length of the 50-dan-
gling end that extends the searching process by forming non-pro-
ductive base pairing with strand O. It is likely that the initial
encounter complex would keep forming and breaking transient
base pairing between non-complementary segments until the
nucleation complex is formed [9]. The free energy required to
break the transient base pairing adds up to the activation energy,
presumably contributing to a substantial energy barrier even for
the hybridization between unstructured oligonucleotides [11–13].

The linear relationship between the length of the 50-dangling
end and ln khyb/ln[Na+] value was an unexpected result. Because
the ln khyb/ln[Na+] value represents a change in the number of
bound sodium ions during a rate-determining step [11,12], the re-
sult in Fig. 4C indicates that less sodium ions are associated in the
transition state involving a longer TN strand. It is likely that a long-
er TN strand forms a less tight nucleation complex owing to a big-
ger coulombic and/or steric repulsion between the nucleation site
and the 50-dangling end, resulting in less demand for association of
sodium ions to neutralize localized negative charges from DNA
backbone phosphates.

In conclusion, we quantitatively determined the effect of a
single-stranded segment flanking a nucleation site on the hybrid-
ization activation energy by using structurally defined oligonucle-
otides. Based on the results, we propose that the positive activation
energy for DNA association might result from sum of the free en-
ergy required to break transient base pairing during the searching
process leading to a stable nucleation complex. We expect that the
results in this study may provide insights into rational selection of
a target mRNA binding site for siRNA and antisense gene silencing
[3,30]. For example, the presence of long single-stranded regions
around a nucleation site would make the searching process
exhaustive, resulting in a slow hybridization rate.
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