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The kinetics of DNA duplex formation was affected by

the addition of PEGs with different masses (MW = 200–

8000) to an aqueous solution; for each condition, two

duplexes (59-TAGGTTATAA-39/59-TTATAACCTA-39 and

59-CAGGTCACAG-39/59-CTGTGACCTG-39) with different

stabilities were formed after overcoming the same association

activation energy barrier, suggesting that the formation of

consecutive GC base pairs in the helices rather than the helix

terminus is the initiation nucleus for DNA duplex formation

not only in the absence, but also in the presence of PEGs.

Thermodynamics and kinetics are the fundamental aspects of

DNA duplex formation. The former demonstrates the possibility

of a conformational transition and the thermal stability of the

duplex, which depends on the whole sequence, and can be

predicted by the nearest-neighbor model.1 On the other hand, the

latter reflects the realizability and the mechanism of the transition.

From a kinetic standpoint, it is known that DNA duplex

formation does not belong to an elementary reaction, but follows

the zip-up model in which the rate-determining step of duplex

association is the formation of a nucleus of several base pairs, and

the double helix can immediately ‘‘zip-up’’ after the nucleus

formation.2–4 The nucleation site is often regarded to be the

nucleotide terminus, but it may also depend on the nucleotide

sequence. Both the thermodynamic and kinetic aspects are

essential for understanding the base pair formations, which are

critical for many biological processes and technological applica-

tions, such as RNAi, antisense methods and the development of

DNA chips.5 Since these technologies are often aimed at in-cell

use, quantitative information regarding both the thermodynamic

and kinetic aspects for duplex formation under cell-like conditions

are important. To mimic the molecular environment in living cells

containing a number of biomolecules from giant proteins to small

metabolites, poly(ethylene glycol) (PEG) is one of the most

commonly used cosolutes added to aqueous solution,6,7 because

different molecular weight PEGs are available and PEGs are inert

to nucleotides. We previously reported that the thermal stability of

a short DNA duplex decreased with the addition of high

concentrations of PEGs.8,9 In this study, we investigated the

kinetics of DNA duplex formation with different thermodynamic

stabilities in the presence of various masses of PEGs (average

molecular weight was 200–8000) to elucidate the kinetic aspects of

DNA duplex formation under cell-like conditions.

The 10-mer DNA duplex strands10 (1 and 2 in Fig. 1) were

designed so as not to form intramolecular secondary structures,11

and there was a smaller number of the GC base pairs in duplex 1

than that in duplex 2, leading to a significant difference in the

thermodynamic stabilities of these duplexes. It is noted that both

duplexes have one consecutive GC base pair near the middle of the

strands, but have different base pairs at both ends. In all the

solutions examined in this study including 1 M NaCl, 10 mM

Na2HPO4 and 1 mM Na2EDTA at pH 7.0 in the absence and

presence of 20 wt% of PEG 200,12 PEG 600 or PEG 8000, the

thermal stability of duplex 1 was found to be much lower than that

of duplex 2, as expected (Fig. S1, ESI{): At 50 mM DNA in the

solution without the PEG, the melting temperature (Tm) of duplex

1 (37.1 uC) was 22.3 uC lower than that of duplex 2 (59.4 uC). In

the solutions containing 20 wt% PEG 200, PEG 600 and PEG

8000, the Tm values of duplex 1 were 21.7, 20.6 and 22.6 uC lower

than those of duplex 2, respectively.

The DNA duplex formation can be represented as A + B =
AB, where A and B are the non-self complementary DNA single-

strands and AB is the fully-matched DNA duplex. The rapid

kinetics for nucleotide duplex formation in solution can be

measured by stopped-flow and temperature-jump methods. For

the stopped-flow experiment, two or more solutions are rapidly

mixed, which often causes a problem when using the solutions

containing a high concentration of cosolutes, because of a higher

viscosity. Therefore, the temperature-jump method was used in

this study to investigate the kinetics of DNA duplex formation.

Fig. 2 shows the typical temperature-jump relaxation curve and the

plot of t22 (t, the relaxation time) vs. Ct (the total DNA

concentration) of duplex 1 measured at 37 uC, thus providing the

association (k+1) and dissociation (k21) rate constants4,11,13 (see

ESI{). The k+1 and k21 values of duplexes 1 and 2 at 37 uC in 1 M

NaCl–phosphate buffer with and without 20 wt% PEGs are listed

in Table 1. The values of k+1 (k21) for duplexes 1 and 2 in the

solution without the PEG are 1.15 6 107 M21 s21 (128 s21) and

5.43 6 107 M21 s21 (0.170 s21), respectively, which are similar to
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those of previous observations that the k+1 value for oligo-DNA

duplex formation is typically around 105 to 107 M21 s21 and that

the k21 value largely depends on the DNA sequence.14

Table 1 indicates that the rate constants of the two duplexes are

affected by the PEGs in solution. For both duplexes, k+1 decreased

and k21 increased in the presence of low mass cosolutes of PEG

200 and PEG 600, and the lower mass one (PEG200) was more

effective. On the other hand, both k+1 and k21 of duplexes 1 and 2

in the presence of PEG 8000 were not very different from those

obtained in the solution without PEG. The kinetic properties of

the protein associations and refoldings in the presence of cosolutes

have been studied. Kozer and Schreiber reported that the

association rate constant between b-lactamase and its inhibitor

protein was influenced by the viscosity alteration when adding low

mass PEGs, while the association rate constant in the presence of

high mass PEGs only slightly changed even under a 12-fold higher

viscosity than water, supposedly because of the reaction in the

porous medium structure formed by large-sized PEGs.15 In

contrast to the protein results, the plots of k+1 (or k21) vs. the

solution viscosity in this study showed that the viscosity alteration

by adding low or high mass PEGs did not primarily determine the

rate constants of the DNA duplexes formation (Fig. S2, ESI{).

To discern the reaction mechanism of the DNA duplexes

formation in the absence and presence of the PEGs, the k+1 and

k21 of duplexes 1 and 2 were determined at different temperatures

to develop the Arrhenius plots. The association (Ea+1) and

dissociation (Ea21) activation energies were derived from the slope

of the Arrhenius plots (Fig. 3), and are listed in Table 1. The Ea+1

obtained for each solution was negative, suggesting that even in the

presence of the PEGs, the duplex formation follows the zip-up

model, in which the rate-determining step is the formation of a

nucleus consisting of several base pairs.2–4,14 Similar to the

tendency of the rate constant data, the Ea+1 values increased more

in the presence of the lower mass PEGs (Fig. S3, ESI{ and the

slopes of the Arrhenius plot in Fig. 3), and the Ea+1 obtained in the

presence of PEG 8000 was almost the same as that of the solution

without the PEG. The results could be attributed to the difference

in the solution properties. Because the solutions containing low

mass molecules (PEG 200 and PEG 600) are supposed to be

homogeneous,16 the solution properties are changed throughout

the buffer solution by the addition of PEG 200 or PEG 600. The

increase in the Ea+1 value due to the addition of PEG 200 or PEG

600 is consistent with previous reports that the low mass PEGs

increase the DHu (the enthalpy change) for DNA duplex

formation,8 because Ea+1 reflects the enthalpy energy before the

initiation nucleus for DNA duplex formation.14 In contrast, PEG

8000 can form flexible networks and produce porous media in a

Fig. 2 (a) Temperature-jump kinetic trace (thick line) of a 10 mM

59-TAGGTTATAA-39/59-TTATAACCTA-39 (duplex 1) at 37 uC in 1 M

NaCl–phosphate buffer. The curve of a single exponential fitting (light

grey smooth line) and the residuals of the fitting (thin line) are also

indicated. (b) The t22 vs. Ct plot of duplex 1 at 37 uC in 1 M NaCl–

phosphate buffer.

Table 1 The kinetic parameters of the duplexes of 59-TAGGTTATAA-39/59-TTATAACCTA-39 (duplex 1) and 59-CAGGTCACAG-39/
59-CTGTGACCTG-39 (duplex 2) in different solutions

Sequence 59-TAGGTTATAA-39/59-TTATAACCTA-39 59-CAGGTCACAG-39/59-CTGTGACCTG-39

Condition
k+1 (37 uC)/
107 M21 s21

k21

(37 uC)/s21
Ea+1/
kcal mol21

Ea21/
kcal mol21

k+1 (37 uC)/
107 M21 s21

k21 (37 uC)/
s21

Ea+1/
kcal mol21

Ea21/
kcal mol21

1 M NaCl 1.15 ¡ 0.10 128 ¡ 8 24.3 ¡ 0.4 60.7 ¡ 0.4 5.43a 0.170a 24.1 ¡ 0.4 67.3 ¡ 0.4
1 M NaCl with 20 wt%

PEG 8000
1.34 ¡ 0.09 168 ¡ 9 24.1 ¡ 0.3 60.0 ¡ 0.3 5.79a 0.260a 24.4 ¡ 0.2 66.1 ¡ 0.2

1 M NaCl with 20 wt%
PEG 600

0.816 ¡ 0.053 391 ¡ 17 22.2 ¡ 0.3 55.1 ¡ 0.3 3.96 ¡ 0.27 0.607 ¡ 0.043 22.4 ¡ 0.3 66.7 ¡ 0.3

1 M NaCl with 20 wt%
PEG 200

0.697 ¡ 0.041 532 ¡ 21 20.89 ¡ 0.10 55.7 ¡ 0.1 3.16 ¡ 0.21 0.976 ¡ 0.058 20.96 ¡ 0.13 67.1 ¡ 0.1

a The k+1 and k21 values of duplex 2 in the absence of the PEGs and in the presence of PEG 8000 were calculated from the Arrhenius plots
shown in Fig. 3(c) and (d) due to the very low DOD260 values at 37 uC in the solutions.

Fig. 3 Arrhenius plots of duplex 1 (59-TAGGTTATAA-39/59-TTATAA

CCTA-39) (a and b) and duplex 2 (59-CAGGTCACAG-39/ 59-CTGTGA

CCTG-39) (c and d) in the absence (circles) and in the presence of 20 wt%

PEG 200 (squares), PEG 600 (triangles) or PEG 8000 (diamonds). The

open symbols indicate the data at 37 uC extrapolated from the linear plots.
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solution,15,17 and the free space within the porous medium, in

which the properties might be similar to that in the solution

without the PEG, is large enough for the 10-mer DNA duplex,15

explaining the kinetic parameters for the 20 wt% PEG 8000 being

similar to those of the solution without PEG.

Next, we focused on the Ea+1 and Ea21 values of duplexes 1 and

2 in the same solutions (Table 1). Significant differences in the Ea21

decrease due to the addition of the PEG between duplexes 1 and 2

were observed, while the Ea+1 values of duplexes 1 and 2 were

almost the same in the solutions with or without PEG. Because

Ea+1 reflects the enthalpy energy before the initiation nucleus for

the DNA duplex formation,14 the same Ea+1 values of duplexes 1

and 2 suggest that the initiation events of these two duplexes are

identical (Fig. S3, ESI{), although duplex 2 has terminal GC base

pairs and duplex 1 has terminal AT base pairs. Therefore, the

initiation nucleus for duplex 1 and 2 formation may exist in

identical parts of the consecutive GC base pairs near the middle of

the strands. Since the nearest-neighbor GC base pairs are much

more stable than the other nearest-neighbor base pairs, the stable

consecutive GC base pairs can be the initiation nucleus rather than

the helix termini. Overall, duplexes 1 and 2 show different

thermodynamic properties, but the consecutive GC base pairs near

the middle of the strand rather than the strand termini determine

the energy barrier of the duplex formation.

Formation of base pairs by short nucleotide sequences are

fundamental to antisense, RNAi, DNA chip and nano-material

technologies. Since these technologies are aimed at cells,

quantitative information regarding the duplex formation under

cell-like conditions is required. Our results demonstrate that the

addition of a high concentration of the PEGs making a

molecularly crowded media substantially changes the kinetics

for a DNA duplex formation depending on the mass of the

PEG. Moreover, the two DNA duplexes with different thermal

stabilities can be formed after overcoming the same association

activation energy barrier, suggesting the formation of the

initiation nucleus formed in the middle of the helices. These

findings are useful not only for understanding the relationships

between the thermodynamics and kinetics of nucleic acids,

but also in designing a DNA chip and constructing nucleic acid

nano-materials.
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