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ABSTRACT: Stabilization of nucleic acid assemblies, such as duplex and triplex, is quite important for
their wide variety of potential applications. Various stabilization methods, including molecular designs of
chemically modified nucleotides and hybrid stabilizers, and combinations of different stabilization methods
have been developed to increase stability of nucleic acid assemblies. However, combinations of two
stabilizing methods have not always yielded desired synergistic effects. In the present study, to propose
a strategy for selection of a rational combination of stabilizing methods, we demonstrate synergistic
stabilization of triplex by 2′-O,4′-C-methylene-bridged nucleic acid (2′,4′-BNA) modification of triplex-
forming oligonucleotide and addition of poly(L-lysine)-graft-dextran copolymer [poly(L-lysine) grafted
with hydrophilic dextran side chains]. Each of these methods increased the binding constant for triplex
formation by nearly 2 orders of magnitude. However, their kinetic contributions were quite distinct. The
copolymer increased the association rate constant, whereas the 2′,4′-BNA modification decreased the
dissociation rate constant for triplex stabilization. The combination of both stabilizing methods increased
the binding constant by nearly 4 orders of magnitude. Kinetic analyses revealed that the successful
synergistic stabilization resulted from kinetic complementarity between increased association rate constants
by the copolymer and decreased dissociation rate constants by the 2′,4′-BNA modification. The stabilizing
effect of one stabilization method did not alter that of the other stabilization method. We propose that
kinetic analyses of each stabilizing effect permit selection of a rational combination of stabilizing methods
for successful synergy in stabilizing nucleic acid assemblies.

Molecular interactions with high specificity are pivotal for
chemical and biochemical processes. Base pairing in nucleic
acid strands is an outstanding example of such interactions.
Watson-Crick base pairing in duplexes and Hoogsteen base
pairing in triplexes formed between a single-stranded ho-
mopurine or homopyrimidine triplex-forming oligonucle-
otides (TFO)1 and homopurine-homopyrimidine stretches
in duplexes (1-3) are involved in sequence-specific nucleic
acid interactions. Recently, such assemblies of nucleic acid

strands have attracted considerable interest for their wide
variety of potential applications in not only life sciences (4-7)
but also nanotechnology including nanomachines and
nanodevices (8-10). In addition to specificity, stability of
nucleic acid assemblies is a key factor for their practical
utility. Various stabilization methods, including molecular
designs of chemically modified nucleotides and hybrid
stabilizers for nucleic acid assemblies, have been developed
(11-14). Further stabilization of nucleic acid assemblies has
involved combinations of different stabilization methods.
However, combinations of two stabilization methods have
occasionally resulted in unexpectedly small effects. For
example, while each of 2′-O,4′-C-methylene-bridged nucleic
acid (2′,4′-BNA/LNA) modification (15-26) and N3′fP5′
phosphoramidate modification (27-33) of nucleic acid
strands increases the thermal dissociation temperatures of
duplex and triplex significantly, the combination of these two
modifications results in less stabilizing activity than the 2′,4′-
BNA modification alone (34, 35). In another example, while
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acridine modification of TFO and addition of a triplex-
binding ligand increase the binding constant of triplex
formation by 10-fold and 100-fold, respectively, the com-
bination of these two methods results in only a 50-fold
increase in triplex stability (36). Hence, strategies to select
a rational combination of stabilizing methods for successful
synergy in stabilizing nucleic acid assemblies are lacking
and should be established.

We have previously reported that 2′,4′-BNA modification
of TFO (see Figure 1a) increases the binding constant for
triplex formation at neutral pH by at least 20-fold (19, 21).
Kinetic studies have revealed that the increase in binding
constant by the 2′,4′-BNA modification results mainly from
aconsiderabledecrease in thedissociationrateconstant (19,21).
In contrast, we have also reported that poly(L-lysine)-graft-
dextran (PLL-g-Dex) copolymer [poly(L-lysine) grafted with
hydrophilic dextran side chains; see Figure 1b] significantly
increases the stability of duplex (37) and triplex (38-45)
by reducing counterion condensation effects. This copolymer
increases the binding constant for triplex formation at neutral
pH by nearly 2 orders of magnitude (41, 42). Kinetic studies
have demonstrated that the increase in binding constant by
the copolymer results from a considerable increase in the
association rate constant rather than a decrease in the
dissociation rate constant (41, 42). The kinetic effect of
addition of the copolymer is in sharp contrast with that of
the 2′,4′-BNA modification of TFO. The difference in the
kinetic effects between addition of the copolymer and the
2′,4′-BNA modification of TFO produced our hypothesis that
the copolymer should further increase stability of triplexes
involving the 2′,4′-BNA-modified TFO.

In the present study, we demonstrate that the combinations
of these two stabilizing methods synergistically increase the
binding constant for triplex formation at neutral pH. Kinetic
analyses reveal that observed stabilization results from kinetic
complementarity between increased association rate constants
by the copolymer and decreased dissociation rate constants
by the 2′,4′-BNA modification of TFO. No countering
interference between these stabilizing effects was observed.
We propose that kinetic analyses of each stabilizing effect
permit selection of a rational combination of stabilizing
methods for successful synergy in stabilizing nucleic acid
assemblies.

MATERIALS AND METHODS

Preparation of Oligonucleotides. We synthesized 23-mer
complementary oligonucleotides for a target duplex, Pur23A
and Pyr23T (Figure 1c), a 15-mer unmodified homopyrimi-
dine TFO specific for the target duplex, Pyr15T (Figure 1c),
and a nonspecific homopyrimidine oligonucleotide, Pyr15NS
(Figure 1c), on an ABI DNA synthesizer using the solid-
phase cyanoethyl phosphoramidite method and purified them
with a reverse-phase high-performance liquid chromatogra-
phy (HPLC) on a Wakosil DNA column. The 15-mer 2′,4′-
BNA-modifiedhomopyrimidineTFOs,Pyr15BNA7-1,Pyr15BNA7-
2, Pyr15BNA5-1, and Pyr15BNA5-2 (Figure 1c), were
synthesized and purified as described previously (16, 17, 20).
5′-Biotinylated Pyr23T (denoted as Bt-Pyr23T) was prepared
using biotin phosphoramidite. The concentration of all
oligonucleotides was determined by UV absorbance. Comple-
mentary strands, Pur23A and Pyr23T, were annealed by
heating at up to 90 °C, followed by a gradual cooling to
room temperature. The annealed sample was applied on a
hydroxyapatite column (Bio-Rad Inc.) to remove unpaired
single strands. The concentration of the duplex DNA
(Pur23A ·Pyr23T) was determined by UV absorption con-
sidering the DNA concentration ratio of 1 OD ) 50 µg/ml,
with a Mr of 15180.

Preparation of the PLL-g-Dex Copolymer. The PLL-g-
Dex copolymer (number average molecular weight ) 1.68
× 104, dextran content ) 81.8 wt %, Figure 1b) was prepared
by a reductive amination reaction between poly (L-lysine)
and dextran T-10, as described in detail previously (37, 38).
Dextran content >80 wt % is required to obtain totally soluble
complex with DNA. These copolymers do not trigger DNA
condensation, which likely interferes with DNA/DNA
interaction (37, 46). Further increase in dextran content >95
wt % may result in reduced interaction between DNA and
the polycationic backbone, leading to loss in copolymer’s
efficacy for triplex stabilization. The copolymer structure in
the present study is not optimized for triplex stabilization
purpose but roughly optimized to obtain the complex with
suitable properties.

Electrophoretic Mobility Shift Assay (EMSA). EMSA
experiments were performed as described in detail previ-
ously by a 15% native polyacrylamide gel electrophoresis
(19, 33, 39-41, 47).

UV Melting. UV melting experiments were carried out on
a DU-640 spectrophotometer (Beckman Inc.) equipped with
a Peltier-type cell holder. Cell path length was 1 cm. UV
melting profiles were measured in buffer A (10 mM sodium
cacodylate-cacodylic acid at pH 6.8 containing 200 mM

FIGURE 1: (a) Structural formulas for DNA and 2′,4′-BNA. (b)
Structural formula for PLL-g-Dex copolymer. The subscript “n”
represents the ratio of the number of lysine residues modified by
dextran chains to the total number of lysine residues in the
copolymer. The subscript “m” represents the number of polymer-
ization degree of dextran. (c) Oligonucleotide sequences for the
target duplex (Pur23A ·Pyr23T), the specific TFOs (Pyr15T,
Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-1, and Pyr15BNA5-
2), and the nonspecific TFO (Pyr15NS).
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NaCl and 20 mM MgCl2) with or without 4.85 µM PLL-g-
Dex copolymer at a scan rate of 0.5 °C/min at 260 nm. The
first derivative was calculated from the UV melting profile.
The peak temperatures in the derivative curve were desig-
nated as the melting temperature, Tm. The triplex nucleic acid
concentration used was 1 µM.

CD Spectroscopy. CD spectra at 25 °C were recorded in
buffer A (see UV melting) with or without 4.85 µM PLL-
g-Dex copolymer on a JASCO J-720 spectropolarimeter
interfaced with a microcomputer. Cell path length was 1 cm.
The triplex nucleic acid concentration used was 1 µM.

Kinetic Analyses by Resonant Mirror Method. Kinetic
experiments by resonant mirror method on an IAsys plus
instrument (Affinity Sensors Cambridge Inc.) were performed
as described in detail previously, where a real-time biomo-
lecular interaction was measured with a laser biosensor
(19, 33, 41, 47-49).

RESULTS

Electrophoretic Mobility Shift Assay (EMSA) of Triplex
Formation at Neutral pH. Triplex formation of the target
duplex, Pur23A ·Pyr23T (Figure 1c), with TFO, Pyr15T
(Figure 1c) or each of the 2′,4′-BNA-modified TFO
(Pyr15BNA7-1,Pyr15BNA7-2,Pyr15BNA5-1,orPyr15BNA5-
2) (Figure 1c), was examined either with or without added
PLL-g-Dex copolymer (Figure 1b) at pH 7.0 by EMSA
(Figure 2). Total oligonucleotide concentration ([specific

TFO (Pyr15T, Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-
1, or Pyr15BNA5-2; Figure 1c)] + [nonspecific oligonucle-
otide (Pyr15NS; Figure 1c)]) was kept constant at 10 µM to
achieve equal charge ratios of [amino groups]copolymer/
[phosphate groups]DNA and to assess sequence specificity.
Incubation with Pyr15T, Pyr15BNA7-1, Pyr15BNA7-2,
Pyr15BNA5-1, or Pyr15BNA5-2 at specific concentrations
caused retardation of duplex migration due to triplex
formation (19, 33, 39-41, 47). The percentage of the formed
triplex was calculated using the equation:

where Striplex and Sduplex represent the radioactive signal for
triplex and duplex bands, respectively. The dissociation
constant, Kd, for triplex formation was determined from the
concentration of the TFO, producing 50% conversion of
duplex to triplex (19, 33, 39-41, 47). The Kd for the triplex
involving Pyr15T without the copolymer [Pyr15T, (-)
copolymer] was estimated to be ∼10-7 M. In contrast, the
Kd for the triplex involving Pyr15T with the copolymer
[Pyr15T, (+) copolymer] was ∼10-9 M, indicating that the
copolymer increases triplex stability by nearly 2 orders of
magnitude. Incubation with 10 µM Pyr15NS (nonspecific
oligonucleotide) alone in the presence of the copolymer did
not shift electrophoretic migration of the target duplex [see
lane 1, (+) copolymer], indicating that the copolymer
preserved sequence specificity of triplex formation. On the

FIGURE 2: EMSA results for triplex formation involving Pyr15T, Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-1, or Pyr15BNA5-2 at neutral
pH with or without addition of PLL-g-Dex copolymer. Triplex formation was initiated by adding 32P-labeled Pur23A ·Pyr23T duplex (1
fmol) with the indicated final concentrations of Pyr15T, Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-1, or Pyr15BNA5-2. Pyr15NS was
added to adjust the equimolar concentrations (10 µM) of TFO (Pyr15T + Pyr15NS, Pyr15BNA7-1 + Pyr15NS, Pyr15BNA7-2 + Pyr15NS,
Pyr15BNA5-1 + Pyr15NS, or Pyr15BNA5-2 + Pyr15NS) in each lane. Reaction mixtures involving Pyr15T, Pyr15BNA7-1, Pyr15BNA7-
2, Pyr15BNA5-1, or Pyr15BNA5-2 in buffer [50 mM Tris-acetate (pH 7.0), 100 mM sodium chloride, and 10 mM magnesium chloride]
with or without 11.7 µM PLL-g-Dex copolymer (charge ratio of [amino groups]copolymer/[phosphate groups]DNA ) 2) were incubated for 6 h
at 37 °C to ensure the equilibrium of the triplex formation and then electrophoretically separated on a 15% native polyacrylamide gel at 4
°C. Positions of the duplex (D) and triplex (T) are indicated.

% triplex ) [Striplex/(Striplex + Sduplex)] × 100

Synergistic Stabilization of Nucleic Acid Assembly Biochemistry, Vol. 48, No. 15, 2009 3547



other hand, the Kd for the triplex involving each of the 2′,4′-
BNA-modified TFO without the copolymer [Pyr15BNA7-
1, (-)copolymer;Pyr15BNA7-2, (-)copolymer;Pyr15BNA5-
1, (-) copolymer; Pyr15BNA5-2, (-) copolymer] was
∼10-9 M, indicating that the 2′,4′-BNA modification in-
creases triplex stability by nearly 2 orders of magnitude. The
increase in the triplex stability by the 2′,4′-BNA modification
was similar in magnitude among the four modified TFOs.
We then assessed cooperativity between the copolymer and
the 2′,4′-BNA modification [Pyr15BNA7-1, (+) copolymer;
Pyr15BNA7-2, (+) copolymer; Pyr15BNA5-1, (+) copoly-
mer; Pyr15BNA5-2, (+) copolymer]. Note that triplex
formation, even at TFO concentration of 10-11 M, was
observed for each of the 2′,4′-BNA-modified TFO with the
copolymer, demonstrating nearly a 104-fold increase in the
triplex stability by combining these stabilizing strategies.

Spectroscopic Characterization of Triplex Formation at
Neutral pH. Thermal stability of the triplex involving TFO,
Pyr15T or each of the 2′,4′-BNA-modified TFO (Pyr15BNA7-
1, Pyr15BNA7-2, Pyr15BNA5-1, or Pyr15BNA5-2), was
investigated either with or without the PLL-g-Dex copolymer
at pH 6.8 by UV melting measurements (Figure 3 and Table
1). The triplex involving Pyr15T without the copolymer
exhibited a biphasic thermal dissociation profile. The first
transition at lower temperature, Tm1, was attributed to the
thermal dissociation of triplex to duplex and a TFO. The
second transition at higher temperature, Tm2, was the melting
of the duplex. Addition of the copolymer to the triplex
involving Pyr15T increased both Tm1 and Tm2, respectively,
indicating that the copolymer increased the thermal stability

of both the triplex and duplex. On the other hand, Tm1 without
the copolymer for each of the 2′,4′-BNA-modified TFO
(Pyr15BNA7-1,Pyr15BNA7-2,Pyr15BNA5-1,orPyr15BNA5-
2) was significantly higher than that for Pyr15T, although
Tm2 without the copolymer was almost identical among all
the triplexes. Thus, the 2′,4′-BNA modification increased the
thermal stability of only the triplex. Next, we evaluated the
effect of the copolymer on the thermal stability of the triplex
involving each of the 2′,4′-BNA-modified TFO. The triplex
involving each of Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-
1, or Pyr15BNA5-2 with the copolymer exhibited only one
transition at higher temperature, Tm. As the UV absorbance
change at Tm under this condition was nearly equal to the
sum of those at Tm1 and Tm2, the transition was identified as

FIGURE 3: UV melting profiles for the triplex involving Pyr15T (a-d), Pyr15BNA7-1 (a), Pyr15BNA7-2 (b), Pyr15BNA5-1 (c), or
Pyr15BNA5-2 (d) at neutral pH with or without the PLL-g-Dex copolymer. Triplexes involving Pyr15T, Pyr15BNA7-1, Pyr15BNA7-2,
Pyr15BNA5-1, or Pyr15BNA5-2 in buffer A (see Materials and Methods) with or without 4.85 µM PLL-g-Dex copolymer (the charge ratio
of [amino groups]copolymer/[phosphate groups]DNA ) 2) were melted at a scan rate of 0.5 °C/min with detection at 260 nm.

Table 1: Melting Temperatures of 1 µM Triplexes Involving Pyr15T,
Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-1, or Pyr15BNA5-2 with or
without 4.85 µM PLL-g-Dex Copolymer at pH 6.8 in Buffer A (See
Materials and Methods), Obtained from UV Melting

TFO
PLL-g-Dex
copolymer Tm1 (°C) Tm (°C) Tm2 (°C)

Pyr15T - 28.4 ( 0.7 72.3 ( 0.6
Pyr15T + 44.3 ( 1.2 80.4 ( 0.5
Pyr15BNA7-1 - 53.5 ( 0.3 73.9 ( 0.5
Pyr15BNA7-1 + 80.4 ( 0.3a

Pyr15BNA7-2 - 57.8 ( 0.9 74.1 ( 1.4
Pyr15BNA7-2 + 79.1 ( 2.8a

Pyr15BNA5-1 - 56.7 ( 1.1 74.1 ( 1.7
Pyr15BNA5-1 + 79.5 ( 2.6a

Pyr15BNA5-2 - 57.1 ( 0.9 74.2 ( 0.6
Pyr15BNA5-2 + 79.7 ( 2.5a

a One-step transition corresponds to a direct thermal dissociation of
the triplex to its constituent single strands.
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a direct thermal dissociation of the triplex to its constituent
single strands. Therefore, the copolymer further increased
the thermal stability of the triplex involving Pyr15BNA7-1,
Pyr15BNA7-2, Pyr15BNA5-1, or Pyr15BNA5-2 by more
than 20 °C without affecting the hyperchromicity, indicating
that the copolymer and the 2′,4′-BNA modification coop-
eratively increased the thermal stability of the triplex.

Triplexes involving Pyr15T or each of the 2′,4′-BNA-
modified TFO (Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-
1, or Pyr15BNA5-2) either with or without the PLL-g-Dex
copolymer were further characterized by CD spectra mea-
surements (Figure 4). The CD profiles at 25 °C and pH 6.8
were similar for all the different conditions, confirming
triplex formation involving Pyr15T or each of the 2′,4′-BNA-
modified TFO either with or without the copolymer (50).
No significant change in highly ordered triplex structure by
either the copolymer or the 2′,4′-BNA modification was
observed.

Kinetic Analyses of Triplex Formation at Neutral pH. To
understand the stabilization cooperativity observed between
PLL-g-Dex copolymer and 2′,4′-BNA modification (Figures
2 and 3), the kinetic parameters for the association and
dissociation of TFO (Pyr15T, Pyr15BNA7-1, Pyr15BNA7-
2, Pyr15BNA5-1, or Pyr15BNA5-2) with Pur23A ·Pyr23T
were assessed either with or without the PLL-g-Dex copoly-
mer at 25 °C and pH 6.8 by IAsys surface affinity
measurements (Figure 5). Figure 5a compares the sensor-
grams representing triplex formation and dissociation involv-
ing 2 µM specific TFO with or without the copolymer.
Pyr15T over the immobilized Bt-Pyr23T ·Pur23A caused an
increase in sensor response. The response was more sub-
stantially increased when the same measurement was per-
formed in the presence of the copolymer, indicating that the

copolymer significantly increased the association rate con-
stant for the triplex. In contrast, although the change in the
association curve was moderately enhanced by Pyr15BNA7-2
in the absence of the copolymer, the change in the dissocia-
tion curve over time for Pyr15BNA7-2 was much smaller
than that for Pyr15T. These results indicate that the 2′,4′-
BNA modification remarkably decreased the dissociation rate
constant for the triplex. Note that both intrinsic effects from
the copolymer and the 2′,4′-BNA modification were apparent
in both association and dissociation curves for Pyr15BNA7-2
in the presence of the copolymer. The similar profiles were
obtained for Pyr15BNA7-1, Pyr15BNA5-1, and Pyr15BNA5-
2. Combination of the copolymer and the 2′,4′-BNA modi-
fication thus permitted rapid formation of a durable triplex.

To explore these kinetic effects more quantitatively, we
analyzed a series of association and dissociation curves as a
function of TFO concentration. As shown in Figure 5b,
increasing concentrations of Pyr15BNA7-2 produces a
gradual change in the association curves. On-rate constants
(kon) obtained from the analysis of each association curve
are shown in Figure 5c plotted against Pyr15BNA7-2
concentrations. The association rate constant (kassoc) was
determined from the slope of the fitted line obtained by a
linear least-squares method (19, 33, 41, 47-49). The off-
rate constant (koff) was obtained from analysis of each
dissociation curve (Figure 5a; data not shown). Because koff

is usually independent of the solution concentration, the
dissociation rate constant (kdissoc) was determined by averag-
ing koff for several concentrations (19, 33, 41, 47-49). The
binding constant, Ka, was calculated from Ka ) kassoc/kdissoc.
All kinetic parameters obtained under various conditions
were summarized in Table 2. Magnitudes of Ka determined
from the kinetic study (Table 2) were consistent with those

FIGURE 4: CD spectra for the triplex involving Pyr15T (a-d), Pyr15BNA7-1 (a), Pyr15BNA7-2 (b), Pyr15BNA5-1 (c), or Pyr15BNA5-2
(d) at neutral pH with or without the PLL-g-Dex copolymer. The triplexes involving Pyr15T, Pyr15BNA7-1, Pyr15BNA7-2, Pyr15BNA5-
1, or Pyr15BNA5-2 at 25 °C and pH 6.8 in buffer A (see Materials and Methods) with or without 4.85 µM PLL-g-Dex copolymer (the
charge ratio of [amino groups]copolymer/[phosphate groups]DNA ) 2) were measured in the wavelength range of 205-320 nm.
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obtained from EMSA (Figure 2). Either the copolymer or
the 2′,4′-BNA modification increased Ka by nearly 50-fold.
However, their kinetic contributions were quite distinct. The
copolymer increased kassoc by about 45-fold, while decreasing
kdissoc by 1.5-fold. In contrast to the copolymer, the 2′,4′-
BNA modification decreased kdissoc by about 50-fold, while
it moderately decreased kassoc by 1.2-fold. The combination
of the copolymer and the 2′,4′-BNA modification resulted
in a more than 2000-fold increase in Ka. By comparing the
kinetic parameters, we note that kassoc and kdissoc obtained for
Pyr15BNA7-2 with the copolymer closely coincide with the
mathematical products of values individually obtained for
either Pyr15T with the copolymer or Pyr15BNA7-2 without
the copolymer. Consequently, results clearly demonstrate that
mutual kinetic influences successfully cooperate to stabilize
triplex formation without generating negative interference.

DISCUSSION

The PLL-g-Dex copolymer increased Ka for the triplex
formation at pH 6.8 and 25 °C by nearly 2 orders of
magnitude (Figures 2 and 5 and Table 2). The copolymer

also increased Tm for the triplex (Figure 3 and Table 1). These
results indicate that the PLL-g-Dex copolymer significantly
stabilizes the triplex at neutral pH, consistent with our
previous results (39-42). Entropic loss due to counterion
condensation and electrostatic repulsion caused by excess
accumulation of phosphate negative charges upon triplex
formation usually produces the instability of triplex (51-53).
Therefore, cationic substances, such as polyamines, are
employed to stabilize triplex (54, 55). Spermine, bearing four
positive charges, stabilizes triplex under low ionic strength
(54, 55). However, its stabilizing effect is drastically reduced
by increasing ionic strength to physiological levels due to
competitive replacement of spermine with coexisting cations
(55). Our previous study (39-42) and the present results
described above demonstrate that the PLL-g-Dex copolymer
maintains its stabilizing efficacy even under physiological
ionic strength through polyvalent electrostatic interactions.
Reduced counterion condensation, causing a net increase in
entropy change, may increase Ka (43, 56, 57). As shown in
the CD spectra (Figure 4), the copolymer did not change
highly ordered structure of the triplex in spite of stable
association, whereas structural changes have been commonly
observed for complexes between DNA and cationic ho-
mopolymers, such as poly (L-lysine) (58-60). Preservation
of highly ordered structure of triplex may be important for
conserving sequence-specific interactions between TFO and
the target duplex. Increased Ka by the copolymer resulted
mainly from the increase in kassoc rather than the decrease in
kdissoc (Table 2), consistent with our previous study (41, 42).
The reason why the copolymer increases kassoc rather than
decreasing kdissoc is unclear. It may be plausible that the
copolymer facilitates nucleation of TFO with the target
duplex to accelerate triplex formation. Our observation
(61-63) that the copolymer considerably accelerates strand
exchange reactions between duplex DNA and its comple-
mentary single-stranded DNA may support this consideration.
Nucleation complexes consisting of three strands are likely
involved in transition states for both triplex formation and
strand exchange reactions. It seems that the copolymer is
capable of stabilizing not only matured triplex but also three-
stranded nucleation complexes by reducing counterion
condensation effects. We have recently evaluated the salt
dependence on association rate of duplex formation (64). In
the absence of the copolymer, the association rate increased
linearly with log [NaCl], indicating that the counterion
associating process is involved in the rate-determining
process, presumably nucleation step, of duplex formation.
In the presence of the copolymer the association rate is
increased 2-3 orders, but no salt dependence was observed.
This strongly indicated that reduction of counterion conden-
sation effect is involved in the acceleration effect of the
copolymer. We also speculate that the acceleration of triplex
formation observed in this work is explainable by the same
mechanism. On the other hand, molecular crowding effect
needs usually >20 wt % solution of polymers. The polymer
concentration in this study is 0.01-0.1 wt %, which is out
of the range where so-called molecular crowding effect takes
place. We do not think that the molecular crowding effect
is a major mechanism to explain our observation.

To discuss the triplex stabilization by the copolymer, the
charge ratio of amino groups of the copolymer [amino
groups]copolymer to phosphate groups of DNA [phosphate

FIGURE 5: Kinetic analyses for triplex formation involving Pyr15T
or Pyr15BNA7-2 at pH 6.8 in buffer A (see Materials and Methods)
with or without the PLL-g-Dex copolymer. (a) Typical sensorgrams
for triplex formation at 25 °C and pH 6.8 after injecting 2 µM
TFO (Pyr15T or Pyr15BNA7-2) with or without 44.6 µM PLL-g-
Dex copolymer into the Bt-Pyr23T ·Pur23A-immobilized cuvette
are shown. (b) A series of sensorgrams for triplex formation between
Pyr15BNA7-2 and Pur23A ·Pyr23T at 25 °C and pH 6.8 without
the copolymer. The Pyr15BNA7-2 solutions, diluted in buffer A
to achieve the indicated final concentrations, were injected into the
Bt-Pyr23T ·Pur23A-immobilized cuvette. Binding of Pyr15BNA7-2
to Bt-Pyr23T ·Pur23A was monitored over time. (c) The on-rate
constants, kon, obtained from panel b were plotted against the
respective concentrations of Pyr15BNA7-2. The plot was fit to a
straight line (r2 ) 0.98) by linear least-squares method.
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groups]DNA is more important than the molar concentration
ratio of the copolymer to DNA. The concentration of amino
groups of 4.85 µM copolymer used for the UV melting is
115.9 µM, based on the following calculation, 4.85 µM ×
[molecular weight of the copolymer: 1.68 × 104] × [wt %
of the poly(L-lysine): (100 - 81.8)/100] ÷ [molecular weight
of L-lysine: 128] ) 115.9 µM. The concentration of
phosphate groups of 1 µM triplex used for the UV melting
is 58 µM based on the following calculation, 1 µM ×
[number of phosphate groups of TFO and the target duplex:
(15 - 1) + (23 - 1) × 2] ) 58 µM. Thus, the charge ratio
of [amino groups]copolymer/[phosphate groups]DNA is 2 for the
UV melting, as shown in the legend of Figure 3. On the
other hand, the concentration of amino groups of 44.6 µM
copolymer used for the kinetic analyses is 1066 µM, based
on the same calculation described above. Concentration of
phosphate groups for the kinetic analyses is mainly deter-
mined by the concentration of phosphate groups of TFO,
because the molar concentration of the added TFO was
significantly larger than that of the immobilized trace amount
of the target duplex. Because the molar concentration of the
added TFO was 11.25-90 µM, the concentration of phos-
phate groups of TFO was 158-1260 µM, based on the
similar calculation described above. Thus, the charge ratio
of [amino groups]copolymer/[phosphate groups]DNA is 0.85-6.7
for the kinetic analyses. Based on these considerations, the
charge ratio of [amino groups]copolymer/[phosphate groups]DNA

important for the triplex stabilization by the copolymer was
not significantly different between the UV melting (the
charge ratio ) 2) and the kinetic analyses (the charge ratio
) 0.85-6.7). We believe that no significant difference in
the charge ratio alters the triplex properties.

The 2′,4′-BNA modification increased Ka for the triplex
formation at pH 6.8 and 25 °C by nearly 2 orders of
magnitude (Figures 2 and 5 and Table 2). This stabilization
effect by the 2′,4′-BNA modification was also demonstrated
by Tm measurements (Figure 3 and Table 1). These results
indicate that 2′,4′-BNA modification significantly stabilizes
the triplex at neutral pH, consistent with our previous
results (18-21). The 2′,4′-BNA modification significantly
decreased kdissoc to increase Ka (Table 2). The kinetic effect
of the 2′,4′-BNA modification is in sharp contrast with that
of the PLL-g-Dex copolymer described above. The stabiliza-
tion mechanism for the 2′,4′-BNA modification should be,
therefore, distinct from that for the copolymer. Our previous
isothermal titration calorimetry study showed that the
magnitude of negative ∆S at 25 °C for triplex formation
involving 2′,4′-BNA-modified TFO was significantly smaller
than that involving unmodified TFO (19, 21). Because the
source of the negative ∆S for triplex formation was proposed
to be due to conformational restraints of TFO involved in
triplex formation (65), the smaller magnitude of the negative
∆S for 2′,4′-BNA-modified TFO suggests that 2′,4′-BNA-

modified TFO in its free state may be more rigid than the
corresponding unmodified TFO. This rigidity of 2′,4′-BNA-
modified TFO causes a smaller entropic loss upon triplex
formation, providing a favorable component to Ka and ∆G
and leading to increased Ka. The increase in Ka (Figure 2)
and Tm (Figure 3 and Table 1) by the 2′,4′-BNA modification
was similar in magnitude among the four modified TFOs,
indicating that the number and position of 2′,4′-BNA
modification did not significantly affect the extent of the
increased stability. The rigidity itself of 2′,4′-BNA-modified
TFO may be more important to achieve the increased stability
than the variation of the number and position of 2′,4′-BNA
modification. We have previously reported the Tm values of
triplexes containing different number of 2′,4′-BNA modifica-
tions (66). Even a single modification increased the Tm value
of the triplex. Increasing the number of the modifications
from one to three further increased the Tm value of the triplex.
The Tm value of the triplex containing three continuous
modifications was found to decrease compared with that
containing three interrupted modifications. Continuous 2′,4′-
BNA modifications were less favorable for the triplex
stabilization than the same number of modifications located
apart from each other. The Tm values of the triplex with five
or seven modifications were higher than those with three or
four modifications. Taken together, even lesser number of
2′,4′-BNA modifications has the ability to stabilize the
triplex, but the degree of the triplex stabilization may be
decreased. As shown in the CD spectra (Figure 4), the 2′,4′-
BNA modification did not alter highly ordered structure of
the triplex in spite of stable association. Preservation of
highly ordered structure of triplex may be important for
conserving sequence-specific interactions between TFO and
the target duplex. However, the detailed stabilization mech-
anism for the 2′,4′-BNA modification remains to be elucidated.

The combination of the copolymer and the 2′,4′-BNA
modification increased Ka for the triplex formation at pH
6.8 and 25 °C by about 4 orders of magnitude (Figures 2
and 5 and Table 2). This cooperative effect was also
confirmed by Tm measurements (Figure 3 and Table 1). The
increase in Ka resulted mainly from increased kassoc by the
copolymer and decreased kdissoc by the 2′,4′-BNA modifica-
tion (Table 2). Note that kassoc and kdissoc observed for
synergistic effects of both the copolymer and the 2′,4′-BNA
modification closely coincided with the mathematical prod-
ucts of the values obtained individually (Table 2). These
results clearly demonstrate that neither interference nor
negative cooperation between their mutual kinetic effects
complicated the synergism.

Different combinations of various stabilizing methods have
attempted to produce cooperative stabilization of nucleic acid
assembly. Simple combinations of two stabilizing methods
have not always yielded the desired cooperative effects. For
example, each of the 2′,4′-BNA modification (16-21) and

Table 2: Kinetic Parameters for Triplex Formation Involving Pyr15T or Pyr15BNA7-2 with or without 44.6 µM PLL-g-Dex Copolymer in Buffer A
(See Materials and Methods) at 25 °C and pH 6.8, Obtained from IAsys Surface Affinity Assay

TFO
PLL-g-Dex
copolymer kassoc (M-1 s-1) kassoc (relative) kdissoc (s-1) kdissoc (relative) Ka (M -1) Ka (relative)

Pyr15T - (6.31 ( 0.18) × 102 1.0 (1.17 ( 0.14) × 10-2 1.0 (5.41 ( 0.91) × 104 1.0
Pyr15T + (2.88 ( 0.23) × 104 45.6 (7.8 ( 3.4) × 10-3 0.67 (3.69 ( 1.32) × 106 68.2
Pyr15BNA7-2 - (5.05 ( 0.77) × 102 0.80 (2.35 ( 3.07) × 10-4 0.020 (2.15 ( 1.36) × 106 39.7
Pyr15BNA7-2 + (2.48 ( 0.55) × 104 39.3 (2.24 ( 3.43) × 10-4 0.019 (1.11 ( 0.77) × 108 2050
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the N3′fP5′ phosphoramidate modification (27-33) in-
creased Tm for both duplex and triplex significantly. How-
ever, thermal stability for both duplex and triplex produced
by the combination of these two modifications was lower
than that by the 2′,4′-BNA modification alone (34). Strand
interference and no cooperativity of the two stabilizing
methods occurred. Both the 2′,4′-BNA modification and the
N3′fP5′ phosphoramidate modification seemingly constrain
nucleotide conformation, so that their cooperative effects may
be difficult. Our previous kinetic studies revealed that both
of thesemodificationsdecreasedkdissoc to increaseKa (19,21,33),
demonstrating that these modifications contribute similarly
to the kinetics of nucleic acid assembly. Negative cooper-
ativity between two triplex-stabilizing methods was also
reported for combination of acridine-modified TFO and a
triplex-binding ligand (36). In contrast, in the present study
as well as a previous study (47), we report synergistic
stabilization effects produced by combination of the copoly-
mer and the 2′,4′-BNA or N3′fP5′ phosphoramidate modi-
fication. The N3′fP5′ modification increased kassoc for the
increase in Ka, but the 2′,4′-BNA modification decreased kassoc

in spite of the increase in Ka. Although the effect on kassoc is
quite different between the N3′fP5′ modification and the
2′,4′-BNA modification, the synergic stabilization effects by
combination with the copolymer were successfully achieved.
Kinetic complementarity between increased kassoc by the
copolymer and decreased kdissoc by the 2′,4′-BNA or N3′fP5′
phosphoramidate modification may enable the synergistic
stabilization effects. Taken together, we propose that kinetic
analyses of each stabilizing effect permit selection of a
rational combination of stabilizing methods for successful
synergy in stabilizing nucleic acid assemblies.
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