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ABSTRACT: I have investigated the thermodynamic and kinetic effects of N3′fP5′ phosphoramidate (PN)
backbone modification of triplex-forming oligonucleotide (TFO) on the pyrimidine motif triplex formation
between a 23-bp target duplex and a 15-mer TFO using electrophoretic mobility shift assay, UV melting,
isothermal titration calorimetry, and interaction analysis system. The thermodynamic and kinetic analyses
have clearly indicated that the PN modification of TFO not only significantly increased the thermal stability
of the pyrimidine motif triplex at neutral pH but also increased the binding constant of the pyrimidine
motif triplex formation at room temperature and neutral pH by nearly 2 orders of magnitude. The
consideration of the observed thermodynamic parameters has suggested that the more rigidity of the PN
TFO in the free state relative to the unmodified TFO may enable the significant increase in the binding
constant of the pyrimidine motif triplex formation at neutral pH. Kinetic data have also demonstrated that
the observed PN modification-mediated promotion of pyrimidine motif triplex formation at neutral pH
resulted from the considerable decrease in the dissociation rate constant rather than the increase in the
association rate constant. This information will present an effective approach for designing chemically
modified TFO with higher binding affinity in the triplex formation under physiological conditions, which
may eventually lead to progress in therapeutic applications of the antigene strategy in vivo.

In recent years, triplex DNA has attracted considerable
interest because of its possible biological functions in vivo
and its wide variety of potential applications, such as
regulation of gene expression, site-specific cleavage of
duplex DNA, mapping of genomic DNA, and gene-targeted
mutagenesis (1-3). A triplex is usually formed through the
sequence-specific interaction of a single-stranded homopurine
or homopyrimidine triplex-forming oligonucleotide (TFO)1

with the major groove of homopurine-homopyrimidine
stretch in duplex DNA (1-5). In the pyrimidine motif triplex,
a homopyrimidine TFO binds parallel to the homopurine
strand of the target duplex by Hoogsteen hydrogen bonding
to form T‚A:T and C+‚G:C triplets (1-5). On the other hand,
in the purine motif triplex, a homopurine TFO binds
antiparallel to the homopurine strand of the target duplex
by reverse Hoogsteen hydrogen bonding to form A‚A:T (or
T‚A:T) and G‚G:C triplets (1-5). The stability of triplex is
affected by various environmental conditions, such as pH,
temperature, ionic strength, and supercoil density (1-9).

Various kinds of chemical modifications in base, sugar
moiety, and phosphate backbone have been developed to
enhance the binding affinity of triplex formation under
physiological condition (reviewed in refs3 and10-12). To
overcome the requirement of acidic pH for the pyrimidine
motif triplex formation and to stabilize the pyrimidine motif
triplex at neutral pH, several base analogues have been
synthesized, such as 5-methylcytosine,N6-methyl-8-oxo-2′-
deoxyadenosine, and 2′-O-methylpseudoisocytidine. Modi-
fications in sugar moiety have also been developed. RNA is
the most obvious example of the substitution on the deoxy-
ribose sugar moiety. To avoid degradation of RNA by
nuclease, 2′-O-methyl-RNA has been designed in which the
2′ position of sugar moiety is replaced with a methoxy group.
To change the electrostatic properties of negative phosphodi-
ester backbone of natural DNA molecules and to achieve
greater degrees of nuclease resistance and cell membrane
permeability, several backbone modifications have been
designed, such as phosphorothioate backbone and peptide
nucleic acid.

As part of the search for nuclease-stable backbone
modifications, N3′fP5′ phosphoramidate (PN) linkages
(Figure 1a) have been developed (13-21). A TFO with PN
linkages binds to target duplex DNA to form triplex DNA
(13, 14, 16-19, 21). The thermal stability of the triplex with
PN TFO was much higher than that with the corresponding
natural phosphodiester (PO) TFO, which was shown by UV
melting to analyze the denaturation process of the triplexes
far above physiological temperature (14, 16, 19). However,
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the formation process of the triplex involving PN TFO near
physiological temperature has not been well-characterized
yet. To apply triplex as an antigene drug for artificial control
of gene expression in vivo, the investigation of the formation
process of triplex near physiological temperature may be
more important than that of the denaturation process of
triplex far above physiological temperature. In addition, the
mechanistic explanation for the PN modification-mediated
triplex stabilization has not been clearly understood.

I have previously analyzed the thermodynamic and kinetic
effects of four chemical modifications of TFO on pyrimidine
motif triplex formation with the same target duplex at room
temperature, demonstrating that the modification of phos-
phate backbone of TFO produced a more significant effect
on the thermodynamics and kinetics of the triplex formation
than the modifications of base and sugar moiety (22). In the
present study, I have further extended the previous study to
explore the thermodynamic and kinetic effects of another
backbone modification, PN modification, of TFO on pyri-
midine motif triplex formation at room temperature. The
thermodynamic and kinetic properties of the pyrimidine motif
triplex formation between a 23-bp homopurine-homo-
pyrimidine target duplex (Pur23A‚Pyr23T) (Figure 1b) and
its specific 15-mer homopyrimidine PO TFO (Pyr15T) or
PN TFO (Pyr15NP) (Figure 1b) have been examined by
electrophoretic mobility shift assay (EMSA) (23, 24), UV
melting, isothermal titration calorimetry (ITC) (9, 22, 24-
28), and interaction analysis system (IAsys) (22, 24, 28-
31). I have found that the PN modification of TFO increased
the binding constant of the pyrimidine motif triplex formation
at room temperature and neutral pH by nearly 2 orders of
magnitude. Kinetic analyses have demonstrated that the
major contribution for the increase in the binding constant
of the triplex formation resulted from the considerable
decrease in the dissociation rate constant rather than the
increase in the association rate constant. The ability of the
PN modification to promote pyrimidine motif triplex forma-
tion near physiological temperature and pH would sup-
port further progress in therapeutic applications of the
antigene strategy in vivo. The mechanism of the PN
modification to promote pyrimidine motif triplex formation
will be discussed.

MATERIALS AND METHODS
Preparation of Oligonucleotides.I synthesized 23-mer

complementary oligonucleotides for target duplex, Pur23A
and Pyr23T (Figure 1b); a 15-mer homopyrimidine PO TFO
specific for the target duplex, Pyr15T (Figure 1b); and a
nonspecific oligonucleotide, Pyr15NS (Figure 1b), on an ABI
DNA synthesizer using the solid-phase cyanoethyl phos-
phoramidite method and purified them with reverse-phase
high-performance chromatography on a Wakosil DNA
column. A 15-mer homopyrimidine PN TFO specific for the
target duplex, Pyr15NP (Figure 1b), was synthesized and
purified as described previously (13, 15, 20). 5′-Biotinylated
Pyr23T (denoted as Bt-Pyr23T) was prepared using biotin
phosphoramidite. The concentration of all oligonucleotides
was determined by UV absorbance. Complementary 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
(KOKEN Inc.) to remove unpaired single strands. The
concentration of the duplex DNA (Pur23A‚Pyr23T) was
determined by UV absorption considering the DNA con-
centration ratio of 1 OD) 50 µg/mL, with aMr of 15 180.

Electrophoretic Mobility Shift Assay(EMSA). EMSA
experiments were performed essentially as described previ-
ously (24). In 9 µL of reaction mixture, a32P-labeled Pur23A‚
Pyr23T duplex (∼10 pg) was mixed with increasing con-
centrations of the specific TFO (Pyr15T or Pyr15NP) and
the nonspecific oligonucleotide (Pyr15NS) in buffer [50 mM
Tris-acetate (pH 7.0), 100 mM NaCl, and 10 mM MgCl2].
Pyr15NS was added to achieve equimolar concentrations of
TFO in each lane as well as to minimize adhesion of the
DNA (duplex and TFO) to plastic surfaces during incubation
and subsequent losses during processing. After 6 h incubation
at 37 °C, 2 µL of 50% glycerol solution containing
bromophenol blue was added without changing the pH and
salt concentrations of the reaction mixtures. Samples were
then directly loaded onto a 15% native polyacrylamide gel
prepared in buffer [50 mM Tris-acetate (pH 7.0) and 10
mM MgCl2], and electrophoresis was performed at 8 V/cm
for 16 h at 4°C.

UV Melting.UV melting experiments were carried out on
a JASCO Ubest-30 spectrophotometer equipped with a EHC-
363 Peltier type cell holder controlled by a TPU-436
temperature programmer. UV melting profiles were measured
in buffer A (10 mM sodium cacodylate-cacodylic acid at
pH 6.8 containing 200 mM NaCl and 20 mM MgCl2) at a
scan rate of 0.5°C/min at 260 nm. The first derivative was
calculated from the UV melting profile. The peak temper-
atures in the derivative curve were designated as the melting
temperature,Tm. Cell path length was 1 cm. The triplex DNA
concentration used was 1µM.

CD Spectroscopy and CD Melting.CD spectra were
recorded in buffer A on a JASCO J-720 spectropolarimeter
interfaced with a microcomputer. CD melting experiments
were performed in the same buffer at a scan rate of 1°C/
min at 220 nm on the same spectropolarimeter by controlling
the sample temperature with a Peltier type temperature con-
troller. The first derivative was calculated from the CD melt-
ing profile. The peak temperatures in the derivative curve
were designated as the melting temperature,Tm. Cell path
length was 5 mm. The triplex DNA concentration used was
2 µM.

FIGURE 1: (a) Structural formula of phosphodiester (PO) and
N3′fP5′ phosphoramidate (PN) backbones. (b) Oligonucleotide
sequences of the target duplex (Pur23A‚Pyr23T), the specific TFOs
(Pyr15T and Pyr15NP), and the nonspecific oligonucleotide
(Pyr15NS).
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Isothermal Titration Calorimetry(ITC). Isothermal titration
experiments were carried out on a MCS ITC system
(Microcal Inc., U.S.A.), essentially as described previously
(9, 22, 24). The TFO and Pur23A‚Pyr23T duplex solutions
were prepared by extensive dialysis against buffer A or buffer
B (10 mM sodium cacodylate-cacodylic acid at pH 5.8
containing 200 mM NaCl and 20 mM MgCl2). The TFO
solution in buffer A or buffer B was injected in 5-µL
increments and 10-min intervals into the Pur23A‚Pyr23T
duplex solution without changing the reaction conditions.
The heat for each injection was subtracted by the heat of
dilution of the injectant, which was measured by injecting
the TFO solution into the same buffer. Each corrected heat
was divided by the moles of the TFO solution injected and
analyzed with Microcal Origin software supplied by the
manufacturer.

Interaction Analysis System(IAsys). Kinetic experiments
by resonant mirror method were performed on an IAsys Plus
instrument (Affinity Sensors Cambridge Inc., U.K.), es-
sentially as described previously, where a real-time biomo-
lecular interaction was measured with a laser biosensor (22,
24). The resonant layer of a cuvette was washed with 80µL
of 10 mM acetate buffer (pH 4.6) and then activated with
80 µL of a mixture of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide andN-hydroxysuccinimide solution. The ac-
tivated surface was again washed with 10 mM acetate buffer
(pH 4.6), and streptavidin in 10 mM acetate buffer (pH 4.6)
was immobilized to the surface. After the remaining reactive
groups were blocked with 1 M ethanolamine (pH 8.5), the
cuvette was extensively washed with 10 mM acetate buffer
(pH 4.6) and then with 20 mM HCl to remove the loosely
associated protein. The cuvette was washed with buffer A,
and Bt-Pyr23T (1.2µM in buffer A) was added to bind with
the streptavidin on the surface. After washing the cuvette
with the same buffer, the complementary oligonucleotide,
Pur23A (1.2µM in buffer A), was added to hybridize with
Bt-Pyr23T. After extensive washing and equilibrating the
Bt-Pyr23T‚Pur23A-immobilized surface with buffer A for
more than 30 min, the TFO in 80µL of buffer A was injected
over the immobilized Bt-Pyr23T‚Pur23A duplex, and then
the triplex formation was monitored for 30 min. This was
followed by washing the cuvette with buffer A, and the
dissociation of the preformed triplex was monitored for an
additional 20 min. Finally, 10 mM NaOH was injected for
3 min for a complete break of the Hoogsteen hydrogen
bonding between the TFO and Pur23A, during which the
Bt-Pyr23T‚Pur23A duplex may be partially denatured. The
Bt-Pyr23T‚Pur23A duplex was regenerated by injecting 1.2
µM Pur23A. The resulting sensorgrams were analyzed with
the Fastfit software supplied by the manufacturer to calculate
the kinetic parameters.

RESULTS

Electrophoretic Mobility Shift Assay of Pyrimidine Motif
Triplex Formation.The pyrimidine motif triplex formation
of the target duplex (Pur23A‚Pyr23T; Figure 1b) with the
specific TFO (Pyr15T or Pyr15NP; Figure 1b) was examined
at pH 7.0 by EMSA (Figure 2). The total oligonucleotide
concentration ([specific TFO (Pyr15T or Pyr15NP; Figure
1b)] + [nonspecific oligonucleotide (Pyr15NS; Figure 1b)])
was kept constant at 10µM to minimize losses of DNA
during processing. While incubation with 10µM Pyr15NS

alone did not cause a shift in electrophoretic migration of
the target duplex (see lane 1 for each condition), those with
Pyr15T or Pyr15NP at particular concentration caused
retardation of the duplex migration because of triplex
formation (23). The dissociation constant,Kd, of triplex
formation was determined from the concentration of the TFO,
which caused half of the target duplex to shift to the triplex
(23). TheKd of the triplex with Pyr15T was estimated to be
about 10-6 M. In contrast, theKd of the triplex with Pyr15NP
was about 10-8 M, indicating that the PN modification of
TFO increased the binding affinity of the pyrimidine motif
triplex formation at neutral pH by nearly 2 orders of
magnitude.

Spectroscopic Characterization of Pyrimidine Motif Tri-
plex. The thermal stability of the pyrimidine motif triplex
with Pyr15T or Pyr15NP was investigated at pH 6.8 by UV
melting (Figure 3). The triplex with Pyr15T showed two-
step melting. The first transition at lower temperature,Tm1

(42 °C), was the melting of the triplex to a duplex and a
TFO, and the second transition at higher temperature,Tm2

(77 °C), was the melting of the duplex. On the other hand,
the triplex with Pyr15NP showed only one transition at higher
temperature,Tm ) 77 °C. As the magnitude in UV absor-
bance change atTm for Pyr15NP was almost equal to the
sum of those atTm1 and Tm2 for Pyr15T (Figure 3), the
transition was identified as a direct melting of the triplex to
its constituting single-strand DNAs. The PN modification

FIGURE 2: EMSA of the pyrimidine motif triplex formation with
the specific TFO (Pyr15T or Pyr15NP) at neutral pH. Triplex
formation was initiated by adding32P-labeled Pur23A‚Pyr23T
duplex (∼10 pg) with the indicated final concentrations of the
specific TFO (Pyr15T or Pyr15NP). The nonspecific oligonucleotide
(Pyr15NS) was added to adjust the equimolar concentrations of
TFO (Pyr15T+ Pyr15NS or Pyr15NP+ Pyr15NS) (10µM) in
each lane. The reaction mixtures with Pyr15T or Pyr15NP in the
buffer [50 mM Tris-acetate (pH 7.0), 100 mM NaCl, and 10 mM
MgCl2] were incubated for 6 h at 37°C and then electrophoretically
separated on a 15% native polyacrylamide gel at 4°C. The positions
of the duplex (D) and triplex (T) are indicated.

FIGURE 3: UV melting profiles of the pyrimidine motif triplex with
the specific TFO (Pyr15T or Pyr15NP) at neutral pH. The triplexes
with Pyr15T or Pyr15NP in buffer A were melted at a scan rate of
0.5 °C/min with detection at 260 nm. Cell path length was 1 cm.
The triplex DNA concentration used was 1µM.
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therefore increased the melting temperature of the triplex
by 35 °C, confirming, like others (14, 16, 19), that the PN
modification of TFO increased the thermal stability of the
pyrimidine motif triplex at neutral pH.

To further characterize the triplexes involving Pyr15T or
Pyr15NP, CD spectra (Figure 4) and CD melting (data not
shown) of the triplexes were measured. A negative band in
the short-wavelength (210-220 nm) region was observed
for both CD profiles at 15°C and pH 6.8 (Figure 4),
confirming the triplex formation involving Pyr15T or
Pyr15NP (32). The overall shape of the CD spectra was quite
similar between the two profiles (Figure 4), suggesting that
no significant change may be induced in the higher order
structure of the pyrimidine motif triplex by the PN modifica-
tion. The melting temperature of the triplexes at pH 6.8
measured by CD melting (data not shown) was consistent
with those obtained from the UV melting described above.

Thermodynamic Analyses of Pyrimidine Motif Triplex
Formation by ITC.I examined the thermodynamic param-
eters of the pyrimidine motif triplex formation between a
23-bp target duplex (Pur23A‚Pyr23T) and its specific 15-
mer TFO (Pyr15T or Pyr15NP) at 25°C and pH 6.8 by ITC.
To investigate the pH dependence of the pyrimidine motif
triplex formation, the thermodynamic parameters of the
triplex formation between Pur23A‚Pyr23T and Pyr15T were
also analyzed at 25°C and pH 5.8 by ITC. Figure 5a shows
a typical ITC profile for the interaction between Pyr15NP
and Pur23A‚Pyr23T at 25°C and pH 6.8. An exothermic
heat pulse was observed after each injection of Pyr15NP into
Pur23A‚Pyr23T. The magnitude of each peak decreased
gradually with each new injection, and an endothermic peak
was still observed at a molar ratio of [Pyr15NP]/[Pur23A‚
Pyr23T] ) 2. The endothermic peak was proved to be the
heat of dilution of Pyr15NP by a blank experiment in the
absence of Pur23A‚Pyr23T. The area under each peak was
integrated, and the heat of dilution of Pyr15NP was
subtracted from the integrated values. The corrected heat was
divided by the moles of each injection, and the resulting
values were plotted as a function of molar ratio of [Pyr15NP]/
[Pur23A‚Pyr23T], as shown in Figure 5b. The resultant
titration plot was fitted to a sigmoidal curve by a nonlinear
least-squares method. The binding constant,Ka, and the
enthalpy change,∆H, were obtained from the fitted curve
(27). The Gibbs free energy change,∆G, and the entropy
change,∆S, were calculated from the equation∆G ) -RT

ln Ka ) ∆H - T∆S (27). The titration plots for Pyr15T at
pH 5.8 and pH 6.8 are also shown in Figure 5b. The
thermodynamic parameters for Pyr15T at pH 5.8 and pH
6.8 were obtained from the titration plots in the same way.

Table 1 summarizes the thermodynamic parameters for
the pyrimidine motif triplex formation with Pyr15T or
Pyr15NP at 25°C and pH 6.8 and those with Pyr15T at 25
°C and pH 5.8, obtained from ITC. The signs of both∆H
and∆S were negative under all the conditions. Because an
observed negative∆S was unfavorable for the triplex
formation, the triplex formation was driven by a large
negative∆H under each condition. The magnitudes of the
negative∆H of the triplex formation for Pyr15T at pH 5.8
and for Pyr15NP at pH 6.8 were 2.5 or 1.7 times larger than
that observed for Pyr15T at pH 6.8. TheKa for Pyr15T at
pH 5.8 was about 20 times larger than that observed for
Pyr15T at pH 6.8, confirming, like others (7, 33, 34), that
neutral pH is unfavorable for the pyrimidine motif triplex
formation involving C+‚G:C triads. In addition, theKa for
Pyr15NP at pH 6.8 was about 30 times larger than that
observed for Pyr15T at pH 6.8, indicating that the PN
modification of TFO increased theKa of the pyrimidine motif
triplex formation at neutral pH, which was consistent with
the result of EMSA (Figure 2).

Kinetic Analyses of Pyrimidine Motif Triplex Formation
by IAsys.To examine the putative mechanism involved in
the increase inKa of the pyrimidine motif triplex formation
by the PN modification (Figure 2 and Table 1), I assessed
the kinetic parameters for the association and dissociation

FIGURE 4: CD spectra of the pyrimidine motif triplex with the
specific TFO (Pyr15T or Pyr15NP) at neutral pH. The triplexes
with Pyr15T or Pyr15NP at 15°C and pH 6.8 in buffer A were
measured in the wavelength range of 210-320 nm. Cell path length
was 5 mm. The triplex DNA concentration used was 2µM.

FIGURE 5: Thermodynamic analyses of the pyrimidine motif triplex
formation with Pyr15T or Pyr15NP at pH 6.8 and with Pyr15T at
pH 5.8 by ITC. (a) Typical profiles for the triplex formation between
Pyr15NP and Pur23A‚Pyr23T at 25°C and pH 6.8. The Pyr15NP
solution (195µM in buffer A) was injected 15 times in 5-µL
increments into 5µM Pur23A‚Pyr23T solution, which was dialyzed
against the same buffer. Injections were occurred over 10 s at 10-
min intervals. (b) The titration plots against the molar ratio of
[TFO]/[Pur23A‚Pyr23T]. The data were fitted by a nonlinear least-
squares method.
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of TFO (Pyr15T or Pyr15NP) with Pur23A‚Pyr23T at 25
°C and pH 6.8 by IAsys. Figure 6a compares the sensorgrams
representing the triplex formation and dissociation involving
2.0 µM of the specific TFO (Pyr15T or Pyr15NP). The
injection of Pyr15T over the immobilized Bt-Pyr23T‚Pur23A

duplex caused an increase in response. Although the change
in the association curve for Pyr15NP was moderately
enhanced, the change in the dissociation curve with time for
Pyr15NP was very much smaller than that for Pyr15T. The
result indicated that the PN modification of TFO remarkably
decreased the dissociation rate constant of the triplex
equilibrium.

To understand the kinetic parameters more quantitatively,
I analyzed a series of association and dissociation curves at
the various concentrations of TFO. As shown in Figure 6b,
an increase in the concentration of Pyr15NP led to a gradual
change in the response of the association curves. The on-
rate constant (kon) was obtained from the analysis of each
association curve. Figure 6c shows a plot ofkon against the
Pyr15NP concentrations. The association rate constant (kassoc)
was determined from the slope of the fitted line obtained by
a linear least-squares method (29-31). The off-rate constant
(koff) was obtained from the analysis of each dissociation
curve (Figure 6a and data not shown). Becausekoff is usually
independent of the concentration of the injected solution, the
dissociation rate constant (kdissoc) was determined by averag-
ing koff for several concentrations (29-31). Ka was calculated
from the equation,Ka ) kassoc/kdissoc. The kinetic parameter
for Pyr15T was obtained in the same way.

Table 2 summarizes the kinetic parameters for the pyrim-
idine motif triplex formation with Pyr15T or Pyr15NP at 25
°C and pH 6.8, obtained from IAsys. The magnitudes ofKa

calculated from the ratio ofkassoc to kdissoc (Table 2) were
consistent with those obtained from ITC (Table 1). TheKa

for Pyr15NP at pH 6.8 was about 70 times larger than that
observed for Pyr15T at pH 6.8, indicating that the PN
modification of TFO increased theKa of the pyrimidine motif
triplex formation at neutral pH, which supported the results
of EMSA (Figure 2) and ITC (Table 1). The PN modification
of TFO decreasedkdissoc by about 35 times, while it
moderately increasedkassocby no more than 2 times. Thus,
the much largerKa by the PN modification of TFO resulted
mainly from the decrease inkdissoc rather than the increase
in kassoc.

DISCUSSION

The Ka of the pyrimidine motif triplex formation with
Pyr15T at pH 5.8 was 20 times larger than that observed
with Pyr15T at pH 6.8 (Table 1), which is consistent with
the previously reported results that neutral pH is unfavorable
for the pyrimidine motif triplex formation involving C+‚GC
triads (7, 33, 34). The Ka of the triplex formation with
Pyr15NP at pH 6.8 was 30 times larger than that observed
with Pyr15T at pH 6.8 (Table 1). The increase inKa at pH
6.8 by the PN modification of TFO was supported by the
results of EMSA (Figure 2) and IAsys (Table 2). In addition,
the PN modification of TFO increased the thermal stability
of the pyrimidine motif triplex at pH 6.8 (Figure 3), which

Table 1: Thermodynamic Parameters for the Pyrimidine Motif Triplex Formation with Pyr15T or Pyr15NP at 25°C, Obtained from ITC

TFO pH Ka (M-1) Ka(relative) ∆G (kcal mol-1) ∆H (kcal mol-1) ∆S(cal mol-1 K-1)

Pyr15T 5.8a (3.83( 0.74)× 106 19.4 -8.98( 0.13 -85.6( 2.6 -257( 9.1
Pyr15T 6.8b (1.97( 0.43)× 105 1.0 -7.22( 0.15 -34.9( 2.2 -92.7( 8.0
Pyr15NP 6.8b (5.58( 1.12)× 106 28.3 -9.20( 0.13 -59.7( 2.0 -169( 7.0
a 10 mM sodium cacodylate-cacodylic acid (pH 5.8), 200 mM sodium chloride, and 20 mM magnesium chloride.b 10 mM sodium cacodylate-

cacodylic acid (pH 6.8), 200 mM sodium chloride, and 20 mM magnesium chloride.

FIGURE 6: Kinetic analyses of the pyrimidine motif triplex
formation with the specific TFO (Pyr15T or Pyr15NP) at neutral
pH by IAsys. (a) Typical sensorgrams for the triplex formation at
25 °C and pH 6.8 after injecting 2.0µM specific TFO (Pyr15T or
Pyr15NP) into the Bt-Pyr23T‚Pur23A-immobilized cuvette are
shown. (b) A series of sensorgrams for the triplex formation between
Pyr15NP and Pur23A‚Pyr23T at 25°C and pH 6.8. The Pyr15NP
solution, diluted in buffer A to achieve the indicated final
concentrations, were injected into the Bt-Pyr23T‚Pur23A-im-
mobilized cuvette. The binding of Pyr15NP to Bt-Pyr23T‚Pur23A
was monitored as the response against time. (c) Measured on-rate
constants,kon, of the triplex formation in panel b were plotted
against the respective concentrations of Pyr15NP. The plot was
fitted to a straight line (r 2 ) 0.97) by a linear least-squares method.
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confirms the results obtained by other groups (14, 16, 19).
These results indicate that the PN modification of TFO
considerably promotes the pyrimidine motif triplex formation
at neutral pH.

The ∆H upon the triplex formation measured by ITC
reflects a major contribution from the hydrogen bonding and
the base stacking involved in the triplex formation (9, 35-
37). On the other hand, the∆S upon the triplex formation
measured by ITC includes a positive entropy change from
release of structured water upon the triplex formation and a
major contribution of a negative conformational entropy
change from the conformational restraint of TFO upon the
triplex formation (9, 35-37). The magnitudes of∆H and
∆S upon the triplex formation with Pyr15T at pH 6.8 were
considerably smaller than those observed with Pyr15T at pH
5.8 or with Pyr15NP at pH 6.8 (Table 1), indicating that the
pyrimidine motif triplex formation with Pyr15T at pH 6.8
was significantly less stoichiometric than that with Pyr15T
at pH 5.8 or with Pyr15NP at pH 6.8. In contrast, as can be
judged from the magnitudes of the thermodynamic param-
eters (Table 1), the pyrimidine motif triplex formed almost
stoichiometrically with Pyr15NP at pH 6.8 as well as with
Pyr15T at pH 5.8.

The Ka and∆G for the stoichiometric triplex formations
with Pyr15NP at pH 6.8 and with Pyr15T at pH 5.8 were
quite similar (Table 1). However, the ingredients of∆G, that
is, ∆H and ∆S, were obviously different from each other.
The magnitudes of the negative∆H and∆S for Pyr15NP at
pH 6.8 were smaller than those observed for Pyr15T at pH
5.8 (Table 1). The hydrogen bonding and the base stacking
involved in the triplex formation, and the immobilization of
electrostricted water molecules around polar atoms upon the
triplex formation are usually considered to be the major
sources of the negative∆H upon the triplex formation (9,
35-37). Thus, the difference in∆H for the stoichiometric
triplex formations between Pyr15NP at pH 6.8 and Pyr15T
at pH 5.8 (Table 1) suggests that the hydrogen bonding and/
or the base stacking of the triplex with the PN TFO and the
degree of the immobilization of water molecules around the
protonated cytosines and polar nitrogen atoms of the triplex
with the PN TFO may be significantly different from those
with the corresponding PO TFO. On the other hand, the
negative∆Supon the triplex formation is mainly contributed
by a negative conformational entropy change due to the
conformational restraint of TFO involved in the triplex
formation (9, 35-37). Therefore, the fact concerning the
stoichiometric triplex formations that the magnitude of the
negative∆S for Pyr15NP at pH 6.8 was smaller than that
for Pyr15T at pH 5.8 (Table 1) suggests that the PN TFO in
the free state may be more rigid than the corresponding PO
TFO.

The temperature dependence of theKa value of the triplex
formation involving Pyr15NP at pH 6.8 was examined in
the range of 15-30 °C by ITC (data not shown). On the
basis of the data, the van’t Hoff enthalpy change,∆HVH, for

the triplex formation involving Pyr15NP at pH 6.8 was
positive (15.9 kcal mol-1) by the equation∆HVH ) -R δln
Ka/δ(1/T). The positive∆HVH was in sharp contrast with the
large negative calorimetric enthalpy change,∆Hcal, shown
in Table 1. The significant discrepancy between∆HVH and
∆Hcal suggests a possibility that the triplex formation
involving Pyr15NP at pH 6.8 may not be a simple two-state
binding process and that an intermediate state may be
involved in the triplex formation (9). The more rigidity of
the PN TFO in the free state might be related to the
intermediate state upon the triplex formation.

Because theKa of the pyrimidine motif triplex formation
at pH 6.8 was increased by the PN modification (Figure 2
and Tables 1 and 2), the PN modification has the ability to
stabilize the pyrimidine motif triplex at neutral pH. The more
rigidity of the PN TFO in the free state relative to the
corresponding PO TFO discussed above causes the smaller
entropic loss upon the triplex formation with the PN TFO at
neutral pH, which provides a favorable component to the
Ka and∆G, and leads to the increase in theKa. The favorable
smaller entropic loss upon the triplex formation due to the
more rigidity of the PN TFO in the free state seems
apparently contradictory to the ITC results (Table 1) that
the apparent negative∆S for the triplex formation with
Pyr15NP at pH 6.8 was decreased in comparison with that
observed with Pyr15T at pH 6.8. However, the apparent
contradiction seems feasible, because the stoichiometric
triplex formation with Pyr15NP at pH 6.8 would result in
the larger magnitude of negative conformational entropy
change due to the more amount of conformationally re-
strained TFO upon the triplex formation than the significantly
less stoichiometric triplex formation with Pyr15T at pH 6.8.
We conclude that the more rigidity of the PN TFO in the
free state may be a factor to increase theKa of the pyrimidine
motif triplex formation at neutral pH.

Kinetic data have demonstrated that the PN modification
of TFO considerably decreased thekdissocof the pyrimidine
motif triplex formation at neutral pH (Table 2). The decrease
in the kdissoc is a plausible kinetic reason to explain the
remarkable gain in theKa at neutral pH by the PN
modification (Figure 2 and Tables 1 and 2). Both our group
(9) and others (38) have previously proposed a model that
triplexes form along nucleation-elongation processes: in a
nucleation step only a few base contacts of the Hoogsteen
hydrogen bonds may be formed between TFO and the target
duplex, and this may be followed by an elongation step in
which Hoogsteen base pairings progress to complete triplex
formation. Both groups (9, 38) have also suggested that the
observedKa, which is the ratio ofkassocto kdissoc, may mostly
reflect a rapid equilibrium of the nucleation step, which is
probably the rate-limiting process of the triplex formation.
In this sense, the PN modification is considered to slow the
collapse of the nucleation intermediate using the rigidity of
PN TFO to increase theKa of the pyrimidine motif triplex
formation.

Table 2: Kinetic Parameters for the Pyrimidine Motif Triplex Formation with Pyr15T or Pyr15NP at 25°C and pH 6.8 in 10 mM Sodium
Cacodylate-Cacodylic Acid, 200 mM Sodium Chloride, and 20 mM Magnesium Chloride, Obtained from IAsys

TFO 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
Pyr15NP (1.19( 0.13)× 103 1.89 (3.36( 0.18)× 10-4 0.029 (3.54( 0.61)× 106 65.4
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I previously examined the thermodynamic and kinetic
effects of four chemical modifications of TFO on pyrimidine
motif triplex formation at room temperature with the same
target duplex (Pur23A‚Pyr23T) (22). I suggested that the
modification of phosphate backbone of TFO produced a more
significant effect on the thermodynamics and kinetics of the
triplex formation than the modifications of base and sugar
moiety (22). In the present study, I have further extended
the previous study to explore the thermodynamic and kinetic
effects of another backbone modification, PN modification,
of TFO on pyrimidine motif triplex formation at room
temperature. The PN modification of TFO increased theKa

of the pyrimidine motif triplex formation near physiological
temperature and pH by nearly 2 orders of magnitude, which
mainly resulted from the considerable decrease in thekdissoc.
The more rigidity of the PN TFO in the free state may enable
the significant increase in theKa of the pyrimidine motif
triplex formation under physiological condition. This infor-
mation will present an effective approach for designing
chemically modified TFO with higher binding affinity in the
triplex formation under physiological conditions, which may
eventually lead to progress in therapeutic applications of the
antigene strategy in vivo.
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