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Abstract: Synergic stabilization of DNA triplexes by oligo-N3'—P5' phosphoramidate (PN) modification
and additions of comb-type cationic copolymers was demonstrated. The combination of the copolymer
and the PN modification increased triplex K, about 4 orders of magnitude. Kinetic analysis revealed that
observed stabilization resulted from kinetic complimentarity between increased association rates by the
copolymer and decreased dissociation rates by the PN modification of triplex forming oligonucleotides. No
countering interference between these stabilizing effects was observed. We propose that kinetic analyses
of stabilizing effects permit selection of a rational combination of stabilizing methods for successful synergy
in stabilizing complex formation.

Introduction Further complex stabilization has involved combinations of
different stabilization method$:1* However, combinations of
two stabilizing methods have frequently resulted in unexpectedly
small effects. For example, while each of the42bridged
nucleic acid modificatior’§2 and N3-P5 phosphoramidate
(PN) modificationd?=28 of nucleic acid strands increases the
duplex and triplex thermal dissociation temperatures signifi-
cantly, the combination of these two modifications results in
less stabilizing activity than the',2'-bridged nucleic acid
modification alon€?® In another example, while acridine

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 single-stranded homopurine
or homopyrimidine triplex-forming oligonucleotides (TFO) and
homopurine-homopyrimidine stretches in dupléxésare in-
volved in sequence-specific nucleic acid interactions. Recently,
such assemblies of nucleic acid strands have attracted consider-
able interest for their wide variety of potential applications in
not only life sciences” but also nanotechnology including
nanomachines and opto/electronic nanodevictsin addition
to specificity, stability of nucleic acid assembly is a key factor
for their practical utility. Various stabilization methods, includ-
ing molecular designs of nonnatural nucleotides and hybri
stabilizers for nucleic acid assembly, have been develdp€d.
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0 H CHy H CH, at neutral pH with or without addition of PLG-Dex copolymer. Triplex
(IJH ! formation was initiated by addingP-labeled Pur234yr23T duplex {10
OH 72 ?HQ pg) with the indicated final concentrations of Pyr15T or Pyr15NP. Pyri5NS

OH 0 CHo CHy was added to adjust the equimolar conpentrationguMDof TFQ (Pyr;I.ST
OH /m OH éH (IIH + Pyr15NS or Pyr15NP+ Pyrl5NS) in each lane. Reaction mixtures
ik 2 involving Pyr15T or Pyr15NP in buffer [50 mM Tris-acetate (pH 7.0), 100
O CHy-NH NHo mM sodium chloride, and 10 mM magnesium chloride] with or without 4
OH uM PLL-g-Dex copolymer (charge ratio of [amino grougghymef
OH [phosphate groupsjia = 2) were incubated f0o6 h at 37°C and then
(c) electrophoretically separated on a 15% native polyacrylamide get@t 4

Positions of the duplex (D) and triplex (T) are indicated.
PyrlS5T  5'-CICTTCTTITCITIC-3' (backbone:P0) plex (D) plex (T)

Pyr15NP  5'-CICTTCTTTICITIC-3' (backbone:PN) induced condensation effects. This copolymer increases the
Pur23A 5'-GCGCGAGAAGAARAGARAGCCGG-3' binding constant of triplex formation at neutral pH by nearly 2
Pyr23T 3'-CGCGCTCTTCTITICTTICGGCC-5" orders of magnitud&-3¢Kinetic studies have demonstrated that
Pyr15NS  5'-TCTCCTCCCCTCCCT-3! the increase in binding constant by the copolymer results from
Figure 1. (a) Structural formulas for phosphodiester (PO) and phospho- & Considerable increase in the association rate constant rather
ramidate (PN) backbones; (b) structural formula for Ri-Dex copolymer; than a decrease in the dissociation rate congtaAThe kinetic
(c) oligonucleotide sequences for the target duplex (Pur2$/R3T), the effect of adding the copolymer is in sharp contrast with that of

specific TFOs (Pyr1ST and Pyr1SNP), and the nonspecific TFO (Pyr1SNS). a PN-madification in TFO. The difference in the kinetic effects

modification of TFO and addition of a triplex-binding ligand between the copolymer and the PN-modification of TFO
increase the binding constant of triplex formation by 10-fold produced our hypothesis that the copolymer should further
and 100-fold, respectiveBf,combination of these two methods increase stability of triplexes involving PN modification.
results in only a 50-fold increase in triplex stabilfyHence, In the present study, we demonstrate that the combination of
rational methods to design new stabilizing combinations for these two stabilizing methods synergistically increase the
more effective nucleic acid complexation are lacking and should binding constant for triplex formation at neutral pH. Kinetic
be established. analyses reveal that observed stabilization results from kinetic
We have previously reported that PN modification of TFO complimentarity between increased association rates by the
(see Figure 1a) increases the binding constant for triplex copolymer and decreased dissociation rates by PN modification
formation at neutral pH by nearly 2 orders of magnité¥le. of TFO. No countering interference between these stabilizing
Kinetic studies have revealed that this increased complex effects was observed. We propose that kinetic analyses of
stabilization by the PN modification results mainly from a stabilizing effects permit selection of a rational combination of
decreased dissociation rate consfirBy contrast, we have  stabilizing methods for successful synergy in stabilizing complex
previously reported that poly{lysine)graft-dextran (PLLg- formation.
Dex) copolymer [poly(-lysine) grafted with hydrophilic dextran
side chains; see Figure 1b] significantly increases the stability

of duplex? and triplex2-39 formation by reducing counterion- Electrophoretic Mobility Shift Assay of Triplex Formation
at Neutral pH. Triplex formation of the target duplex, Pur23A

(30) Cassidy, S. A.; Strekowski, L.; Wilson, W. D.; Fox, K. Biochemistry Pyr23T (Figure 1c), with TFO, Pyrl5T, or Pyrl15NP (Figure
1994 33, 15338-15347. . . . .
(31) Maruyama, A.; Watanabe, H.; Ferdous, A.; Katoh, M.; Ishihara, T.; Akaike, 1C), Was examined either with or without added PgDex

Results

T. Bioconjugate Cherl99§ 9, 292-299. =~~~ copolymer (Figure 1b) at pH 7.0 by EMSA (Figure 2). Total
32) M , A.; Katoh, M.; Ishihara, T.; Akaike, B Chem. X \ : %
¢2 19%@,13;36,1236. a© shiara alke, Bloconjugate Chem oligonucleotide concentration ([specific TFO (Pyr15T or Pyr15NP;

(33) Ferdous, A.; Watanabe, H.; Akaike, T.; MaruyamaNAcleic Acids Res. i i i i - i
1098 26, 3949-3054. Figure 1c)]+ [nonspecific oligonucleotide (Pyr15NS; Figure

(34) Ferdous, A.; Watanabe, H.; Akaike, T.; MaruyamaJ)APharm. Sci1998 1c)]) was kept constant at 1M to achieve equal charge ratios
87, 1400-1405. i

(35) Torigoe, H.; Ferdous, A.; Watanabe, H.; Akaike, T.; Maruyamal, &iol. of [amino grouPsJOpo'yme/[phOSphate groupsjia and to assess
Chem.1999 274, 6161-6167.
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Figure 3. UV melting profiles for the triplex involving Pyr15T or Pyr15NP
at neutral pH with or without the PLB-Dex copolymer. Triplexes involving
Pyr15T or Pyrl5NP in buffer A (See Materials and Methods in the
Supporting Information) with or without 1.ZM PLL-g-Dex copolymer
(the charge ratio of [amino groupsjoymef[Phosphate groupsjia was 2)
were melted at a scan rate of @6/min with detection at 260 nm.
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Figure 4. CD spectra for triplex involving Pyr15T or Pyr15NP at neutral
pH with or without the PLLg-Dex copolymer. The triplexes involving
Pyr15T or Pyr15NP at 18C and pH 6.8 in buffer A (see Materials and
Methods in the Supporting Information) with or without 381 PLL-g-
Dex copolymer (the charge ratio of [amino groupslymef[phosphate
groupspna Was 2) were measured in the wavelength range-Z20 nm.

T 1 1
240 300 320

sequence specificity. Incubation with Pyr15T or Pyrl5NP at triplex T by 35°C, confirming, like previous work?2° that
specific concentrations caused retardation of duplex migration PN modification increases triplex stability. Next, we evaluated

due to triplex formatior$33° The dissociation constari, of

the effect of the copolymer on the stability of the triplex

triplex formation was determined from the concentration of the involving Pyr15NP. The triplex involving Pyr15NP with the

TFO, producing 50% conversion of duplex to tripfEx3> The
Kq for the triplex involving Pyrl5T without the copolymer
(Pyr15T, ) copolymey was estimated to be-107°M. In
contrast,Kq for the triplex involving either Pyrl5T with the
copolymer Pyrl5T, () copolymey or Pyr15NP without the
copolymer Pyr15NP, ) copolymey was~10-8 M, indicating

that either the copolymer or the PN modification increases

triplex stability by nearly 2 orders of magnitude. Incubation with
10 uM Pyr15NS (nonspecific oligonucleotide) alone in the

copolymer also exhibited only one transition at higher temper-
ature, T, = 86 °C. The copolymer further increased thg of
the triplex involving Pyr15NP by-10 °C without affecting the
hyperchromicity, indicating that the copolymer and the PN
modification cooperatively increased the thermal stability of the
triplex.

Triplexes involving Pyr15T or Pyrl5NP either with or without
the PLL-g-Dex copolymer were further characterized by CD
spectra (Figure 4) and CD melting (data not shown) measure-

presence of the copolymer did not shift electrophoretic migration ments. The CD profiles at 15 and pH 6.8 were similar for

of the target duplexsge lane 1,€) copolymey, indicating that

the four different conditions (Figure 4), confirming triplex

the copolymer preserved sequence specificity of triplex forma- formation involving Pyrl5T or Pyr15NP either with or without
tion. We then assessed cooperativity between the copolymerthe copolymef? No significant change in highly ordered triplex

and the PN modificationRyr15NP, () copolyme}. Note that
triplex formation, even at TFO concentration of 10M, was
observed, demonstrating nearly &-16ld increase in the triplex
formation binding constant by combining these stabilizing
methods.

Spectroscopic Characterization of Triplex Formation at
Neutral pH. Thermal stability of the triplex involving Pyr15T
or Pyr15NP was investigated either with or without the PLL-
g-Dex copolymer at pH 6.8 by UV melting measurements
(Figure 3). The triplex involving Pyr15T without the copolymer
exhibited a biphasic thermal dissociation profile. The first
transition at lower temperaturém,; (42 °C), was attributed to
the thermal dissociation of triplex to duplex and a TFO. The
second transition at higher temperatufge (77 °C), was that
for the duplex. Addition of the copolymer to the triplex involving

structure by either the copolymer or the PN modification was
observed. Th@, values for the triplexes at pH 6.8 determined
by CD melting measurements (data not shown) were consistent
with those obtained from UV melting experiments described
above.

Kinetic Analyses of Triplex Formation at Neutral pH. To
understand the stabilization cooperativity observed between
PLL-g-Dex copolymer and PN modification (Figures 2 and 3),
the kinetic parameters for the association and dissociation of
TFO (Pyrl5T or Pyr15NP) with Pur23Ryr23T were assessed
either with or without the PLLg-Dex copolymer at 25C and
pH 6.8 by IAsys surface affinity measurements (Figure 5).
Figure 5a compares the sensorgrams representing triplex forma-
tion and dissociation involving 2 0M of the specific TFO with
or without the copolymer. Pyrl5T over the immobilized Bt-

Pyrl5T increased botfiy,; and Tme up to 60°C and 86°C, Pyr23T-Pur23A caused an increase in sensor response. However,
respectively, indicating that the copolymer increased the stability the response was more substantially increased when the same
of both the triplex and duplex. By contrast, the triplex involving measurement was performed in the presence of the copolymer,
Pyr15NP without the copolymer exhibited only one transition indicating that the copolymer significantly increased the as-
at higher temperaturel, = 77 °C. As the UV absorbance sociation rate constant for the triplex. In contrast, although the
change afly, under this condition was nearly equal to the sum change in the association curve was moderately enhanced by
of those aflm1 and Tz (Figure 3), the transition was identified ~ Pyr15NP, the dissociation curve change over time for Pyr15NP
as a direct thermal dissociation of the triplex to its constituent was much smaller than that for Pyr15T. These results indicate
single strands. The PN modification, therefore, increased the that PN modification remarkably decreases the dissociation rate

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1707



ARTICLES Torigoe and Maruyama

Pyr15NP with 38 uM copolymer plotted against Pyr15NP concentrations. The association rate
a0 @ o constant Kasso) Was determined from the slope of the fitted line
0 /prnm with 38 M copolymer obtained by a linear least-squares meth#:354142The off-
§ 300 — e rate constantk(s) was obtained from analysis of each dissocia-
% ; Pyr5NP without stabilizer '.uon curve (Figure 5a; dgta not shown)'. Becalq(s@s u;uglly
8 200 I,f e independent of the solution concentration, the dissociation rate
5 Ir' s constant Kqissod Was determined by averagirkgs for several
2 o0l / Pyr15T without stabilizer concentrationg?28:35:41.42The binding constank,, was calcu-
a i s lated fromKs = KassoéKdissoe All kinetic parameters obtained
_fﬂ—f"”;;ashik——- under various conditions were summarized in Table 1. Magni-
0 r T o T T A tudes ofK, determined from the kinetic study (Table 1) were
Time (min) consistent with those obtained from EMSA (Figure 2). Either
the copolymer or the PN modification increadéglby nearly
3RO [ﬁl_"fr_\l,]i 70-fold. However, their kinetic contributions were quite distinct.
300 - 20 uM The copolymer increasddssocby about 50-fold, while decreas-
g - f_’___gmﬂ—— ing Kgissoc by only 1.5-fold. In contrast to the copolymer, the
8 2 PN modification decreasekissoc by ~35-fold, while it mod-
% 200 | ,_,_ﬂ" erately increasedkassoc by ~2-fold. The combination of the
- — i 3 copolymer and the PN modification resulted in a more than
§ _fmf 4000-fold increase iK, By comparing the kinetic parameters,
§ 100 we note thaikassocanq kd!ssoc optalned for PyrlSNP with the
50| copolymer closely coincide with the mathematical products of
: values individually obtained for either Pyr15T with the copoly-

L I 2 e 0 i N mer or Pyr15NP without the copolymer. Consequently, results
Time (min) clearly demonstrate that mutual kinetic influences successfully
cooperate to stabilize triplex formation without generating

negative interference.
Discussion

The PLLg-Dex copolymer increasdg, for triplex formation
at pH 6.8 and 25C by approximately 2 orders of magnitude
(Figures 2 and 5 and Table 1). The copolymer also increased
the Ty, for the triplex (Figure 3). These results indicate that the
PLL-g-Dex copolymer significantly stabilizes the triplex at
neutral pH, consistent with our previous resgi#s® Entropic
: ' 15 20 loss due to counterion condensation and electrostatic repulsion
[Pyr15NP] (uM) caused by excess accumulation of phosphate anions on triplex
Figure 5. Kinetic analyses for triplex formation involving Pyr15T or  formation usually produces triplex instabilit§- 4> Therefore,
Pyr15NP at pH 6.8 in buffer A (see Materials and Methods in the Supporting cationic substances. such as polyamines, are employed to
Information) with or without the PLlg-Dex copolymer. (a) Typical " . 4647 ; : I
sensorgrams for triplex formation at 28 and pH 6.8 after injecting 2.0 stabilize trlple>§ ,formathﬁ' . Spermine, bear.mg_ four positive
uM TFO (Pyr1ST or Pyrl5NP) with or without 0.038 mM PLg-Dex charges, stabilizes the triplex under low ionic strerf§tt.
copolymer into the Bt-Pyr23Pur23A-immobilized cuvette are shown. (b))  However, its stabilizing effect is drastically reduced by increas-
A series of sensorgrams for triplex formation between Pyrl5NP and Pur23A ; inni ; ; iti
Pyr23T at 25°C and pH 6.8 without the copolymer. The Pyr15NP solutions, |ng||on|c strenfgth to .phySI_Orzoglcal. k.avels dg?:e@to com_petmve
diluted in buffer A to achieve the indicatéd final concentrations, were '€Placementof spermine wit CoeXIStlng' catl ur previous
injected into the Bt-Pyr23Pur23A-immobilized cuvette. Binding of  Study?®36 and the present results described above demonstrate
Pyr15NP ij) Bt—';yr_231:l:r23A Wasbmonitoreld OVSY time. (C)hThe on-rate  that the PLLg-Dex copolymer maintains its stabilizing efficacy
constants ko, obtained from part were plotted against the respective H H . .
concentrations of Pyrl5NP. The plot was fit to a straight lirfe=f 0.97) even unde_r physmlqglcal ionic strength thr.OUQh polyvale_nt
by linear least-squares methods. electrostatic interactions. Reduced counterion condensation,

causing a net increased entropy change, may incka¥e'8.4°

constant for the triplex. Note that both intrinsic effects from
the cqpqumer anq the. PN modification were apparent in both (40) Manzini, G.; Xodo, L. E; Gasparotto, D.; Quadrifoglio, F.; van der Marel,
association and dissociation curves for Pyr15NP in the presence  G. A; van Boom, J. HJ. Mol. Biol. 199Q 213 833-843.
K . (41) Bates, P. J.; Dosanjh, H. S.; Kumar, S.; Jenkins, T. C.; Laughton, C. A;;
of the copolymer. Combination of the copolymer and the PN
)

Neidle, S.Nucleic Acids Resl995 23, 3627-3632. )
modification, thus, permitted rapid formation of a durable (42 I%Ig;eigg QShlmlzume, R.; Sarai, A.; Shindo, Blochemistryl999 38,
triplex. (43) Manning, G. SQ. Rev. Biophys.197§ 11, 179-246. _

To explore these kinetic effects more quantitatively, we (44) ?fcf(;g’_%g - Jr.; Anderson, C. F.; Lohman, T.®1.Re.. Biophys197§
analyzed a series of association and dissociation curves as aus) Singleton, S. F.; Dervan, P. Biochemistry1993 32, 1317+13179.

; ; H H (46) Hampel, K. J.; Crosson, P.; Lee, JBfochemistryl991, 30, 4455-4459.
function of TFO concentration. As shown in Figure 5b, {28 7rohle 5 B 0 te O Mo o hemistry1993 32 14068-14074.
increasing concentrations of Pyr15NP produces a gradual change4s) Mascotti, D. P.; Lohman, T. MProc. Natl. Acad. Sci. U.S.A.99Q 87,
: - h ; 3142-3146.
in the association curves. On-rate constakyg Obtained from o R G5 1 3y . Lohman, T. M.; de Haseth JPMol. Biol. 1976 107,
the analysis of each association curve are shown in Figure 5¢ ~ 145-158.
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Table 1. Kinetic Parameters for Triplex Formation Involving Pyr15T or Pyr15NP with or without 0.038 mM PLL-g-Dex Copolymer in Buffer A
(see Materials and Methods in the Supporting Information) at 25 °C, Obtained from Analysis of the I1Asys Surface Affinity Capture Assay

PLL-g—DEX kassoc kdISSOC
TFO copolymer Kassoc (M~1s7%) (relative) Kiissoc (7% (relative) Ky (M™Y) K, (relative)
Pyr15T - (6.31+0.18) x 1(? 1.0 (1.17+0.14)x 102 1.0 (5.414+ 0.91) x 10* 1.0
Pyr15T + (2.884+0.23)x 10¢ 45.6 (7.8+3.4)x 1073 0.66 (3.694 1.32) x 10° 68.2
Pyr15NP - (1.194+0.13) x 10° 1.89 (3.36+0.18)x 104 0.029 (3.544+ 0.61) x 108 65.4
Pyr15NP + (5.274+0.85) x 10* 83.5 (2.26+0.18)x 104 0.019 (2.33£ 0.61) x 108 4310

As shown in the CD spectra (Figure 4), the copolymer does the source of the negativeSfor triplex formation was proposed
not change observed triplex highly ordered structures despiteto be due to TFO conformational restraints involved in triplex
stable association, whereas structural changes have been confermation®® the smaller negativASvalue for PN TFO suggests
monly observed for complexes between DNA and cationic that PN TFO in its free state may be more rigid than the
homopolymers, such as polylysine)>°-52 Preservation of  corresponding PO TFO. This PN TFO rigidity causes a smaller
triplex highly ordered structures may be important for conserv- entropic loss upon triplex formation, leading to increased
ing sequence specific interactions between TFO and the targetAs the copolymer stabilizes triplexes by reducing counterion
duplex. Increased, by the copolymer resulted largely from condensation, the extent of this condensation for PN TFO was
the increase irkassocrather than decrease Kissoc (Table 1), seemingly identical to that for PO TFO (increaseinby the
consistent with our previous stud®The reason the copolymer  copolymer was nearly 70-fold for both PO TFO and PN TFO,
increasekassocrather than decreasingissocis unclear. It may Table 1). The extent of such counterion condensation reflects a
be plausible that the copolymer facilitates nucleation of TFO highly ordered DNA structure’,58so that the PN modification
with a target duplex to accelerate triplex formation. Our recent may not alter polyelectrolyte features of the oligonucleotide and
observatioP?=55 that the copolymer considerably accelerates its complex with DNA. This is supported by the CD spectra
strand exchange reactions between double-stranded DNA andFigure 4) showing that the PN modification does not alter the
its complementary single-stranded DNA may support this triplex highly ordered structure. However, the detailed stabiliza-
contention. Nucleation complexes comprising three DNA strands tion mechanism for the PN modification remains to be eluci-
are likely involved in transition states for both triplex formation dated.
and strand exchange reactions. It seems that the copolymer is The combination of the copolymer and PN modification
capable of stabilizing not only mature triplex but also three- increases tripleX, at pH 6.8 by about 4 orders of magnitude
stranded nucleation complexes by reducing counterion conden-(Figures 2 and 5 and Table 1). This cooperative effect was also
sation effects. confirmed byT, measurements (Figure 3). The increas&in
Similar to the PLLg-Dex copolymer, the PN modification ~ results mainly from increase#assoc by the copolymer and
increases tripleX, at pH 6.8 and 23C by about 2 orders of ~ decrease ilgissocby PN modification (Table 1). Note thassoc
magnitude (Figures 2 and 5 and Table 1). This PN stabilization @nNdKaissocObtained by synergistic effects of both copolymer and
effect was also demonstrated By, measurements (Figure 3). PN modification closely coincided with the mathematical
These results and othé#28 indicate that PN modification  Products of values obtained individually (Table 1). These results
significantly stabilizes the triplex at neutral pH. Note that the @IS0 clearly demonstrate that neither interference nor negative
increase inK, by the PN modification results primarily from cooperatio_n between their mutual kinetic effects complicated
the decrease ikgissocrather than increase ssoc(Table 1), in the synergism.
sharp contrast with the kinetic effects of the PgiDex Different combinations of various methods have attempted
copolymer (vide infra). The PN modification stabilization 0 Produce cooperative stabilization. Simple combinations of
mechanism should be, therefore, distinct from that of the tWo stabilizing methods had not yet yielded the desired
copolymer. While PN modification demonstrates a higher cooperative effects. For example, each of thgtbridged
increase in triplesT, (AT = 35°C) compared to the copolymer ~ hucleic acid modification§~2* and PN modificatior?.2326:28
(ATm = 18 °C), both provided similaKa and AG at 25 °C increased  for both duplex and triplex significantly. However,
(Figure 2 and Table 1). The PN modification may affect the thermal stability for both duplex and triplex produced by these
temperature dependence &6 under constant pressure, that Combinations was weaker than that by thg2ridged nucleic
is, —AS[i.e., (OAG/OT)p = —AS, for the triplex equilibrium acid modification aloné? That is, strand interference and no
differently from the copolymer. In fact, our previous isothermal cooperativitiy of the two stabilizing methods occurred. Both
titration calorimetry study showed that the magnitude for the 2,4-bridged nucleic acid and PN modification seemingly
negativeAS at 25°C for triplex formation involving Pyrl15NP  constrain nucleotide conformation, so that their cooperative is

was significantly smaller than that involving Pyr1%Because ~ difficult. Our previous kinetic studies revealed that these
modifications decread@issocto increaseé,%2-28demonstrating

(50) Olins, D. E.: Olins, A. L.. von Hippel, P. HL Mol. Biol. 1967 24, 157 that these modifications contribute similarly to the kinetics of
76. , , nucleic acid assembly. Negative cooperativity between two

(51) Shapiro, J. T.; Leng, M.; Felsenfeld, Biochemistryl969 8, 3219-3232. inl bilizi hod | df bi .

(52) Haynes, M.; Garrett, R. A.; Gratzer, W. Biochemistryl97Q 9, 4410~ triplex-stabilizing methods was also reported for combinations
4416.

(53) Kim, W. J.; Ishihara, T.; Akaike, T.; Maruyama, &hem—Eur. J.2001, (56) Kamiya, M.; Torigoe, H.; Shindo, H.; Sarai, A. Am. Chem. S0d.996
7, 176-180. 118 4532-4538.

(54) Kim, W. J.; Akaike, T.; Maruyama, AJ. Am. Chem. SoQ002 124, (57) Bond, J. P.; Anderson, C. F.; Record, M. T. Biophys. J1994 67, 825—
12676-12677. 836.

(55) Kim, W. J.; Sato, Y.; Akaike, T.; Maruyama, Nat. Mater.2003 2, 815— (58) Tomac, S.; Sarkar, M.; Ratilainen, T.; Wittung, P.; Nielsen, P. E.; Norden,
820. B.; Graslund, A.J. Am. Chem. S0d.996 118 5544-5552.

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1709



ARTICLES Torigoe and Maruyama

of acridine-modified TFO with a triplex-binding ligarf.By Education, Science, Sports, and Culture of Japan (08249247
contrast, we report synergistic stabilizing effects of copolymer and 12217158 to H.T. and 16200034 to A.M.). This work was
addition and the PN modification. Taken together, the observed also partly supported by Foundation for Promotion of Material
kinetic parameters can be quite useful indicators for selecting Science and Technology of Japan (MST Foundation) and by
rational combinations of stabilizing methods. the Japan Securities Scholarship Foundation.

Supporting Information Available: Experimental procedures
and further details. This material is available free of charge via
the Internet at http://pubs.acs.org.

Acknowledgment. We thank Dr. K. Mizumachi for generous
assistance with IAsys Plus measurements and Prof. D. W.
Grainger (USA) for valuable discussions. This research was
supported in part by Grant-in-Aid from the Ministry of JA044964S

1710 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005



