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Since pyrimidine motif triplex DNA is unstable at
physiological neutral pH, triplex stabilization at
physiological neutral pH is important for improvement
of its potential to be applied to various methods in vivo,
such as repression of gene expression, mapping of
genomic DNA and gene-targeted mutagenesis. For
this purpose, we studied the thermodynamic and kinetic
effects of a chemical modification, 2'-0,4'-C-ethylene
bridged nucleic acid (ENA) modification of triplex-
forming oligonucleotide (TFO), on pyrimidine motif
triplex formation at physiological neutral pH. Thermo-
dynamic investigations indicated that the modification
achieved more than 10-fold increase in the binding con-
stant of the triplex formation. The increased number of
the modification in TFO enhanced the increased mag-
nitude of the binding constant. On the basis of the ob-
tained thermodynamic parameters, we suggested that
the remarkably increased binding constant by the modi-
fication may result from the increased stiffness of TFO
in the unbound state. Kinetic studies showed that the
considerably decreased dissociation rate constant re-
sulted in the observed increased binding constant by
the modification. We conclude that ENA modification
of TFO could be a useful chemical modification to pro-
mote the triplex formation under physiological neutral
condition, and may advance various triplex formation-
based methods in vivo.

Keywords: kinetics/2'-0,4'-C-ethylene bridged nucleic
acid modification/promotion/pyrimidine motif triplex
nucleic acid formation/thermodynamics.

Abbreviations: Bt, biotinylated; CD, circular dichro-
ism; EMSA, electrophoretic mobility shift assay;
ENA, 2'-0,4'-C-ethylene bridged nucleic acid; AG,
Gibbs free energy change; A H, enthalpy change; ITC,
isothermal titration calorimetry; K,, binding constant;
kassocs association rate constant; Ky, dissociation
constant; kgisoc, dissociation rate constant; ko,
off-rate constant; k,,, on-rate constant; AS, entropy
change; TFO, triplex-forming oligonucleotide; 77,
melting temperature.

Triplex nucleic acid has recently attracted remarkable
interest owing to its possible biological functions
in vivo and its various potential applications, such as
artificial repression of gene expression by antigene
strategy, mapping of genomic DNA and gene-targeted
mutagenesis (/—5). A triplex nucleic acid is usually
formed when a single-stranded homopyrimidine
or homopurine triplex-forming oligonucleotide (TFO)
binds with the major groove of a homopurine—hom-
opyrimidine stretch in duplex DNA with high sequence
specificity (3, 4). In the pyrimidine motif triplex, a
homopyrimidine TFO binds parallel to the homopur-
ine strand of the target duplex by Hoogsteen hydrogen
bonding (3, 4). The formed typical base triplets for the
pyrimidine motif triplex are TeA:T and CTeG:C (3, 4).
In the meantime, in the purine motif triplex, a homo-
purine TFO binds anti-parallel to the homopurine
strand of the target duplex by reverse Hoogsteen
hydrogen bonding (3, 4). The formed typical base trip-
lets for the purine motif triplex are AeA:T (or TeA:T)
and GeG:C (3, 4).

Since the cytosine bases in a homopyrimidine TFO
should be protonated upon binding with the guanine
bases of the G:C target duplex, a condition with acidic
pH is necessary for the formation of the pyrimidine
motif triplex. Thus, the pyrimidine motif triplex is un-
stable at physiological neutral pH (6—8). In the mean-
time, the formation of the purine motif triplex is
possible at physiological neutral pH due to its pH in-
dependence. However, physiological concentrations of
certain monovalent cations, especially K* ions, se-
verely inhibit purine motif triplex formation (9, 10).
The undefined interaction between K* and the
guanine-rich homopurine TFO may be involved in
this inhibitory effect (9, 10). Thus, the stabilization of
the pyrimidine motif triplex at physiological neutral
pH is important for improvement of its potential to
be applied to various triplex formation-based methods.
Substitution of 5-methylcytosine (7, 1/—13) or other
chemically modified base derivatives (/4—18) for the
cytosine bases in a homopyrimidine TFO and attach-
ment of different DNA intercalators to the ends of
TFO (719, 20) have been applied to overcome the
necessity of an acidic pH for the pyrimidine motif trip-
lex formation and to increase the stability of the pyr-
imidine motif triplex at physiological neutral pH.

We formerly investigated the thermodynamic par-
ameters of the pyrimidine motif triplex formation by
isothermal titration calorimetry (ITC) (27). We found
that one of the major factors of entropy change moni-
tored upon triplex formation may come from a nega-
tive conformational entropy change resulting from
the conformational restriction of the TFO upon the
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association with the target duplex to form triplex (21).
The negative conformational entropy change may be
undesirable for the triplex formation. We hypothesized
that the increase in stiffness of TFO in the unbound
state to reduce the conformational entropy loss upon
the triplex formation may promote the triplex forma-
tion. Therefore, to enhance the triplex-forming ability
by increasing stiffness of TFO in the unbound state, a
novel type of chemical modifications of nucleic
acids, 2'-0.,4'-C-cthylene bridged nucleic acid (ENA)
(Fig. 1A), in which 2’-O and 4'-C of the sugar group
were connected with the ethylene chain (22), was
synthesized and developed. The thermodynamic stabil-
ity of the triplex involving ENA-modified TFO at
physiological neutral pH was remarkably higher than
that involving the corresponding phosphodiester TFO,
which was obtained from the UV profile of the melting
process of the triplex (23). However, the formation
process of the triplex involving ENA-modified TFO
at physiological neutral pH has not yet been analysed.
To examine the possibility of the application of
ENA-modified TFO to various triplex formation-
based methods in vivo, the formation process of the
triplex involving ENA-modified TFO at physiological
neutral pH should be investigated in more detail than
the melting process of the same triplex. Furthermore,
the mechanism of the ENA modification-mediated
triplex stabilization at physiological neutral pH
remains to be elucidated. To this end, we have inves-
tigated the thermodynamic and kinetic effects of the
ENA modification of TFO on pyrimidine motif triplex
formation with another base sequence at physiological
neutral pH. The pyrimidine motif triplex formation
between a 23 bp homopurine—homopyrimidine target
duplex (Pur23AePyr23T) (Fig. 1B) and its specific

0O Base 0 Base
O—__ o]
(I) l'l) 0
0=P-0 0=pP-0

Phosphodiester ~ 2°-0,4’-C-ethylene bridged nucleic

(PO) acid (2°,4’-ENA)

(b)

Pyrl5T 5/ -CTCTTCTTTTCTTTC-3'
ENA7-1 5/ -CTCTTCTTTTCTTTC-3"
ENA7-2 5/-CTCTTCTTTTCTTTC-3"
ENA5-1 5/ -CTCTTCTTTTCTTTC-3"
ENA5-2 5/ -CTCTTCTTTTCTTTC-3"
Pur23A 5’ ~GCGCGAGAAGAAAAGAAAGCCGG-3’
Pyr23T 37 -CGCGCTCTTCTTTTCTTTCGGCC-5 '
Pyr15NON 5/ —TCTCCTCCCCTCCCT-3*

C: C with 2'-0,4'-C-ethylene bridge
T: T with 2'-0,4'-C-ethylene bridge

Fig. 1 Chemical modification of nucleic acids (A) Structural formulas
for phosphodiester (PO) and 2'-0,4'-C-ethylene bridged nucleic acid
(ENA)-modified backbones. (B) Oligonucleotide sequences of the
target duplex (Pur23AePyr23T), the specific TFOs (Pyrl5T,
ENA7-1, ENA7-2, ENAS-1 and ENAS-2) and the non-specific
oligonucleotide (Pyr1SNON).
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15-mer unmodified homopyrimidine TFO (Pyr15T)
(Fig. 1B) or each of ENA-modified homopyrimidine
TFOs (ENA7-1, ENA7-2, ENAS-1 and ENAS-2)
(Fig. 1B) have been studied by electrophoretic mobility
shift assay (EMSA) (24—28), UV melting, ITC (21, 25,
26, 28—32) and BIACORE interaction analysis system
(25-28, 32—34). We found that the ENA modification
of TFO achieved >10-fold increase in the binding con-
stant of the pyrimidine motif triplex formation at
physiological neutral pH. The increased number of
the ENA modification in TFO enhanced the increased
magnitude of the binding constant. Kinetic studies
have revealed that the considerably decreased dissoci-
ation rate constant resulted in the observed increased
binding constant by the ENA modification of TFO.
The ENA modification to enhance the pyrimidine
motif triplex-forming ability at physiological neutral
pH would advance various triplex formation-based
methods in vivo. The mechanism of the ENA modifi-
cation to enhance the pyrimidine motif triplex-forming
ability will be discussed.

Materials and Methods

Preparation of oligonucleotides

We synthesized 23-mer complementary oligonucleotides for the
target duplex, Pur23A and Pyr23T (Fig. 1B), a 15-mer unmodified
homopyrimidine TFO specific to the target duplex, Pyr15T (Fig. 1B)
and a 15-mer non-specific homopyrimidine oligonucleotide,
Pyr15SNON (Fig. 1B), on an ABI DNA synthesizer by the solid-
phase cyanoethyl phosphoramidite method; we then purified them
by reverse-phase HPLC on a Wakosil DNA column. We also synthe-
sized and purified the 15-mer ENA-modified homopyrimidine TFOs
specific to the target duplex, ENA7-1, ENA7-2, ENAS5-1 and
ENAS-2 (Fig. 1B), as described previously (22). Furthermore, we
prepared 5'-biotinylated Pyr23T (Bt-Pyr23T) using biotin phosphor-
amidite. We determined the concentration of all oligonucleotides by
UV absorbance. We annealed complementary strands, Pur23A and
Pyr23T, by heating up to 90 C and then slowly cooling to room
temperature. We applied the annealed sample on a hydroxyapatite
column (BIORAD Inc.) to eliminate excess single strands. We deter-
mined the concentration of the duplex DNA (Pur23AePyr23T) by
UV absorbance, considering that an absorbance of 1 at 260 nm cor-
responds to a concentration of 50 pg/ml of DNA, with a M, of
15,180.

EMSA

We performed EMSA experiments by 15% native polyacrylamide
gel electrophoresis, as described previously (25—28). In 9 ul of the
reaction solution, we mixed **P-labeled Pur23AePyr23T duplex
(~1nM) with the specific TFO (Pyrl5T, ENA7-1, ENA7-2,
ENAS-1 or ENAS-2) at various concentrations and the non-specific
oligonucleotide (PyrISNON) in the reaction buffer [SOmM
tris—acetate (pH 7.0), 100mM NaCl and 10mM MgCl,]. We
added PyrlSNON not only to achieve the same concentration
(1 pM) of TFO in each lane but also to avoid adhesion of the oligo-
nucleotides (duplex and TFO) to plastic surfaces during incubation
and loss of the oligonucleotides during processing. After incubation
for 6h at 37°C, 2 ul of 50% glycerol solution containing bromophe-
nol blue was added with keeping the pH and salt concentration of
the reaction solutions. We then directly applied samples onto a 15%
native polyacrylamide gel prepared in electrophoresis buffer [S0 mM
tris—acetate (pH 7.0) and 10mM MgCl,], and electrophoresis was
carried out at 8§ V/em for 16 h at 4°C.

UV melting

We carried out UV melting experiments on a DU-640 spectropho-
tometer (Beckman Inc.) containing a Peltier-type cell holder. The
length of cell path was 1cm. We collected UV melting curves in
buffer A (10mM sodium cacodylate—cacodylic acid at pH 6.8 con-
taining 200mM NaCl and 20mM MgCl,) at a scan speed of

2T0Z ‘9z Jequieldes uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploxo-qly:diny woly papeojumod


http://jb.oxfordjournals.org/

0.5°C/min with monitoring at 260 nm. We obtained the first deriva-
tive from the UV melting curve. We designated the peak temperature
in the first derivative as the melting temperature 7;,. The concentra-
tion of triplex nucleic acid was 1 uM.

Circular dichroism spectroscopy

We recorded circular dichroism (CD) spectra at 20°C in buffer A on
a JASCO J-720 spectropolarimeter equipped with a microcomputer.
The length of cell path was 1 cm. The concentration of triplex nucleic
acid was 1 uM.

ITC

We carried out isothermal titration experiments on a VP ITC system
(Microcal Inc., USA), as described previously (25, 26, 28). We pre-
pared the TFO and Pur23AePyr23T duplex solutions by dialyzing
extensively against buffer A or buffer B (10mM sodium cacody-
late—cacodylic acid at pH 5.8 containing 200mM NaCl and
20mM MgCl,). The duplex solution in buffer A or buffer B was
injected 25 times in Spl aliquots at 10min intervals into the
TFO solution with keeping the reaction conditions. The duplex so-
lution was also injected in the same manner into the experimental
buffer without TFO to measure the heat of dilution of the duplex.
We subtracted the heat of dilution from the heat of each injec-
tion into the TFO solution. We divided each adjusted heat value
by the number of moles of the injected duplex and analysed the
data with Microcal Origin software provided by the manufacturer.

BIACORE interaction analysis system

We performed kinetic experiments on a BIACORE J instrument
(GE Healthcare, USA), where a real-time biomolecular interaction
was monitored with a laser biosensor (25—28). The layer of a SA
sensor tip containing immobilized streptavidin was equilibrated with
buffer A at a flow speed of 30 pl/min. We injected 40 pl of 50 mM
NaOH and 1M NacCl three times at a flow speed of 30 pl/min to
decrease electrostatic repulsion from the surface. After equilibrating
with buffer A, we added 160 pl of 0.2 pM Bt-Pyr23TePur23A duplex
solution at a flow speed of 30 pl/min to bind with the streptavidin on
the surface. After enough washing and equilibrating the
Bt-Pyr23TePur23A-immobilized surface with buffer A, we injected
70ul of the TFO solution in buffer A over the immobilized
Bt-Pyr23TePur23A duplex at a flow speed of 30 pl/min, and then
the triplex formation was observed for 2 min. This was followed by
washing the sensor tip with buffer A, and the dissociation of the
preformed triplex was observed for an additional 2min. Finally,
40l of 100mM tris—HCI (pH 8.0) for PyrlS5T, 40pul of 10mM
NaOH (pH 12) for ENA7-1 and ENA7-2 or 40pul of 3.2mM
NaOH (pH 11.5) for ENAS-1 and ENAS5-2 was added at a flow
speed of 30pl/min to completely dissociate the TFO from the
Bt-Pyr23TePur23A duplex. During the complete dissociation, a
part of the Bt-Pyr23TePur23A duplex may be unfolded. We regen-
erated the Bt-Pyr23TePur23A duplex by adding 0.2uM Pur23A.
We analysed the obtained profiles with the BIA evaluation soft-
ware provided by the manufacturer to estimate the kinetic
parameters.

Results

EMSA of pyrimidine motif triplex formation at
physiological neutral pH

We investigated the pyrimidine motif triplex formation
between the target duplex (Pur23AePyr23T) (Fig. 1B)
and its specific unmodified (Pyr15T) (Fig. 1B) or ENA
modified (ENA7-1, ENA7-2, ENAS5-1 or ENAS-2)
(Fig. 1B) TFO at pH 7.0 by EMSA (Fig. 2).
Total concentration of oligonucleotides [specific
TFO (Pyr15T, ENA7-1, ENA7-2, ENAS5-1 or
ENAS5-2) (Fig. 1B)]+ [non-specific oligonucleotide
(Pyr15NON) (Fig. 1B)] for each of triplex formation
was held constant at 1 uM to avoid loss of the oligo-
nucleotides during processing and to examine sequence
specificity of triplex formation. Although no shift in
the electrophoretic mobility of the target duplex was

Promotion of triplex formation by ENA modification

observed for 1 uM Pyrl5SNON alone (see lane 1 for
Pyr15T), reduction of the duplex mobility due to trip-
lex formation was achieved for Pyrl5T, ENA7-1,
ENA7-2, ENAS-1 or ENAS-2 at particular concentra-
tions (24). The concentration of the TFO, which
caused half of the target duplex to shift to the triplex,
corresponded to the dissociation constant Ky of triplex
formation (24). Since the intensity of triplex band was
smaller than that of duplex band even at 1 uM Pyr15T
(see lane 6 for Pyrl5T), Ky of the triplex with Pyr15T
was estimated to be more than ~1 uM. In contrast, Ky
of the triplex with each of ENA7-1 and ENA7-2 was
~0.0625 uM, indicating that the ENA modification of
TFO at seven positions increased binding constant K,
(= 1/Ky) of the pyrimidine motif triplex formation at
physiological neutral pH by more than 16-fold. In the
meantime, Ky of the triplex with each of ENAS5-1 and
ENAS5-2 was ~0.125uM, indicating that the ENA
modification of TFO at five positions achieved increase
in K, of the same pyrimidine motif triplex formation
by more than 8-fold. The increased number of the
ENA modification in TFO enhanced the increased
magnitude of K, for the pyrimidine motif triplex for-
mation at physiological neutral pH.

T
ENA7-1 T - ——

e ——
ENAS-1

ENAS-2

Fig. 2 EMSA of the pyrimidine motif triplex formation using the
specific TFOs (Pyr15T, ENA7-1, ENA7-2, ENAS5-1 or ENAS-2) at
ghysiological neutral pH. Triplex formation was initiated by adding
2P-labelled Pur23AePyr23T duplex (~1 nM) with the indicated final
concentrations of the specific TFOs (Pyr15T, ENA7-1, ENA7-2,
ENAS-1 or ENAS-2). The non-specific oligonucleotide (Pyr1SNON)
was added to adjust to equimolar concentration (1 uM) of TFO
(Pyr15T +Pyr15SNON, ENA7-1 + Pyr15NON,

ENA7-2 4+ PyrI5SNON, ENAS-1 + Pyr1SNON or
ENAS5-2+Pyr1SNON) in each lane. Reaction mixtures involving
Pyr15T, ENA7-1, ENA7-2, ENAS5-1 or ENAS-2 in 50 mM
tris—acetate (pH 7.0), 100mM NaCl and 10 mM MgCl, were incu-
bated for 6h at 37°C, and then electrophoretically separated at 4°C
on a 15% native polyacrylamide gel prepared in buffer [S0 mM
tris—acetate (pH 7.0) and 10 mM MgCl,]. Positions of the duplex
(D) and triplex (T) are indicated.
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Spectroscopic characterization of pyrimidine motif
triplex at physiological neutral pH

We investigated the thermodynamic stability of the
pyrimidine motif triplexes involving the unmodified
or ENA-modified TFOs at pH 6.8 by UV melting
(Fig. 3 and Table I). Two-step melting was observed
for the triplexes involving Pyrl15T, ENAS-1 or
ENAS-2. The first change at the lower temperature
Twmi corresponded to the melting of the triplex to a
duplex and a TFO, and the second change at the
higher temperature 7,,, was the melting of the
duplex (Fig. 3). In spite of the almost identical values
of Ty, the values of T,,; for ENAS-1 or ENAS-2 were
remarkably larger than that for Pyrl5T by >25°C
(Table I). In the meantime, only one transition at
higher temperature 7, was observed for the triplexes
involving ENA7-1 or ENA7-2. Since UV absorbance
change at T,, for ENA7-1 or ENA7-2 was almost
equal in magnitude to the sum of those at 7,,; and
Tmo for ENAS-1 or ENAS-2 (Fig. 3), we identified
that the triplex involving ENA7-1 or ENA7-2 was dir-
ectly changed into three constituting single-strand
DNAs upon the transition at T,. Thus, the ENA
modification of TFO at seven positions achieved the
increase in the melting temperature of the triplex by
~50°C (Table I). These results demonstrate that the
thermodynamic stability of the triplex involving
ENA-modified TFO was remarkably higher than that
involving the unmodified TFO, verifying previous
result (23) that the ENA modification of TFO ther-
mally stabilized the pyrimidine motif triplex at physio-
logical neutral pH.

To examine the higher order structure of the pyrimi-
dine motif triplexes involving the unmodified or ENA-
modified TFOs, we measured CD spectra of triplexes
at 20°C and pH 6.8 (Fig. 4). Similar overall form of the
CD spectra was observed among all the profiles. A
negative band in the short-wavelength (210—220 nm)
region typical for the triplex was present in all the pro-
files, verifying that the triplex was actually formed in
all cases of TFO (35). The intensity of the negative
short-wavelength (210—220 nm) band for the triplexes

0.58
0.56
0.54
0.52
0.50
0.48
0.46
0.44

042 - , , ,

20 40 60 80
Temperature §o)

Absorbance at 260 nm

—_———————a T

Fig. 3 UV melting profiles of the pyrimidine motif triplexes formed
with specific TFOs (Pyr15T, ENA7-1, ENA7-2, ENA5-1 or ENAS-2).
The triplexes with Pyr15T, ENA7-1, ENA7-2, ENAS-1 or ENAS-2
in 10 mM sodium cacodylate—cacodylic acid (pH 6.8), 200 mM NaCl
and 20 mM MgCl, were melted at a scan rate of 0.5°C/min with
detection at 260 nm. The cell path length was 1cm. The triplex
nucleic acid concentration used was 1 pM.
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involving the ENA-modified TFOs, ENA7-1, ENA7-2,
ENAS5-1 or ENAS-2 was larger than that observed for
the triplex involving Pyrl5T, indicating that all the
triplexes involving the ENA-modified TFOs had
more features of the A-like conformation than that
involving the unmodified TFO (36).

Thermodynamic analyses of pyrimidine motif

triplex formation by ITC

We investigated the thermodynamic properties of
the pyrimidine motif triplex formation between a
23-bp target duplex (Pur23AePyr23T) and its specific
I5-mer unmodified (Pyrl15T) or ENA-modified
(ENA7-1, ENA7-2, ENAS5-1 or ENAS-2) TFO at
25°C and pH 6.8 by ITC. To study how the pyrimidine
motif triplex formation depends on pH, we also ana-
lysed the thermodynamic properties of the triplex for-
mation between Pur23AePyr23T and PyrlST at 25°C
and pH 5.8 by ITC. Figure 5A shows a typical ITC
curve for the triplex formation between ENA7-1 and
Pur23AePyr23T at 25°C and pH 6.8. Each injection of
Pur23AePyr23T into ENA7-1 produced an exothermic
heat pulse. The size of each peak was reduced grad-
ually with each new injection, and the last injection still
produced a small peak. The area of the small peak was
equal to the heat of dilution of Pur23AePyr23T ob-
tained from a separate experiment by injecting
Pur23AePyr23T into the same buffer. We integrated
the area under each peak and subtracted the heat of
dilution of Pur23AePyr23T from the integrated values.
We divided the adjusted heat value by the number of
moles of injected solution and plotted the obtained
values as a function of the molar ratio of
[Pur23AePyr23T]/[ENA7-1] (Fig. 5B). A sigmoidal
plot was fitted to the titration curve by a non-linear
least-squares method. The binding constant K, and the
enthalpy change AH were calculated from the fitted
titration curve (3/). The Gibbs free energy change
AG and the entropy change AS were estimated from
the equation, AG =—RTInK,=AH — TAS, where R is
the gas constant and 7T is the temperature (37).
Similarly, we obtained the thermodynamic parameters
for pyrimidine motif triplex formation involving each
of Pyr15T, ENA7-2, ENAS-1 and ENAS-2 at 25°C
and pH 6.8 and for the formation involving Pyrl5T
at 25°C and pH 5.8. If ENA7-1 is added step-by-step
to the Pur23AePyr23T solution, it may be necessary to
calibrate the heat of dilution of ENA7-1. As described
above, when Pur23AePyr23T was added step-by-step
to the ENA7-1 solution, it was necessary to calibrate

Table 1. Melting temperatures of the triplexes between a 23-bp
target duplex (Pur23AePyr23T) and a 15-mer TFO (Pyr15T,
ENA7-1, ENA7-2, ENAS-1 or ENAS-2) in 10mM sodium cacody-
late—cacodylic acid (pH 6.8), 200mM NaCl and 20 mM MgCl,.

TFO T (CC) Tw2 CO)
Pyr15T 26.8+1.3 76.3+0.3
ENA7-1 76.740.2
ENA7-2 75.540.2
ENAS-1 52.1+£0.4 75.740.3
ENAS-2 55.240.3 76.5+0.3
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Ellipticity (mdeg)

220 240 260 280 300 320
Wavelength (nm)

Fig. 4 CD spectra of the pyrimidine motif triplexes formed with spe-
cific TFOs (Pyr15T, ENA7-1, ENA7-2, ENA5-1 or ENAS5-2). The
triplexes with Pyr15T, ENA7-1, ENA7-2, ENAS-1 or ENAS-2 in
10mM sodium cacodylate—cacodylic acid (pH 6.8), 200 mM NaCl
and 20mM MgCl, were measured at 20°C in the wavelength range
of 205—320 nm. The cell path length was 1 cm. The triplex nucleic
acid concentration used was 1 uM.

(a) 06
0.4
0.2 4

0.0+

B

-0.44

pecal/sec

T T T T T
0 50 100 150 200 250

Time (min)

=]
=
|

S
=]
|

=4
<
|

B PyrlSTatpH68
® ENA7-1atpH6.8
A PyrlSTatpHS58

kcal/mol of injectant

&%
=1
|

T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Molar Ratio

Fig. 5 Thermodynamic analyses of the pyrimidine motif triplex for-
mation at 25°C using Pyr15T or ENA7-1 at pH 6.8 and Pyr15T at pH
5.8 by ITC. (A) Typical ITC profile for the triplex formation between
ENA7-1 and Pur23AePyr23T at 25°C and pH 6.8. Pur23AePyr23T
solution (220 uM) in 10 mM sodium cacodylate—cacodylic acid (pH
6.8), 200mM NaCl and 20 mM MgCl, was injected 25 times in 5l
aliquots into ENA7-1 solution (8.5 uM), which was dialyzed against
the same buffer. Aliquots were injected over 12s at 10 min intervals.
(B) Titration plots against the molar ratio [Pur23AePyr23T]/ [TFO].
The data were fitted by a non-linear least-squares method.

the heat of dilution of Pur23AePyr23T. Thus, the situ-
ation should be the same in both cases.

Table II summarizes the thermodynamic parameters
for the formation of pyrimidine motif triplexes

Promotion of triplex formation by ENA modification

involving Pyr15T, ENA7-1, ENA7-2, ENAS5-1 and
ENAS5-2 at 25°C and pH 6.8 and for the formation
involving Pyr15T at 25°C and pH 5.8, measured by
ITC. Negative values of AH and AS were obtained
under each condition. Since a negative AS was un-
desirable for triplex formation, triplex formation was
driven by a large absolute value of negative AH under
each condition. K, for Pyr15T at pH 5.8 was ~20-fold
larger than that obtained for Pyrl15T at pH 6.8
(Table II), verifying, like others (6—8), that pyrimidine
motif triplex involving C*eG:C triads is unstable at
physiological neutral pH. In addition, K, for
ENA7-1 and ENA7-2 at pH 6.8 was ~20-fold larger
than that obtained for Pyrl15T at pH 6.8 (Table II),
indicating that the ENA modification of TFO achieved
increase in K, for pyrimidine motif triplex formation at
physiological neutral pH, which was in agreement with
the EMSA results (Fig. 2). In the meantime, K, for
ENAS5-1 and ENAS-2 at pH 6.8 was ~10-fold larger
than that obtained for Pyrl5T at pH 6.8 (Table II).
The increased magnitude of K, by ENA modification
of TFO at five positions was smaller than that at seven
positions. The increased number of the ENA modifi-
cation in TFO enhanced the increased magnitude of K,
for pyrimidine motif triplex formation at physiological
neutral pH, which was in agreement with the EMSA
results (Fig. 2). Furthermore, although the K, and AG
values for triplex formation involving ENA7-1 and
ENA7-2 at pH 6.8 and involving Pyr15T at pH 5.8
were quite similar in magnitude, the ingredients of
AG, namely, AH and AS, remarkably differed in
value (Table II). The absolute values of the negative
AH and AS for ENA7-1 and ENA7-2 at pH 6.8 were
remarkably smaller than those obtained for Pyrl15T at
pH 5.8 (Table II).

Kinetic analyses of pyrimidine motif triplex formation
by BIACORE

To reveal the mechanism for the enhancement of K, by
the ENA modification of TFO (Fig. 2 and Table II),
we examined the kinetic parameters for the association
and dissociation of TFO (Pyrl5T and the ENA-
modified TFOs) with Pur23AePyr23T at 25°C and
pH 6.8 by BIACORE. To study how the pyrimidine
motif triplex formation depends on pH, we also ana-
lysed the kinetic parameters of the triplex formation
between Pur23AePyr23T and Pyrl5T at 25°C and
pH 5.8 by BIACORE. Figure 6A shows typical profiles
for the triplex formation and dissociation invol-
ving various concentrations of ENA7-1 at 25°C and
pH 6.8. Injection of ENA7-1 over the immobilized
Bt-Pyr23TePur23A increased response. When the con-
centration of ENA7-1 was increased, response of the
association curves was gradually enhanced (Fig. 6A).
On-rate constant (k,,) for each concentration of
ENA7-1 was obtained by analysing each association
curve (Fig. 6A). Figure 6B shows a plot of k,, against
the concentrations of ENA7-1. The plot was fitted to a
straight line by a linear least-squares method. The as-
sociation rate constant (k,goc) Was estimated from the
slope of the fitted line (33, 34). Off-rate constant (ko)
for each concentration of ENA7-1 was obtained by
analysing each dissociation curve (Fig. 6A). Since ko
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Table II. Thermodynamic parameters for the triplex formation between a 23-bp target duplex (Pur23AePyr23T) and a 15-mer TFO (Pyr15T,

ENA7-1, ENA7-2, ENAS5-1 or ENAS-2) at 25°C, obtained from ITC.

TFO pH K, MY K, (relative) AG (kcal/mol) AH (kcal/mol) AS (cal/(mol K)
Pyrl5T 5.8: (3.83+£0.74) x 102 19.4 —8.98+£0.13 —85.6+£2.6 —257+9
Pyr15T 6.8 (1.974+0.43) x 10 1.0 —7.22+0.15 —349+22 —93+8
ENA7-1 6.8° (4.8741.62) x 10° 24.7 —-9.12+0.24 —63.6+2.6 —183+10
ENA7-2 6.8° (3.93 £ 1.60) x 10° 19.9 —9.00£0.31 —63.3+3.5 —182+13
ENAS5-1 6.8° (1.41 £0.35)x 10° 7.2 —8.39+0.17 —64.5+2.5 —188+9
ENAS-2 6.8° (2.10£0.62) x 10° 10.7 —8.62+0.21 —66.5+3.5 —194+12

410 mM sodium cacodylate—cacodylic acid (pH 5.8), 200mM NaCl and 20 mM MgCl,.
10 mM sodium cacodylate—cacodylic acid (pH 6.8), 200mM NaCl and 20 mM MgCl,.
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0 20 40 60 80 100
[ENAT-1] (uM)

Fig. 6 Kinetic analyses of the pyrimidine motif triplex formation
using ENA7-1 at 25°C and pH 6.8 by BIACORE interaction analysis
system. (A) A series of sensorgrams for the triplex formation and the
dissociation of the formed triplex between ENA7-1 and
Pur23AePyr23T at 25°C and pH 6.8. ENA7-1 solutions, diluted in
10 mM sodium cacodylate—cacodylic acid (pH 6.8), 200 mM NaCl
and 20mM MgCl, to achieve the indicated final concentrations,
were injected into the Bt-Pyr23TePur23A-immobilized cuvette. The
binding of ENA7-1 with Bt-Pyr23TePur23A and the dissociation of
ENAZ7-1 from Bt-Pyr23TePur23A were monitored as the response
against time. (B) Measured on-rate constants k., of the triplex for-
mation in (A) were plotted against the respective concentrations of
ENA7-1. The plot was fitted to a straight line (*=0.99) by a linear
least-squares method.

is usually independent of the injected TFO concentra-
tion, the dissociation rate constant (Kgjssoc) Was esti-
mated from the average of kqr for several
concentrations of TFO (33, 34). K, was estimated
from the equation, K,=~kasoc/kdissoc (33, 34).
Similarly, we obtained the kinetic parameters for pyr-
imidine motif triplex formation involving each of
Pyr15T, ENA7-2, ENAS5-1 and ENAS-2 at 25°C and
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pH 6.8 and for the formation involving Pyr15T at 25°C
and pH 5.8. Although the dissociation phase is not
clearly observed in Fig. 6A, it is possible to unambigu-
ously determine ko and kgjssoc Values from the profile.
As shown in kgjssoc Values of Table II1, the magnitudes
of the error values are only ~20% of those of the mean
values.

Table IIT summarizes the kinetic parameters for the
formation of pyrimidine motif triplexes involving
Pyr15T, ENA7-1, ENA7-2, ENAS-1 and ENAS-2 at
25°C and pH 6.8 and for the formation involving
Pyr15T at 25°C and pH 5.8, measured by
BIACORE. K, values estimated from the ratio k,qoc/
kaissoc (Table IIT) agreed well with those estimated
from ITC (Table II). K, of the pyrimidine motif triplex
formation for Pyr15T at pH 5.8 was ~60-fold larger
than that obtained for Pyr15T at pH 6.8, verifying, like
others (6—38), that pyrimidine motif triplex involving
C"eG:C triads is unstable at physiological neutral
pH. Although the pH shift from 6.8 to 5.8 did not
significantly change the kg0, the kgissoc decreased
~60-fold by the pH shift, indicating that the much
larger K, at pH 5.8 resulted from the decrease in kgjoc-
The ENA modification of TFO at seven positions
(ENA7-1 and ENA7-2) increased K, of the pyrimidine
motif triplex formation by ~70- to 120-fold, which
was in agreement with the results of EMSA (Fig. 2)
and ITC (Table II). The kgjsoc Of the triplex formation
decreased ~190 - to 220-fold by the ENA modification
of TFO at seven positions, although ~1.9- to 2.5-fold
smaller k4, Was obtained, which opposes the increase
in K,. In the meantime, the ENA modification of TFO
at five positions (ENAS-1 and ENAS-2) increased K,
of the pyrimidine motif triplex formation by ~30-fold.
The kgissoc of the triplex formation decreased
~60—70-fold by the ENA modification of TFO at
five positions, although ~2.0- to 2.2-fold smaller
kassoc Was obtained, which opposes the increase in K,
similar to the case of ENA7-1 and ENA7-2. Thus, the
decrease in kgjssoc resulted in the much larger K, by
the ENA modification of TFO. The increase in K, by
the ENA modification of TFO at seven positions was
considerably larger in magnitude than that at five
positions. The larger number of the ENA modification
in TFO achieved the larger magnitude of the increase
in K,, which was in agreement with the results of
EMSA (Fig. 2) and ITC (Table IT). The larger magni-
tude of the increase in K, by the larger number of the
ENA modification resulted from the larger magnitude
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Table III. Kinetic parameters for the triplex formation between a 23-bp target duplex (Pur23AePyr23T) and a 15-mer TFO (Pyr15T, ENA7-1,
ENA7-2, ENAS-1 or ENAS-2) at 25°C, obtained from BIACORE interaction analysis system.

TFO pH Kassoe M 1s7h Kassoc (relative)

kdissoc (57 1)

K gissoc (relative) K, (M K, (relative)

Pyr15T 5.8°
Pyrl5T 6.8°
ENA7-1 6.8°
ENA7-2  6.8°
ENAS-1 6.8°
ENA5-2  6.8°

(5.65+£0.25)x 10> 0.90
(6.3140.18) x 10 1.0

(3.43+£0.20)x 10> 0.54
(2.49+0.11)x 10> 0.40
(3.14£0.11)x 10> 0.50
(2.81+£0.09)x 10> 045

(1.83+£0.49)x 107 0.016
(1.1740.14)x 1072 1.0
(5.324+1.06)x 107> 0.0045
(6.36£1.31)x 107> 0.0054
(2.084+0.49)x10~*  0.018
(1.644£0.35)x 107*  0.014

(3.09+£1.32)x10°  57.1
(5.41+£0.91)x 10* 1.0

(6.45+£2.07) x 10° 119
(3.92+£1.23)x10° 725
(1.51£0.53)x 10° 279
(1.714£0.53)x 10° 316

410 mM sodium cacodylate—cacodylic acid (pH 5.8), 200mM NaCl and 20 mM MgCl,.
10 mM sodium cacodylate—cacodylic acid (pH 6.8), 200mM NaCl and 20 mM MgCl,.

of the decrease in kgjssoc (~190- to 220-fold decrease
for ENA7-1 and ENA7-2 versus ~60—70-fold decrease
for ENAS-1 and ENAS-2).

Discussion

K, of the pyrimidine motif triplex formation involving
Pyrl15T at pH 5.8 was >20-fold larger than that invol-
ving Pyr15T at pH 6.8 (Tables II and III), which
agreed well with the previous results that pyrimidine
motif triplex involving C*eG:C triads is unstable at
physiological neutral pH (6—8). In addition, K, of
the pyrimidine motif triplex formation involving each
of the ENA-modified TFOs at pH 6.8 was >10-fold
larger than that involving Pyrl15T at pH 6.8 (Tables
IT and III). The EMSA results (Fig. 2) supported the
enhancement of K, at physiological neutral pH by the
ENA modification of TFO. Furthermore, the ENA
modification of TFO stabilized the pyrimidine motif
triplexes at physiological neutral pH (Fig. 3 and
Table I), which verified the previous results (23).
Combination of these results shows that the ENA
modification of TFO enhances the pyrimidine motif
triplex-forming ability at physiological neutral pH.
Since the formed triplex structures involving Pyr15T
at pH 5.8 and Pyrl5T at pH 6.8 are the same, the
absolute values of AH and AS upon the triplex forma-
tion obtained from ITC could in fact be the same for
the two conditions. However, AH and AS for Pyr15T
at pH 6.8 were remarkably smaller in magnitude than
those obtained for Pyr15T at pH 5.8. When AH and
AS are estimated from the fitting curve of ITC, the
value of the heat obtained from ITC is divided not
by the effective concentration actually contributed to
the triplex formation, but by the superficial concentra-
tion added to the triplex formation (37). The estima-
tion does not take into account how many ratio of the
added concentration actually contributes to the triplex
formation. Therefore, when the triplex formation is
substoichiometric under an experimental condition,
the absolute values of AH and AS obtained from
ITC should be smaller than those obtained for the
more stoichiometric triplex formation under another
experimental condition. Thus, the remarkably smaller
absolute values of AH and AS obtained for Pyrl15T at
pH 6.8 compared with those obtained for Pyrl5T at
pH 5.8 (Table II) suggest that the triplex formation
involving Pyrl5T at pH 6.8 was considerably

substoichiometric than that involving Pyr15T at pH
5.8. This was also supported by the remarkably smaller
magnitudes of K, and AG for Pyr15T at pH 6.8
(Table II). In contrast, the K, and AG values for
Pyr15T at pH 5.8 and those for the ENA-modified
TFOs at pH 6.8 were quite similar (Table II), suggest-
ing that the triplex formations under these conditions
were similarly quite stoichiometric. We conclude that
the triplex formation involving Pyr15T at pH 6.8 was
considerably substoichiometric than that involving
Pyr15T at pH 5.8 and that involving the ENA-modi-
fied TFOs at pH 6.8. Thus, to discuss the mechanism
to promote triplex formation by the ENA modification
of TFO, the comparison between the absolute values
of AH and AS obtained for Pyrl15T at pH 6.8 and
those obtained for the ENA-modified TFOs at pH
6.8 is irrelevant owing to the considerably lower stoi-
chiometry for Pyr15T at pH 6.8. The comparison
between the absolute values of AH and AS for
Pyr15T at pH 5.8 and those for the ENA-modified
TFOs at pH 6.8 with similar stoichiometry will pro-
pose a proper mechanism to promote triplex formation
by the ENA modification of TFO, as described below.

Although K, and AG for Pyrl15T at pH 5.8 and
those for the ENA-modified TFOs at pH 6.8 were
quite similar in magnitude (Table II), the ingredients
of AG, namely, AH and AS, obviously differed in
value. The absolute values of the negative AH and
AS obtained for the ENA-modified TFOs at pH 6.8
were smaller than those obtained for Pyr15T at pH 5.8
(Table II). The hydrogen bonding and the base stack-
ing involved in triplex formation mainly contribute to
the observed negative AH upon triplex formation,
obtained from ITC (21, 37—39). The protonation of
cytosine bases upon hydrogen bonding and the accom-
panying deprotonation of the cacodylate buffer disso-
ciating protons to bind with the cytosine bases also
contribute to the observed value of AH (40). Since
the degree of protonation may be similar between the
ENA-modified TFOs at pH 6.8 and Pyr15T at pH 5.8
because of the similar stoichiometry described above
and as the protons to bind with the cytosine bases are
dissociated from the same cacodylate buffer in both
cases, the values of A H contributed by the protonation
of the cytosine bases and the accompanying deproto-
nation of the cacodylate buffer should be similar in the
two cases. Therefore, the different values of AH upon
formation between the stoichiometric triplexes with
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ENA-modified TFOs at pH 6.8 and Pyr15T at pH 5.8
(Table II) suggest that the hydrogen bonding and/or
the base stacking of the triplexes involving
ENA-modified TFO may remarkably vary from that
involving the corresponding unmodified TFO. In fact,
the CD spectra show that the triplexes involving
ENA-modified TFO had more features of the A-like
conformation than that involving the corresponding
unmodified TFO (Fig. 4) (36). The A-like conform-
ation obtained by the ENA modification of TFO
may lead to the different values of the negative AH
between the unmodified and ENA-modified TFOs.
On the other hand, a negative conformational entropy
change attributable to the conformational restriction
of TFO involved in the triplex formation mainly con-
tributes to the observed negative AS upon triplex for-
mation, obtained from ITC (27, 37—39). Thus, the
smaller absolute value of the negative AS for the
ENA-modified TFOs at pH 6.8 compared with that
for Pyrl5T at pH 5.8 (Table II) suggests that the
ENA-modified TFO in the unbound state may be
more stiff than the corresponding unmodified TFO.
The increased stiffness of the modified TFO in the un-
bound state compared with that of the corresponding
unmodified TFO may lead to a smaller loss of con-
formational entropy upon triplex formation involving
the modified TFO at physiological neutral pH, which
is favourable to AG and increases K, of triplex forma-
tion at physiological neutral pH. We conclude that the
increased stiffness of the ENA-modified TFO in the
unbound state may be an important factor contribut-
ing to promotion of the pyrimidine motif triplex for-
mation at physiological neutral pH.

Kinetic studies revealed that the ENA modification
of TFO remarkably decreased kgjssoc Of the pyrimidine
motif triplex formation at physiological neutral pH
(Table IIT). The decrease in kgjssoc 1S @ reasonable kin-
etic factor to describe the considerable increase in K, at
physiological neutral pH by the ENA modification
(Fig. 2 and Tables II and III). Both our group (21)
and others (47) formerly suggested a model of triplex
formation based on nucleation—elongation processes:
in a nucleation stage, only a few Hoogsteen base pair-
ings may be formed between TFO and the target du-
plex; whereas in an elongation stage, they advance to
accomplish triplex formation. Both groups (21, 41)
also proposed that the obtained K,, which corresponds
to the ratio kugoc/kdissoc, may reflect an equilibrium
state of the nucleation stage. The nucleation stage
may be the rate-limiting step of the triplex formation.
In this context, the ENA modification may slow the
breakdown of the nucleation intermediate using the
increased stiffness of ENA-modified TFO to promote
the pyrimidine motif triplex formation. Due to the
increased stiffness of ENA backbone compared with
phosphodiester backbone, the ENA-modified TFO
may take less number of the possible conformations
than the phosphodiester TFO. Therefore, it may take
more time for the ENA-modified TFO to search for
the conformation, which is able to dissociate from the
nucleation intermediate. The longer time to search for
the conformation with the ability to dissociate from
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the nucleation intermediate may result in smaller kgjss0c
and larger K, for the ENA-modified TFO.

The increased magnitude of K, by the ENA modifi-
cation at seven positions was larger than that at five
positions (Fig. 2 and Tables II and III). In addition,
the increased magnitude of thermal stability by the
ENA modification at seven positions was also larger
than that at five positions (Fig. 3 and Table I). The
increased number of the ENA modification in TFO
enhanced the increased magnitude of K, and thermal
stability. The more stiffness of TFO by the larger
number of the ENA modification may result in the
smaller loss of conformational entropy upon triplex
formation as discussed above, which is more favour-
able to AG and leads to the larger increase in K,. This
knowledge may be useful to design ENA-modified
TFO with higher binding ability in the triplex forma-
tion at physiological neutral pH.

The present investigations have obviously indicated
that the ENA modification of TFO promoted pyrimi-
dine motif triplex formation at physiological neutral
pH. Due to the excellent properties of the ENA modi-
fication of TFO, the ENA-modified oligonucleotides
may be applicable to various triplex formation-based
methods, such as artificial repression of gene expres-
sion by antigene strategy, mapping of genomic DNA
and gene-targeted mutagenesis. Furthermore, the pre-
sent investigations have shown that the increased stiff-
ness of the modified TFO in the unbound state may
remarkably increase K, for the pyrimidine motif triplex
formation at physiological neutral pH. Our formerly
designed chemical modifications of TFO with connec-
tion of 2/-O and 4'-C positions of the sugar group,
such as 2'-0,4-C-methylene bridged nucleic acid
(2/,4-BNA) (42, 43) and 2'-0.,4'-C-aminomethylene
bridged nucleic acid (2/,4-BNANC) (44, 45), also con-
siderably increased K, for the pyrimidine motif triplex
formation at physiological neutral pH. We conclude
that the design of TFO, involving the bridging of dif-
ferent positions of the sugar group with an alkyl chain
for increased stiffness, is certainly useful to promote
the triplex formation at physiological neutral pH and
may advance various triplex formation-based methods
in vivo.
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