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Due to instability of pyrimidine motif triplex nucleic acid under physiological pH
and low magnesium ion concentration, stabilization of the triplex under the physio-
logical condition is crucial in improving its therapeutic potential to artificially con-
trol gene expression in vivo. To this end, we investigated the thermodynamic and
kinetic effects of morpholino (MOR) modification of triplex-forming oligonucleotide
(TFO) on the triplex formation under the physiological condition. The thermody-
namic analyses indicated that the MOR modification of TFO not only significantly
increased the thermal stability of the triplex but also increased the binding constant
for the triplex formation by nearly 2 orders of magnitude. The consideration of the
observed thermodynamic parameters suggested that the increased rigidity of the
MOR-modified TFO in the free state relative to the corresponding unmodified TFO
may enable the significant increase in the binding constant. Kinetic data demon-
strated that the observed increase in the binding constant resulted from the consid-
erable increase in the association rate constant rather than the decrease in the
dissociation rate constant. This information will be valuable for designing novel
chemically modified TFO with higher binding affinity in the triplex formation
under physiological conditions, leading to progress in therapeutic applications of
the antigene strategy in vivo.

Key words: triplex nucleic acid, triplex-forming oligonucleotide, morpholino modifi-
cation, isothermal titration calorimetry, interaction analysis system.

Abbreviations: TFO, triplex-forming oligonucleotide; MOR, morpholino; PO, natural phosphodiester; Bt,
biotinylated; EMSA, electrophoretic mobility shift assay; T',, melting temperature; CD, circular dichroism;
ITC, isothermal titration calorimetry; IAsys, interaction analysis system; k,,, on-rate constant; k.ssoc,

association rate constant; k., off-rate constant; kgjssoc, dissociation rate constant.

In recent years, triplex nucleic acid has attracted consid-
erable interest because of its possible biological functions
in vivo and its wide variety of potential applications,
such as regulation of gene expression by antigene tech-
nologies, site-specific cleavage of duplex DNA, mapping
of genomic DNA, and gene-targeted mutagenesis (1-5).
A triplex nucleic acid is usually formed through the
sequence-specific interaction between a single-stranded
homopyrimidine or homopurine triplex-forming oligonu-
cleotide (TFO) and the major groove of homopurine-
homopyrimidine stretch in duplex DNA (3, 4). In the
pyrimidine motif triplex, a homopyrimidine TFO binds
parallel to the homopurine strand of the target duplex
by Hoogsteen hydrogen bonding to form TeA:T and
C**G:C base triplets (3, 4). On the other hand, in the
purine motif triplex, a homopurine TFO binds anti-
parallel to the homopurine strand of the target duplex
by reverse Hoogsteen hydrogen bonding to form AeA:T
(or T*A:T) and G*G:C base triplets (3, 4).
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As protonation of the cytosine bases in a homopyrimi-
dine TFO is required to bind with the guanine bases of
the G:C target duplex, the formation of the pyrimidine
motif triplex needs an acidic pH condition and is thus
extremely unstable at physiological neutral pH (6-8).
On the other hand, the pH-independent formation of
the purine motif triplex is available at neutral pH.
However, the purine motif triplex formation is severely
inhibited by physiological concentrations of certain mono-
valent cations, especially K* (9, 10). Undefined associa-
tion between K* and the guanine-rich homopurine TFO
has been applied to explain the inhibitory effect (9, 10).
Thus, stabilization of the pyrimidine motif triplex at neu-
tral pH is quite necessary for improving the therapeutic
potential of the triplex to artificially regulate gene
expression in vivo as antigene technologies. Replacement
of the cytosine bases in a homopyrimidine TFO with
5-methylcytosine (7, 11-13) or other chemically modified
base analogues (14-18), and conjugation of different DNA
intercalators to TFO (19, 20) have been used to overcome
the requirement of an acidic pH for the pyrimidine motif
triplex formation and to stabilize the pyrimidine motif
triplex at neutral pH. In addition, electrostatic repulsion
between TFO and the target duplex caused by excess
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Fig. 1. (a) Structural formulas for phosphodiester (PO)
and morpholino (MOR) backbones. (b) Oligonucleotide
sequences for the target duplex (Pur23A<Pyr23T), the specific
TFOs (Pyrl5T and Pyrl5MOR), and the non-specific TFO
(Pyr15NS).

accumulation of phosphate anions upon the triplex for-
mation produces extreme instability of the pyrimidine
motif triplex (21, 22). To reduce the electrostatic repul-
sion upon the triplex formation, most of in vitro triplex
formation experiments were performed in the presence of
high concentration (5-10mM) of magnesium ion. How-
ever, low concentration (~0.8 mM) of magnesium ion
was observed in the cell (23). Therefore, stabilization of
the pyrimidine motif triplex under the low concentration
of magnesium ion is crucial in improving the therapeutic
potential of the triplex. Development of non-charged
backbone linkages have been made to reduce the electro-
static repulsion upon the pyrimidine motif triplex forma-
tion and to improve the stability of the pyrimidine motif
triplex under the low concentration of magnesium ion
(24-27).

As part of the search for non-charged backbone mod-
ifications, morpholino (MOR) linkages (Fig. la) have
been designed (28-30). Due to excellent hybridization
properties towards RNA, MOR-modified oligonucleotides
have been widely used as anti-sense agents to inhibit
translation of target mRNA, especially in anti-sense tech-
nologies of developmental biology (31-36). Furthermore,
a homopyrimidine TFO with MOR linkages binds with
target duplex DNA to form stable triplex at neutral pH
even in the absence of magnesium ion (26, 27). The ther-
mal stability of the triplex with MOR-modified TFO at
neutral pH without magnesium ion was much higher
than that with the corresponding natural phosphodiester
TFO (26, 27), which was shown by UV melting to analyse
the dissociation process of the triplex. However, the for-
mation process of the triplex involving MOR-modified
TFO has not been well characterized yet. To explore
the possibility for the application of MOR-modified TFO
to the triplex formation-based anti-gene technologies as
well as the widely used anti-sense technologies, the
investigation of the formation process of the triplex
involving MOR-modified TFO may be more important
than that of the dissociation process of the same triplex.
In addition, the mechanistic explanation for the MOR
modification-mediated triplex stabilization at neutral
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pH without magnesium ion remains to be elucidated.
In the present study, therefore, we have examined the
thermodynamic and kinetic effects of the MOR modifi-
cation of TFO on pyrimidine motif triplex formation at
neutral pH without magnesium ion. The thermodynamic
and kinetic effects of the MOR modification on the
pyrimidine motif triplex formation between a 23-bp
homopurine-homopyrimidine target duplex (Pur23Ae
Pyr23T) (Fig. 1b) and its specific 15-mer homopyrimidine
unmodified TFO (Pyr15T) (Fig. 1b) or MOR-modified TFO
(Pyr15MOR) (Fig. 1b) have been analysed by electro-
phoretic mobility shift assay (EMSA) (37—40), UV melting,
isothermal titration calorimetry (ITC) (38, 39, 41-44), and
interaction analysis system (IAsys) (38-40, 44-46). We
have found that the MOR modification of TFO increased
the binding constant for the pyrimidine motif triplex for-
mation at neutral pH without magnesium ion by more
than 40-fold. Kinetic data have also demonstrated that
the major contribution for the increase in the binding
constant by the MOR modification resulted from the con-
siderable increase in the association rate constant rather
than the decrease in the dissociation rate constant. The
ability of the MOR modification to promote pyrimidine
motif triplex formation at neutral pH without magnesium
ion would support further progress in therapeutic applica-
tions of the anti-gene strategy in vivo. The mechanism
of the MOR modification to promote pyrimidine motif tri-
plex formation will be discussed.

MATERIALS AND METHODS

Preparation of Oligonucleotides—We  synthesized
23-mer complementary oligonucleotides for a target
duplex, Pur23A and Pyr23T (Fig. 1b), a 15-mer homopyr-
imidine unmodified TFO specific for the target duplex,
Pyr15T (Fig. 1b) and a 15-mer non-specific homopyrimi-
dine oligonucleotide, Pyr15NS (Fig. 1b), on an ABI DNA
synthesizer using the solid-phase cyanoethyl phosphora-
midite method, and purified them with a reverse-phase
high-performance liquid chromatography (HPLC) on a
Wakosil DNA column. A 15-mer homopyrimidine MOR-
modified TFO specific for the target duplex, Pyr15MOR
(Fig. 1b), was purchased from Gene Tools Inc.
5'-Biotinylated Pyr23T (denoted as Bt-Pyr23T) was pre-
pared 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 (BIORAD Inc.) to
remove unpaired single strands. The concentration of
the duplex DNA (Pur23AePyr23T) was determined by
UV absorption considering the DNA concentration ratio
of 10D =50 pg/ml, with a M, of 15,180.

EMSA—EMSA experiments were performed essen-
tially as described previously by a 15% native polyacry-
lamide gel electrophoresis (38-40).

DNase 1 Footprinting—Fluorescence IRD800-labelled
Pur23A°Pyr23T duplex was mixed with a series of con-
centrations of the specific TFO (Pyr15T or Pyr15MOR) in
buffer A (10mM sodium cacodylate-cacodylic acid at
pH 6.8 containing 200mM NaCl). The final TFO
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concentrations varied between 6.25-1600 uM for Pyr15T
and 0.1-25pM for Pyr15MOR. The mixtures (10 pl) were
equilibrated at 4°C for 12h. DNase I digestion was car-
ried out by adding 10 U of DNase I (Toyobo) (1ul) at
room temperature. The reaction was stopped after
15min by adding 15 pul of 20mM EDTA and 90% forma-
mide. The products of digestion were heated at 95°C for
5min, cooled rapidly to 4°C, and then separated on a
15% denaturing polyacrylamide gel containing 7M urea.
pH Stability Curves by UV Spectroscopy—pH stability
curves experiments were performed on a DU-640 spectro-
photometer (Beckman Inc.). Cell path length was 1cm.
The UV absorbance of the mixture containing 1uM
target duplex (Pur23AePyr23T) and 1uM specific TFO
(Pyr15T or Pyr15MOR) was measured at room tempera-
ture in 50 mM Tris—acetate (pH 5.1, 5.4, 5.7, 6.0, 6.3, 6.6
or 6.9) or 50 mM Tris-HCI (pH 7.2, 7.5, 7.8, 8.1, 8.4, 8.7 or
9.0) containing 100 mM NaCl with detection at 260 nm.

UV Melting—UV melting experiments were carried out
on a DU-640 spectrophotometer (Beckman Inc.) equipped
with a Peltier type cell holder. Cell path length was 1cm.
UV melting profiles were measured in buffer A (10 mM
sodium cacodylate-cacodylic acid at pH 6.8 containing
200mM NaCl) or buffer B (10mM sodium cacodylate-
cacodylic acid at pH 5.3 containing 200mM NaCl) at a
scan rate of 0.5°C/min with detection at 260 nm. The first
derivative was calculated from the UV melting profile.
The peak temperatures in the derivative curve were
designated as the melting temperature, T\,,. The triplex
nucleic acid concentration used was 1uM.

CD spectroscopy—CD spectra at 20°C were recorded in
buffer A or buffer B on a JASCO J-720 spectropolarim-
eter interfaced with a microcomputer. Cell path length
was 1cm. The concentration of the triplex with the spe-
cific TFO (Pyrl5T or Pyrl5MOR), the target duplex
(Pur23A«Pyr23T) and the specific TFO (Pyrl5T or
Pyr15MOR) used was 1puM.

Isothermal Titration Calorimetry (ITC)—Isothermal
titration experiments were carried out on a VP ITC
system (Microcal Inc., USA), essentially as described pre-
viously (38, 39, 44). The TFO and Pur23A<Pyr23T duplex
solutions were prepared by extensive dialysis against
buffer A or buffer B. The TFO solution in buffer A or
buffer B was injected in 5 pl increments and 10-min inter-
vals into the Pur23A¢Pyr23T duplex solution without
changing the reaction conditions. The heat for each injec-
tion was subtracted by the heat of dilution of the injec-
tant, 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 analysed with
Microcal Origin software supplied by the manufacturer.

Interaction Analysis System (IAsys)—Kinetic experi-
ments by resonant mirror method were performed on
an IAsys Plus instrument (Affinity Sensors Cambridge
Inc., UK), essentially as described previously, where a
real-time biomolecular interaction was measured with
a laser biosensor (38-40, 44).

RESULTS

EMSA of Pyrimidine Motif Triplex Formation at
neutral pH—The pyrimidine motif triplex formation of
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Fig. 2. EMSA of the pyrimidine motif triplex formation
with the specific TFO (Pyr15T or Pyr15MOR) at neutral
pH. Triplex formation was initiated by adding 2?P-labeled
Pur23A«Pyr23T duplex (0.1 pmol) with the indicated final
concentrations of the specific TFO (Pyrl5T or Pyr15MOR).
The non-specific TFO (Pyr15NS) was added to adjust the equi-
molar concentrations (10uM) of TFO (Pyrl5T +Pyrl5NS or
Pyr15MOR + Pyr15NS) in each lane. Reaction mixtures involv-
ing Pyr15T or Pyr15MOR in buffer [50 mM Tris—acetate (pH 7.0)
and 100mM sodium chloride] were incubated for 6h at 37°C,
and then electrophoretically separated on a 15% native polya-
crylamide gel at 4°C. Positions of the duplex (D) and triplex (T)
are indicated.

Pyr1SMOR.

the target duplex (Pur23A°Pyr23T; Fig. 1b) with its spe-
cific unmodified (Pyrl5T; Fig. 1b) or MOR-modified
(Pyr15MOR,; Fig. 1b) TFO was examined at pH 7.0 with-
out magnesium ion by EMSA (Fig. 2). Total oligonucleo-
tide concentration [specific TFO (Pyrl5T or Pyr15MOR;
Fig.  1b)] + [non-specific  oligonucleotide  (Pyr15NS;
Fig. 1b)]) was kept constant at 10 pM to minimize loss
of DNA during processing and to assess sequence speci-
ficity. While incubation with 10 pM Pyr15NS alone did
not cause a shift in electrophoretic migration of the
target duplex (see lane 1 for each condition), those with
Pyr15T or Pyrl5MOR at particular concentrations
caused retardation of the duplex migration owing to
triplex formation (37). The dissociation constant, Ky, of
triplex formation was determined from the concentration
of the TFO, which caused half of the target duplex to
shift to the triplex (37). The Ky of the triplex with
Pyr15T was estimated to be ~10uM. In contrast, the
K4 of the triplex with Pyr15MOR was ~0.2 uM, indicat-
ing that the MOR modification of TFO increased the
binding affinity of the pyrimidine motif triplex formation
at neutral pH without magnesium ion by ~50-fold.
DNasel Footprinting of Pyrimidine Motif Triplex
Formation at Neutral pH—The binding affinity and selec-
tivity of the pyrimidine motif triplex formation with
unmodified (Pyrl5T) or MOR-modified (Pyr15MOR)
TFO, and the structures of the formed triplex were
assessed at pH 6.8 without magnesium ion by DNase I
footprinting (Fig. 3). Non-specific oligonucleotide

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

176
12 3456 78 91011
S
Y Pyr15T Pyr15SMOR
& o
L5 “ g
o~ — ™\

288
bl
TYYIX

Iy
IR

® o= ov v alPme 25
® s o o i 6.25

- e o POoe oo e .6
- e o+ = oo oeodule.4
- e = s W o *O.l

AN NN N

LR I I B
(BN N N N "
(RN N I e
'A“-o. " e
* Seoo o
¢ L P

Fig. 3. DNase I footprinting experiments for the interac-
tion of the non-specific oligonucleotide (Pyrl15NS)
(lane 1) or the specific TFO [Pyrl5T (lanes 2-6) and
Pyr15MOR (lanes 7-11)] with the target duplex DNA frag-
ment (Pur23A°Pyr23T). The filled box shows the position of
the target site. The oligonucleotide or TFO concentration (uM) is
shown at the top of each gel lane. The triplex formation was
performed in buffer A at pH 6.8 (see MATERIALS AND METHODS
section). The mixtures were equilibrated at 4°C for 12h before
DNase I digestion.

(Pyr15NS) at the concentration of 25uM shows no inter-
action with the target site (lane 1). Although no footprints
are observed for Pyrl5T at the concentrations of 25uM
(lane 5) and 6.25 pM (lane 6), clear footprints are evident
for Pyr15MOR at the same concentrations [25 pM (lane 7)
and 6.25uM (lane 8)]. Even at the concentration as high
as 1600 uM (lane 2), Pyrl5T produces no evident foot-
prints. These results indicate that the MOR modification
of TFO increased the binding affinity of the pyrimidine
motif triplex formation at neutral pH, consistent with
the results of EMSA (Fig. 2).

Spectroscopic Characterization of Pyrimidine Motif
Triplex—To examine the pH effect on the pyrimidine
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Fig. 4. pH stability curves for the mixture containing
the target duplex (Pur23A-Pyr23T) and the specific
TFO (Pyrl5T or Pyr15MOR). The UV absorbance of the mix-
ture containing 1uM Pur23AePyr23T and 1uM Pyrl5T or
Pyr15MOR was measured at room temperature in 50mM
Tris—acetate (pH 5.1, 5.4, 5.7, 6.0, 6.3, 6.6, or 6.9) or 50 mM
Tris—HCl (pH 7.2, 7.5, 7.8, 8.1, 8.4, 8.7, or 9.0) containing
100mM NaCl with detection at 260nm. Cell path length
was 1cm.

motif triplex formation, we have determined pH stability
curves for the pyrimidine motif triplex with unmodified
(Pyr15T) or MOR-modified (Pyr15MOR) TFO at room
temperature. The UV absorbance (260 nm) of the mixture
containing the target duplex (Pur23A¢Pyr23T) and the
specific TFO (Pyrl5T or Pyr15MOR) was measured at
room temperature as a function of pH without magne-
sium ion (Fig. 4). For the pH values higher than 7.2 for
Pyr15T and for those higher than 8.4 for Pyr15MOR, the
UV absorbance of the mixture did not change signifi-
cantly. When the pH value of the mixture was below
7.2 for Pyr15T and below 8.4 for Pyr15MOR, a hypochro-
mic effect was observed because the TFO (Pyrl5T or
Pyr15MOR) was able to bind with the major groove of
the target duplex (Pur23A<Pyr23T) to form the triplex.
The pH-induced transition of the UV absorbance
(260nm) results from protonation at N3 of cytosines in
the TFO (Pyrl5T or Pyrl5MOR) to form Hoogsteen
hydrogen bonds with the Watson—Crick G:C base pairs
of the target duplex (Pur23A<Pyr23T). The pH stability
curve for Pyr15MOR was shifted to basic pH in compar-
ison with that for Pyrl5T, indicating that the triplex
with Pyr15MOR at neutral pH was more stable than
that with Pyr1l5T, consistent with the results of EMSA
(Fig. 2) and DNase I footprinting (Fig. 3). From the pH
stability curves, we have found that cytosines of
Pyr15MOR are almost fully protonated in the triplex at
pH 6.8. Hoogsteen hydrogen bonds as to C**G:C are
formed just as to T*A:T in the triplex with Pyr15MOR
at pH 6.8.

The thermal stability of the pyrimidine motif tri-
plex with unmodified (Pyrl5T) or MOR-modified
(Pyr15MOR) TFO was investigated at pH 6.8 without
magnesium ion by UV melting (Fig. 5). To investigate
the pH dependence of the thermal stability of the pyri-
midine motif triplex, the UV melting analyses of the
pyrimidine motif triplex with Pyr15T was also performed
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Fig. 5. UV-melting profiles of the pyrimidine motif triplex
with the specific TFO (Pyrl5T or Pyrl15MOR) in both
directions (heating and cooling). The triplex with Pyrl5T
or Pyrl15MOR in buffer A at pH 6.8 (see MATERIALS AND
METHODS section) and with Pyrl5T in buffer B at pH 5.3 (see
MATERIALS AND METHODS section) were melted at a scan rate of
0.5°C/min with detection at 260 nm. Cell path length was 1cm.
The triplex nucleic acid concentration used was 1pM.

at pH 5.3 without magnesium ion. UV melting curves in
the both directions (heating and cooling) are almost
superimposable in all cases, indicating that the dissocia-
tion and association processes are reversible. The triplex
with Pyr15MOR at pH 6.8 and that with Pyr15T at pH
5.3 showed two-step melting. The first transition at lower
temperature, T,; (49.9°C for Pyr15MOR at pH 6.8 and
47.1°C for Pyrl5T at pH 5.3), was the melting of the
triplex to a duplex and a TFO, and the second transition
at higher temperature, T,,5 (69.5°C for Pyr15MOR at pH
6.8 and 68.5°C for Pyrl15T at pH 5.3), was the melting
of the duplex. On the other hand, only one transition
at higher temperature, T,,=69.8°C was observed for
Pyr15T at pH 6.8. As the values of T,,s for Pyrl5T at
pH 5.3 and T, for Pyr15T at pH 6.8 were almost similar,
and the magnitude in UV absorbance change at T, for
Pyr15T at pH 6.8 was almost equal to that at T, for
Pyr15T at pH 5.3, the transition at T, for Pyr15T at pH
6.8 was identified as the melting of the duplex, indicating
no stable triplex with Pyr15T at pH 6.8. These results
demonstrate that the thermal stability of the triplex with
Pyr15MOR at pH 6.8 was significantly higher than that
with Pyrl5T at pH 6.8, confirming, like others (26, 27),
that the MOR modification of TFO increased the thermal
stability of the pyrimidine motif triplex at neutral pH
without magnesium ion.

To further characterize the triplexes involving
Pyr15T or Pyr15MOR, CD spectra of the triplex with
the specific TFO (Pyrl5T or Pyrl15MOR), the target
duplex (Pur23A<Pyr23T) and the specific TFO (Pyrl5T
or Pyr15MOR) were measured at pH 6.8 and pH 5.3
without magnesium ion (Fig. 6). A significant negative
band in the short-wavelength (210-220nm) region of
the CD profile was observed for the triplex with
Pyr15MOR at pH 6.8 and for that with each of Pyrl15T
and Pyr15MOR at pH 5.3 (Fig. 6). The significant nega-
tive band was not observed for the target duplex
(Pur23A«Pyr23T) and the specific TFO (Pyrl5T or
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Fig. 6. CD spectra of the pyrimidine motif triplex involv-
ing the specific TFO (Pyrl5T or Pyr15MOR), the target
duplex (Pur23A<Pyr23T) and the specific TFO (Pyrl5T
or Pyr15MOR) at pH 6.8 (a) and pH 5.3 (b). The triplex
with the specific TFO (Pyrl5T or Pyrl5MOR), the target
duplex (Pur23A¢Pyr23T) and the specific TFO (Pyrl5T or
Pyr15MOR) in buffer A at pH 6.8 (see MATERIALS AND METHODS
section) (a) and in buffer B at pH 5.3 (see MATERIALS AND METHODS
section) (b) were measured at 20°C in the wavelength range of
210-320 nm. Cell path length was 1cm. The concentration of the
triplex, the target duplex and the specific TFO used was 1uM.

Pyr15MOR (Fig. 6). As the significant negative band
has been considered as the trademark for the pyrimidine
motif triplex (47), the observed spectra confirms the tri-
plex formation involving Pyr15MOR at pH 6.8 and that
involving each of Pyr15T and Pyr15MOR at pH 5.3. The
overall shape of the CD spectra was quite similar among
these profiles, suggesting that no significant change may
be induced in the higher-order structure of the pyrimi-
dine motif triplex by the MOR modification. On the
other hand, no significant negative band in the short-
wavelength (210-220nm) region of the CD profile was
observed for the triplex with Pyr15T at pH 6.8, and the
CD spectrum pattern for the triplex with Pyr15T at pH
6.8 is almost superimposable to that for the target duplex
[Pur23A«Pyr23T (Fig. 6)], indicating no stable triplex
formation for Pyrl5T at pH 6.8, consistent with the
results of UV melting (Fig. 5).

Thermodynamic Analyses of Pyrimidine Motif Triplex
Formation by ITC—We examined the thermodynamic
parameters of the pyrimidine motif triplex formation
between a 23-bp target duplex (Pur23Ae<Pyr23T) and
each of its specific 15-mer unmodified (Pyrl5T) and

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

178

MOR-modified (Pyr15MOR) TFO at 25°C and pH 6.8
without magnesium ion by ITC. To investigate the
pH dependence of the pyrimidine motif triplex forma-
tion, the thermodynamic parameters of the triplex forma-
tion between Pur23AePyr23T and each of Pyrl5T
and Pyr15MOR were also analysed at 25°C and pH 5.3
without magnesium ion by ITC. Figure 7a shows a typ-
ical ITC profile for the triplex formation between
Pyr15MOR and Pur23AePyr23T at 25°C and pH 6.8.
An exothermic heat pulse was observed after each injec-
tion of Pyr15MOR into Pur23AePyr23T. The magnitude
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Fig. 7. Thermodynamic analyses of the pyrimidine motif
triplex formation with Pyr15MOR at pH 6.8 and pH 5.3
and with Pyrl5T at pH 5.3 by ITC. (a) Typical ITC profiles
for the triplex formation between Pyrl5MOR and Pur23Ae
Pyr23T at 25°C and pH 6.8. Pyr15MOR solution measuring
460puM in buffer A (see MATERIALS AND METHODS section) was
injected 20 times in 5pl increments into 16.6 uM Pur23Ae
Pyr23T solution, which was dialysed against the same buffer.
Injections were occurred over 12s at 10-min intervals. (b) The
titration plots against the molar ratio of [TFOI]/[Pur23Ae
Pyr23T]. The data were fitted by a non-linear least-squares
method.
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of each peak decreased gradually with each new injec-
tion, and a small peak was still observed at a molar
ratio of [Pyr15MOR]/[Pur23A°Pyr23T]=2. The area of
the small peak was equal to the heat of dilution mea-
sured in a separate experiment by injecting Pyr15MOR
into the same buffer. The area under each peak was
integrated, and the heat of dilution of Pyr15MOR was
subtracted from the integrated values. The corrected
heat was divided by the moles of injected solution, and
the resulting values were plotted as a function of a molar
ratio of [Pyr15MOR]/[Pur23AsPyr23T], as shown in
Fig. 7b. The resultant titration plot was fitted to a sig-
moidal curve by a non-linear least-squares method. The
binding constant, K,, and the enthalpy change, AH, were
obtained from the fitted curve (43). The Gibbs free
energy change, AG, and the entropy change, AS, were
calculated from the equation, AG=—RTInK,=AH-TAS,
where R is gas constant and 7' is temperature (43). The
titration plots for Pyr15T at pH 5.3 and for Pyr15MOR at
pH 5.3 are also shown in Fig. 7b. The thermodynamic
parameters for Pyr15T at pH 5.3 and for Pyr15MOR at
pH 5.3 were obtained from the titration plot in the same
way. On the other hand, we were unable to obtain a
sigmoidal titration plot and the thermodynamic param-
eters for Pyrl5T at pH 6.8, because the K, for
Pyr15T at pH 6.8 was below the lowest detection limit
of ITC measurement (43). The significantly lower K, for
Pyr15T at pH 6.8 in comparison with that for Pyr15MOR
at pH 6.8 indicates that the MOR modification of TFO
increases the K, for the pyrimidine motif triplex forma-
tion at neutral pH without magnesium ion, which is con-
sistent with the results of EMSA (Fig. 2) and DNasel
footprinting (Fig. 3). In addition, the significantly lower
K, for Pyrl5T at pH 6.8 in comparison with that for
Pyr15T at pH 5.3 confirms, similar to others (6-8), that
neutral pH is unfavourable for the pyrimidine motif tri-
plex formation involving C*G:C triads.

Table 1 summarizes the thermodynamic parameters
for the pyrimidine motif triplex formation with
Pyr15MOR at 25°C and pH 6.8, and those with each of
Pyr15T and Pyrl15MOR at 25°C and pH 5.3, obtained
from ITC. The signs of both AH and AS were negative
under each condition. As an observed negative AS was
unfavourable for the triplex formation, the triplex forma-
tion was driven by a large negative AH under each
condition. Although the K, and AG for the triplex forma-
tions with Pyr15MOR at pH 6.8 and with Pyr15T at pH
5.3 are quite similar, the ingredients of AG, that is,
AH and AS, are obviously different from each other
(Table 1). The magnitudes of the negative AH and AS
for Pyr15MOR at pH 6.8 are significantly smaller than
those observed for Pyrl5T at pH 5.3 (Table 1). On the

Table 1. Thermodynamic parameters for the pyrimidine motif triplex formation with Pyrl5T or Pyr15MOR at 25°C,

obtained from ITC.

TFO pH K, M) AG (kcal mol™) AH (kcal mol™) AS (cal mol *K™)
Pyr15T 5.3% (2.824+0.65) x 10° -8.80+£0.15 -73.9+2.3 —-218+8
Pyr15T 6.8° N.D.¢ N.D.¢ N.D.¢ N.D.¢
Pyr15MOR 5.3% (9.27 +1.55) x 107 -10.87+0.11 -83.1+0.5 —242+2
Pyr15MOR 6.8" (1.01+0.16) x 10° -8.19+0.10 -55.2+1.6 -158+6

310mM sodium cacodylate-cacodylic acid (pH 5.3) and 200mM sodium chloride. ®10mM sodium cacodylate-cacodylic acid (pH 6.8) and

200mM sodium chloride. “Not determined.
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Fig. 8. Kinetic analyses of the pyrimidine motif triplex
formation with the specific TFO (Pyrl5T or Pyr15MOR)
at pH 6.8 by IAsys. (a) Typical IAsys sensorgrams for the tri-
plex formation at 25°C and pH 6.8 after injecting 32 uM specific
TFO (Pyrl5T or Pyrl5MOR) into the Bt-Pyr23TePur23A-
immobilized cuvette are shown. (b) A series of sensorgrams for
the triplex formation between Pyr15MOR and Pur23A<Pyr23T
at 25°C and pH 6.8. The Pyr15MOR solution, diluted in buffer A
(see MaTErRIALS AND METHODS section) to achieve the indicated
final concentration, was injected into the Bt-Pyr23TePur23A-
immobilized cuvette. The binding of Pyrl5MOR to
Bt-Pyr23TePur23A was monitored as the response against
time. (¢) Measured on-rate constants, &,,, of the triplex forma-
tion in (b) were plotted against the respective concentrations of
Pyr15MOR. The plot was fitted to a straight line (+*=0.97) by a
linear least-squares method.

other hand, although the magnitudes of K, the negative
AG, and the negative AH for the triplex formation with
Pyr15MOR at pH 5.3 are significantly larger than those
observed for the triplex formation with Pyr15T at pH 5.3,
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the magnitudes of the negative AS for the triplex forma-
tions with Pyr15MOR at pH 5.3 and with Pyr15T at pH
5.3 are similar.

Kinetic Analyses of Pyrimidine Motif Triplex
Formation at Neutral pH by IAsys—To examine the
putative mechanism involved in the increase in K, for
the pyrimidine motif triplex formation by the MOR mod-
ification (Figs 2 and 3, and Table 1), we assessed the
kinetic parameters for the association and dissociation
of TFO (Pyrl15T or Pyr15MOR) with Pur23AePyr23T at
25°C and pH 6.8 without magnesium ion by IAsys.
Figure 8a compares the sensorgrams representing the
triplex formation and dissociation involving 32uM of
the specific TFO (Pyrl5T or Pyr15MOR). The injection
of Pyrl5T over the immobilized Bt-Pyr23TePur23A
duplex caused an increase in response. The change in
the association curve with time for Pyr15MOR was sub-
stantially enhanced than that for Pyr15T, although the
change in the dissociation curve for Pyr15MOR was
almost similar to that for Pyr15T. The results indicate
that the MOR modification of TFO remarkably increases
the association rate constant of the triplex equilibrium.

To understand the kinetic parameters more quantita-
tively, we analysed a series of association and dissocia-
tion curves at the various concentrations of TFO. As
shown in Fig. 8b, an increase in the concentration of
Pyr15MOR led to a gradual change in the response of
the association curves. The on-rate constant (k,,) was
obtained from the analysis of each association curve.
Figure 8c shows a plot of k., against the Pyr15MOR
concentrations. The resultant plot was fitted to a straight
line by a linear least-squares method. The association
rate constant (ki) was determined from the slope of
the fitted line (45, 46). The off-rate constant (kg was
obtained from the analysis of each dissociation curve
(Fig. 8a and data not shown). As kg is usually indepen-
dent of the concentration of the injected solution, the
dissociation rate constant (kgjsso.) Was determined by
averaging ks for several concentrations (45, 46). K,
was calculated from the equation, K, =k,ss0c/Rdissoc- The
kinetic parameters for Pyr15T were obtained in the same
way.

Table 2 summarizes the kinetic parameters for the
pyrimidine motif triplex formation with Pyrl5T or
Pyr15MOR at 25°C and pH 6.8, obtained from IAsys.
The K, for Pyr15MOR at pH 6.8 was ~50-fold larger
than that observed for Pyrl5T at pH 6.8, indicating
that the MOR modification of TFO increased the K,
for the pyrimidine motif triplex formation at neutral
pH without magnesium ion, which supported the results
of EMSA (Fig. 2), DNase I footprinting (Fig. 3) and ITC
(Table 1). The MOR modification of TFO increased k.o
by ~26-fold, while decreasing kgjssoc by only 1.8-fold.
Thus, the much larger K, by the MOR modification of
TFO resulted mainly from the increase in k.., rather
than the decrease in Zgjssoc-

DISCUSSION

The K, for the pyrimidine motif triplex formation with
Pyrl5T at pH 5.3 was significantly larger than that
observed with Pyrl15T at pH 6.8 (Table 1). The thermal
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Table 2. Kinetic parameters of the pyrimidine motif triplex formation with Pyr15T or Pyr15MOR at 25°C and pH 6.8 in
10 mM sodium cacodylate-cacodylic acid and 200 mM sodium chloride, obtained from IAsys surface affinity assay.

TFO Passoe M1 Poseoe (relative) Faissoe (871 kgissoc (relative) K, M™) K, (relative)
Pyr15T (1.63+£0.09) x 10 1.0 (4.19+0.83) x 107 1.0 (3.89+1.23) x 10° 1.0
Pyr15MOR  (4.25+0.41) x 102 26.1 (2.35+1.32) x 10 0.56 (1.81+0.17) x 10° 46.5

stability of the pyrimidine motif triplex with Pyrl5T
at pH 5.3 was substantially higher than that observed
with Pyr15T at pH 6.8 (Fig. 5). These results are consis-
tent with the previously reported results that neutral pH
is unfavourable for the pyrimidine motif triplex forma-
tion involving C**G:C triads (6-8). On the other hand,
the K, for the pyrimidine motif triplex formation with
Pyr15MOR at pH 6.8 was ~50-fold larger than that
observed with Pyr15T at pH 6.8 (Table 2). The increase
in K, at neutral pH by the MOR modification of TFO was
supported by the results of EMSA (Fig. 2), DNasel foot-
printing (Fig. 3) and ITC (Table 1). In addition, the MOR
modification of TFO increased the thermal stability of
the pyrimidine motif triplex at neutral pH (Fig. 5),
which confirms the results obtained by other groups
(26, 27). These results indicate that the MOR modifica-
tion of TFO promotes the pyrimidine motif triplex forma-
tion at neutral pH.

The pH stability curve for Pyr15MOR was shifted to
basic pH in comparison with that for Pyrl5T (Fig. 4),
indicating that the triplex with Pyr15MOR at neutral
pH was more stable than that with Pyrl5T, consistent
with the results of EMSA (Fig. 2), DNase I footprinting
(Fig. 3) and ITC (Table 1). From the pH stability curves,
we have found that cytosines of Pyr15MOR are almost
fully protonated in the triplex at pH 6.8. Hoogsteen
hydrogen bonds as to C"*G:C are formed just as to
TeA:T in the triplex with Pyrl5MOR at pH 6.8.
Because the MOR modification does not include base
modification, it is unlikely that protonation/deprotona-
tion pK, of cytosine bases of the free MOR-modified
TFO (Pyr15MOR) is shifted by the MOR modification
itself. The MOR modification of TFO may promote the
assembly of the TFO (Pyrl5MOR) and the target
duplex (Pur23AePyr23T), which may enhance protona-
tion of cytosine bases of Pyr15MOR to form the triplex.
Thus, the pK, shift of cytosine bases of Pyr15MOR in the
triplex may be caused by the intrinsic stability of the
triplex with Pyr15MOR.

The K, and AG for the pyrimidine motif triplex forma-
tions with Pyrl5MOR at pH 6.8 and with Pyrl5T at
pH 5.3 were quite similar (Table 1). However, the ingre-
dients of AG, that is, AH and AS, were obviously differ-
ent from each other. The magnitudes of the negative AH
and AS for Pyr15MOR at pH 6.8 were significantly smal-
ler than those observed for Pyr15T at pH 5.3 (Table 1).
The negative AH upon the triplex formation measured
by ITC reflects a major contribution from the hydrogen
bonding and the base stacking involved in the triplex
formation (48-51). The immobilization of electrostricted
water molecules around polar atoms upon the triplex for-
mation is also considered to be the major sources of the
negative AH upon the triplex formation (48-51). Thus,
the difference in AH for the triplex formations between

Pyr15MOR at pH 6.8 and Pyr15T at pH 5.3 suggests that
the hydrogen bonding and/or the base stacking of the
triplex with the MOR-modified TFO and the degree of
the immobilization of water molecules around the proto-
nated cytosine bases and polar nitrogen atoms of the tri-
plex with the MOR-modified TFO may be significantly
different from those with the corresponding unmodified
TFO. It is likely that the degree of the hydrogen bonding
and the base stacking may be changed by the MOR
modification, which is undetectable by CD (Fig. 6).
Further analyses are necessary to understand the precise
reason for the difference in AH. On the other hand, the
negative AS upon the triplex formation measured by
ITC is mainly contributed by a negative conformational
entropy change due to the conformational restraint of
TFO involved in the triplex formation (48-51). Therefore,
the smaller magnitude of the negative AS for Pyr15MOR
at pH 6.8 in comparison with that for Pyr15T at pH 5.3
(Table 1) suggests that the MOR-modified TFO in the
free state may be more rigid than the corresponding
unmodified TFO. The increased rigidity of the MOR-
modified TFO in the free state relative to the correspond-
ing unmodified TFO causes the smaller entropic loss
upon the triplex formation with the MOR-modified TFO
at neutral pH, which provides a favourable component to
the AG and leads to the increase in the K, for the triplex
formation at neutral pH. We conclude that the increased
rigidity of the MOR-modified TFO in the free state may
be one of the important factors to increase the K, for the
pyrimidine motif triplex formation.

The magnitudes of K, and the negative AG for
Pyr15MOR at pH 5.3 were significantly larger than
those for Pyr15T at pH 5.3. When the AG is calculated
from the fitting procedure of ITC, the energy observed by
ITC is divided not by the effective concentration really
involved in the triplex formation but by the apparent
concentration added to the triplex formation. The calcu-
lation does not take it into consideration what percentage
of the added concentration is really effectively involved
in the triplex formation. Thus, if the triplex formation is
less stoichiometric under a certain condition, the magni-
tude of AG for the less stoichiometric triplex formation
estimated by ITC is smaller than that observed for the
more stoichiometric triplex formation under another con-
dition. Therefore, the significantly smaller magnitude of
AG for Pyrl15T at pH 5.3 relative to that for Pyr15MOR
at pH 5.3 (Table 1) suggests that the triplex formation
with Pyrl15T at pH 5.3 was significantly less stoichio-
metric than that with Pyr15MOR at pH 5.3. On the
other hand, wunlike the significantly different AG
between Pyrl5T at pH 5.3 and Pyr15MOR at pH 5.3,
the magnitude of the negative AS for Pyr15MOR at pH
5.3 was apparently similar to that observed for Pyr15T
at pH 5.3. However, the amount of the really formed
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triplex with Pyr15MOR at pH 5.3 may be significantly
larger than that with Pyr15T at pH 5.3, because the tri-
plex formation with Pyr15MOR at pH 5.3 was more stoi-
chiometric as discussed above. Thus, the magnitude of
the negative AS for the really occurred triplex formation
with Pyr15MOR at pH 5.3 may be significantly smaller
than that with Pyr15T at pH 5.3. The negative AS upon
the triplex formation is mainly contributed by a negative
conformational entropy change due to the conformational
restraint of TFO involved in the triplex formation.
Therefore, the smaller magnitude of the negative AS
for the really occurred triplex formation with
Pyr15MOR at pH 5.3 relative to that with Pyrl5T at
pH 5.3 suggests that the MOR-modified TFO in the
free state is more rigid than the corresponding unmodi-
fied TFO. The more rigidity of the MOR-modified TFO in
the free state relative to the corresponding unmodified
TFO causes the smaller entropic loss upon the really
occurred triplex formation with the MOR-modified TFO,
which provides a favourable component to the AG and
leads to the increase in the K, of the triplex formation.
On the basis of these considerations, we conclude that
the more rigidity of the MOR-modified TFO in the free
state may be one of the factors to increase the K, for the
pyrimidine motif triplex formation. The lone electron pair
of the nitrogen atom of the morpholino ring may be delo-
calized to the non-briging oxygen atom of the phosphate
group. The electronic conjugation may result in more
rigidity of morpholino backbone relative to phosphodie-
ster backbone.

Kinetic data have demonstrated that the MOR modifi-
cation of TFO considerably increased the kg,. of the
pyrimidine motif triplex formation at neutral pH
(Table 2). The increase in the k... is a plausible kinetic
reason to explain the remarkable gain in the K, at neu-
tral pH by the MOR modification (Figs 2 and 3, and
Tables 1 and 2). Both our group (50) and others (52)
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 (50, 52) have also sug-
gested that the observed K,, which is the ratio of k..
to kgissoc, may mostly reflect a rapid equilibrium of the
nucleation step, which is probably the rate-limiting pro-
cess of the triplex formation. Electrostatic repulsion
between TFO and the target duplex caused by excess
accumulation of phosphate anions in the nucleation
step may limit the rate of the triplex formation
(21, 22). The absence of negative charge in the MOR
linkage may reduce the electrostatic repulsion between
TFO and the target duplex, which may result in the
acceleration of the nucleation step. Although low concen-
tration (~0.8 mM) of magnesium ion was observed in the
cell (23), most of in vitro triplex formation experiments
were performed in the presence of high concentration
(5—-10mM) of magnesium ion to reduce the electrostatic
repulsion upon the triplex formation. In contrast, both
the present study and other groups’ previously reported
results (26, 27) showed that, even in the absence of mag-
nesium ion, the MOR modification of TFO achieved the
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stable pyrimidine motif triplex at neutral pH, which may
improve the therapeutic potential of the triplex. The
acceleration of the nucleation step due to the reduction
of the electrostatic repulsion between TFO and the target
duplex by the non-charged MOR-modified TFO may
enable the efficient pyrimidine motif triplex formation
even in the absence of magnesium ion. Due to the more
rigidity of morpholino backbone relative to phosphodie-
ster backbone discussed above, the number of the possi-
ble conformations of the free MOR-modified TFO
(Pyr15MOR) may be smaller than that of the free phos-
phodiester TFO (Pyr15T). Thus, it may take less time for
Pyr15MOR to search for the competent nucleated state
with the target duplex (Pur23AePyr23T), which has the
ability to proceed to the elongation step. The shorter time
to search for the competent nucleated state may result in
larger k.o and resultant larger K, for Pyrl15MOR.
Based on these considerations, we conclude that the
MOR modification of TFO is considered to accelerate
the nucleation step by reducing the electrostatic repul-
sion between TFO and the target duplex to increase the
K, for the pyrimidine motif triplex formation at neutral
pH without magnesium ion.

Recently, MOR-modified oligonucleotides have been
widely used as antisense agents to inhibit translation
of target mRNA, especially in antisense technologies of
developmental biology (31-36). The present study has
clearly demonstrated that the MOR modification of
TFO promotes the pyrimidine motif triplex formation at
neutral pH without magnesium ion. Our results certainly
support the idea that the MOR-modified oligonucleotides
may have a potential to be applied to the triplex forma-
tion-based anti-gene technologies to inhibit transcription
of target genes as well as the widely used anti-sense
technologies. In addition, the present study has revealed
that the more rigidity of the MOR-modified TFO in the
free state may enable the significant increase in the K,
for the pyrimidine motif triplex formation at neutral
pH without magnesium ion. The present study has also
indicated that the significant increase in the K, for the
pyrimidine motif triplex formation at neutral pH without
magnesium ion by the MOR modification of TFO mainly
results from the considerable increase in the k... prob-
ably by reducing the electrostatic repulsion between TFO
and the target duplex. This information will present
an effective approach for designing novel 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 anti-gene strategy in vivo.
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