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ABSTRACT: We studied the kinetic and thermodynamic effects of locked
nucleic acid (LNA) modifications on parallel and antiparallel DNA duplexes.
The LNA modifications were introduced at cytosine bases of the pyrimidine
strand. Kinetic parameters evaluated from melting and annealing curves
showed that the association and dissociation rate constants for the formation
of the LNA-modified parallel duplex at 25.0 °C were 3 orders of magnitude
larger and 6 orders of magnitude smaller, respectively, than that of the
unmodified parallel duplex. The activation energy evaluated from the
temperature-dependent rate constants was largely altered by the LNA
modifications, suggesting that the LNA modifications affected a prenucleation
event in the folding process. Moreover, thermodynamic parameters showed
that the extent of stabilization by the LNA modification for parallel duplexes
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(3.6 kcal mol™ per one modification) was much more significant than that of antiparallel duplexes (1.6 kcal mol™"). This large
stabilization was due to the decrease in AH® that was more favorable than the decrease in TAS®. These quantitative parameters
demonstrated that LNA modification specifically stabilized the noncanonical parallel duplex. On the basis of these observations,
we succeeded to stabilize the parallel duplex by LNA modification at the physiological pH. These results can be useful in the
rational design of functional molecules such as more effective antisense and antigene strands, more sensitive strands for detection
of target DNA and RNA strands, and molecular switches responding to solution pH.

he locked nucleic acid (LNA), containing a methylene

linkage between the 2-oxygen and 4-carbon in the ribose
ring (Scheme 1A), forms a class of modified nucleotides of
immense interest.' > Biochemical and biophysical studies have
shown that LNA has a high affinity and specificity for the target
strand.*™ Because of these properties, LNA has been used as
probes in DNA sequencing, automated SNP genotyping,
capture and detection of various RNAs, gene repair, and
particle-mediated delivery of functional peptides.® Therefore,
an improved understanding of the stabilization mechanism by
LNA modification is beneficial for diverse research and
industrial applications. To determine the origin of the enhanced
stability for LNA modifications, thermodynamics and kinetics
of hybridization of LNA-modified oligonucleotides in the
canonical duplex structure involving DNA/DNA, DNA/RNA,
and RNA/RNA duplexes have been studied.>'*™'® The effects
of LNA on the RNA/2-O-methyl RNA duplex were also
reported.'”'® Tt has been demonstrated that in general LNA
modification enthalpically favors duplex formation because of
the more efficient stacking of bases in duplexes resulting in an
A-type helical conformation.”'*">'®'® Increments of the
number of LNA substitutions led to a favorable entropic change
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because of the restriction of ribose and the preorganization of
the single-stranded state.>'®'? Moreover, stabilization by LNA
modification is sequence-dependent, including adjacent bases.'?
With respect to the sequence-dependent LNA effects, Bartik
used isosequential DNA/DNA and LNA/DNA duplexes and
reported that LNA modification in a G-C base pair is more
stabilized than that in an A-T base pair.”® These results allow us
to design a thermally and thermodynamically stable duplex of an
LNA-containing strand with a target strand.

On the other hand, nucleic acids can fold to form not only
the canonical duplex but also the noncanonical structures such
as triplex and quadruplex in parallel and antiparallel strand
orientations with Hoogsteen base pairs.”' >* These non-
canonical structures play pivotal roles in various biological
processes such as regulation of gene expression.”'”>* Thus,
controlling the thermodynamics of the noncanonical structures
by LNA is currently of interest. In fact, extensive studies have
revealed the effects of LNA on the structure and stability of
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Scheme 1. (A) Chemical Structure of LNA, (B) Schematic Illustrations of Structures of PuP/Py0 Depending on pH, and
(C) Schematic Ilustrations of Structures of PuAP/Py0 Depending on pH
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T
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triplex, quadruplex, and further structural competition between
Watson—Crick duplex and Hoogsteen quadruplex.”®>* It has
been shown that the stabilization of triplex structure by LNA
modification depends on the number and position of LNA
modifications, buffer conditions such as pH, and strand orienta-
tion (parallel and antiparallel). Although there are rules for
designing stable triplex-forming oligonucleotides with LNAs,*®
it is still difficult to generalize how LNA modification affects the
thermodynamics of nucleic acid structures. This is partly
because the structures and sequences used in these studies
were different from each other, making direct comparison quite
difficult.

To investigate directly and quantitatively the effects of LNA
modification on the canonical antiparallel DNA duplex with
Watson—Crick base pairs and the noncanonical parallel duplex
with Hoogsteen base pairs, we designed and synthesized
antiparallel-stranded and parallel-stranded DNA duplexes with
the same nucleotide content composed of Watson—Crick and
Hoogsteen base pairs, respectively. Thermodynamic parameters
at 25.0 °C evaluated from equilibrium and nonequilibrium
thermal melting curves showed that the LNA modification
stabilized the parallel duplex by 3.6 kcal mol™" per modification,
which is a significantly greater stabilization than that in the
antiparallel duplex. This large stabilization was due to the
decrease in AH® that is more favorable than the decrease in
TAS°. The kinetic analysis of the nonequilibrium melting
curves further indicated a correlation between the
thermodynamic and kinetic parameters for the formation
of parallel duplex with the LNA modification. On the basis of
these results, we further succeeded in stabilizing the parallel
duplex by LNA modifications at physiological pH, which is
useful in designing an oligonucleotide hybridizing to a target
molecule in a parallel manner.

B MATERIALS AND METHODS

Materials and Buffer Preparation. All of the unmodified
and LNA-modified oligonucleotides used here were purchased
from Hokkaido System Science (Sapporo, Japan) and Gene
design Inc. (Ibaragi, Japan), respectively, and were high-
performance liquid chromatography (HPLC) grade. The
concentrations of the single strands were determined optically
by measuring the absorbance at 260 nm at a high temperature
using a Shimadzu 1700 spectrophotometer (Shimadzu, Kyoto,
Japan) connected to a thermo-programmer. Single-strand
extinction coefficients were calculated from mononucleotide
and dinucleotide data using the nearest-neighbor approximation.

All the solutions were prepared in Robinson Britton (RB)
buffer **¢ containing 40 mM boric acid, 40 mM phosphoric
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acid, 40 mM acetic acid, and 100 mM NaCl at various pH
values adjusted with 0.2 M NaOH.

Circular Dichroism (CD) Spectroscopy. CD spectra
were recorded using a JASCO (Hachioji, Japan) ]-820
spectropolarimeter at 4.0 °C in a 0.1 cm path length quartz
cell with various concentrations of the oligonucleotides. All
spectra were recorded between 200 and 350 nm by taking the
average of at least three scans. The sample temperature was
maintained with a JASCO PTC-348 temperature controller,
and the cell holding chamber was flushed with a constant
stream of dry N, gas to prevent condensation of water on the
external walls of the cell. Before the measurement, the sample
was heated to 90.0 °C, gently cooled at a rate of 0.5 °C min~},
and incubated at 4.0 °C overnight.

UV Spectroscopy. The UV absorbance spectra were
recorded with a Shimadzu 1700 spectrophotometer equipped
with a temperature controller using both 1 and 0.1 cm path-
length quartz cuvette. The cuvette holding chamber was flushed
with a constant stream of dry N, gas during low-temperature
measurements to prevent condensation of water on the exterior
of the cuvette. The heating and cooling rate was 0.5 °C min™
for all the experiments. Before the measurement, the sample
was heated to 90 °C, gently cooled at a rate of 0.5 °C min™",
and incubated at 4.0 °C overnight. Annealing and melting
curves were obtained by measuring the UV absorbance at 260
and 295 nm in buffers. The thermodynamic parameters
(AH°,AS° and AG® at 25.0 °C) were calculated from the
melting curves with no hysteresis by fitting with a theoretical
equation described previously.*”**

Kinetic Analysis. In some cases, the thermodynamic para-
meters could not be calculated directly from the UV melting
curves because of hysteresis. Thus, the thermal curves were
analyzed kinetically as follows.*”** Using a two-state model, the
equilibrium between the single strands and the duplex can be
written as

DNA single strand (S1)
+ DNA-LNA single strand (S2)

2 duplex (D) (1)

The rate of duplex formation is given below, where k,, is the
rate constant of annealing or cooling (association) and ko is
the rate constant of melting or heating (dissociation).

d[D]/dt = kon[81][sz] - koff[D] ()

From the experimental absorbance versus temperature curves,
the mole fraction of duplex, a, at each temperature is calculated
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from the heating and cooling curves by
o = AAbs/(Abs,;, — Abs,..) and
AAbs = [AbS(at any temp) Abs, .. ]

where a = 1 for hybridization to form a duplex and a = 0 for
dissociation of the duplex to single strands. Substituting « in
eq 2 gives

d((xh)/dt = konc(l - (xh)z - koff(ah) (3a)

d((XC)/dt = konc(l - (Xc)2 - koff((xc) (3b)

where o, and a. are the association factors for heating and
cooling curves, respectively, and C is the molar concentration
of the single strands (equal stoichometric ratios of the single
strands were taken).

Substitution of the heating and cooling rate, dT/dt, in eqs 3a
and 3b yields two linear equations with two variables, k,, and
koff

d(ay) /dT = (AT / dt)  [k,,C(1 - ap,)*

— koge(ap)] (4a)
d(a) / dT = —(dT / dt) [k, C(1 - a)?
— koge(ac)] (4b)

where dT/dt = 0.5 °C/min = 0.00833 K/s.

konC and ko were determined at different temperatures, T,
near the melting temperature of the duplex. In practice, the
calculation was conducted at each integer value of T, with da/
dT, at a particular temperature T, approximated by 0.5(ar;; —
ar_1). The values of k,,C and ki obtained by the method
outlined were plotted in Arrhenius plots, In(k,,C) and In(k,)
versus 1/T, respectively, giving a positive slope for ko,C and
a negative slope for kog. Thus, the activation energy, Ey,, for
association is negative and the activation energy, E., for
dissociation is positive.

Bl RESULTS AND DISCUSSION

Sequence Design. The parallel-stranded duplex consisting
of PuP (5-AGAAAGAGAAGA-3") and Py0 (S-TCTT-
TCTCTTCT-3') was designed to form fully matched base
pairs in the parallel orientation with protonation of cytosines at
lower pH, whereas at higher pH, the antiparallel duplex would
be formed with two bulges (Scheme 1B).*' On the other hand,
we also designed a DNA strand (PuAP) (S-AGAAGAGAAA-
GA-3') that can form the antiparallel duplex but not the parallel
one with Py0 under any pH conditions. Note that the
nucleobases included in PuP are identical with that in PuAP,

which allows us to exclude possible effects of the GC content
on the structure and stability of the natural and modified DNA
sequences. We introduced LNA (Scheme 1A) modifications at
the cytosine bases of Py0, Pyl (S“TC*TTTCTCTTCT-3’; the
LNA-modified bases are shown as Cv), Py2 (S-TCMTTT-
C'TCTTCT-3'), Py3 (S-TC*TTTC*TCTTCYT-3'), and Py4
(S-TC*TTTCMTCITTCYT-3'), to investigate the effects of
LNA modifications on the structure and stability of the parallel
and antiparallel DNA duplexes. Abbreviations and sequences
are listed in Table 1.

Structural Analysis. First, the stoichiometry of PuP with
fully natural Py0 and LNA-modified Py4 was monitored by UV
titration experiments. Figure 1A shows the UV spectra for
solutions containing varied ratios of PuP and Py0 with the same
total strand concentration constant at 20 #M in Robinson
Britton (RB) buffer at pH 5.0 and 4.0 °C. The experiments
were conducted at 4.0 °C, instead of 25.0 °C, because some
structures of Py0/Pyn (n = 0—4) are not sufficiently stable at
25.0 °C. We found the positive peaks at 254 and 269 nm in the
presence of 100% PuP and Py0, respectively. The absorbance at
260 nm with different PuP ratios showed two nearly straight
lines intersecting around 50% PuP (Figure 1B), demonstrating
formation of a structure with a 1:1 ratio of PuP to Py0. Similar
plots with an intersection at 50% were further obtained for
PuP/Py0 at pH 7.0 and PuP/Py4 at both pH 5.0 and 7.0
(Figure S1, Supporting Information). These results indicating
1:1 binding are consistent with previous results confirming the
formation of a duplex by the use of FRET analysis.*' On the
other hand, an obvious isosbestic point was not observed. This
may be because of the metastable structures that can coexist
with the most stable structures under these experimental
conditions. Because of the coexistence of the metastable
structures, the experimental data points should slightly deviate
from the two straight lines drawn in Figure 1B. The UV melting
curves showed a single transition (Figure 2), whereas a triplex
or major metastable structures of the modified DNA strands
should exhibit melting curves with two or more transitions.**
Therefore, these UV melting curves show the formation of
bimolecular duplexes under the experimental conditions, the
binding ratio of PuP and Pyn (n = 0—4) is 1:1, and the
metastable structures are not major species.

The structures of the PuP/Py0 and PuP/Py4 duplexes were
evaluated via their CD spectra. Figure 3 shows CD spectra of
20 uM PuP/Py0 and PuP/Py4 at pH 5.0 and 7.0 in RB buffer
containing 100 mM NaCl at 4.0 °C. The CD spectra of PuP/
Py0 and PuP/Py4 exhibited a positive peak around 270 nm
with a negative band around 250 nm under all the conditions,
indicating formation of a B-form duplex.43_45 Moreover, CD
spectra of PuP/Py0 had a negative peak around 218 nm at pH
5.0, whereas at pH 7.0, this peak was positive. Because it has
been shown that a negative peak near 218 nm in a CD

Table 1. Details of the Oligonucleotides Used in This Study

Abbreviation Sequence” Number of LNA modifications
PuP 5' -AGAAAGAGAAGA-5"' 0
Py0 5'-TC TTTC TC TTC T-3' 0
Pyl 5'-TC*TTTC TC TTC T-3' 1
Py2 5'-TC*TTTC"TC TTC T-3' 2
Py3 5' -TC'TTTCITC TTCMT-3! 3
Py4 5'-TC*TTTC*TC ' TTC T-3 4
PuAP 5' -AGAAGAGAAAGA-5' 0

“LNA-modified bases are shown as C.
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Figure 1. (A) UV Spectra of mixtures containing varied concentration ratios of PuP and Py0 in 40 mM Robinson Britton buffer and 100 mM NaCl
at pH 5.0 and 4.0 °C. Total concentration of PuP and Py0 is constant at 20 #M. Bold lines represent the case of 100% PuP and 100% Py0, whereas
dotted lines represent all the intermediate ratios. (B) Plot of absorbance values at 260 nm vs PuP ratio.
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Figure 2. Normalized UV thermal curves of 10 uM PuP/Py0 at pH 5.0 (A) and 7.0 (B) and PuP/Py4 at pH 5.0 (C) and 7.0 (D) in 40 mM
Robinson Britton buffer containing 100 mM NaCl. Empty and filled circles represent annealing and melting curves, respectively.

spectrum is a signature of a parallel-stranded duplex through
Hoogsteen base pairs,*""***’ these results suggest that PuP/Py0
forms a parallel duplex and an antiparallel duplex at pH 5.0 and
7.0, reapectively, which are consistent with the previous
reports.”" On the other hand, for PuP/Py4 at both pH 5.0
and 7.0, a negative peak appeared around 218 nm, indicating
formation of a parallel duplex at both pH values. In addition,
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the negative peak near 218 nm of PuP/Py4 was larger than that
of PuP/Py0 (Figure 3B). Thus, it is possible to conclude that
PuP/Py0 altered the structure from a parallel to an antiparallel
duplex by increasing the pH from 5.0 to 7.0, whereas PuP/Py4
maintained its structure of a parallel duplex. These results
indicate that the LNA modification specifically stabilizes the
parallel duplex. In addition, at pH 5.0, all the CD spectra of

dx.doi.org/10.1021/bi200477g | Biochemistry 2011, 50, 7414—7425
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Figure 3. CD spectra of 20 M PuP/Py0 at pH 5.0 (black line) and 7.0 (red line) (A) and PuP/Py4 at pH 5.0 (black line) and 7.0 (red line) (B) in

40 mM Robinson Britton buffer containing 100 mM NaCl at 4.0 °C.

PuP/Pyl, PuP/Py2, and PuP/Py3 had a negative peak at
218 nm, whereas at pH 7.0, the larger negative peak at 218 nm
was observed with the larger number of LNA modifications
(Figure 4). These results also support the possibility that the
LNA modification stabilizes the parallel duplex more than the
antiparallel one. Such pH dependency of the duplex formation
is due to the protonation of cytosine bases. Thus, these results
also suggest the formation of the G-C Hoogsteen base pairs,
the stability of which depends on the protonation of cytosine.
Although the formation of a parallel dT;o/dA;g duplex with
reverse Watson—Crick base pairs was reported,*® the parallel
mixed sequence duplex used in this study is composed of the
Hoogsteen base pairs as shown in the hybridization of the third
strand of the parallel triplex.

On the other hand, CD spectra of PuAP/Py0 and PuAP/Py4
did not show a negative peak around 218 nm, in addition to
positive and negative peaks around 280 and 250 nm,
respectively (Figure S2, Supporting Information). These results
for PuAP/Py0 and PuAP/Py4 suggest a formation of the
antiparallel duplex under all the conditions tested, further
supporting the structural change in PuP/Py0 with the change in
pH. From these results, it follows that between pH 5.0 and 7.0,
the former is more suitable for systematically comparing the
effects of LNA modifications on the thermal stability of the
parallel and antiparallel duplexes. This is because at pH 7.0
both parallel and antiparallel duplexes are present whereas at
pH 5.0 the dominating structure is the parallel duplex with or
without LNA modifications. These CD results show that the
sequence designs are successful and these DNA structures are
useful for comparing the effects of the LNA modification on the
thermodynamics of the canonical and noncanonical DNA
structures.

Thermal Analysis. Figure 2 shows UV melting and
annealing curves at 260 nm of PuP/Py0 at pH 5.0 (A) and
7.0 (B) and PuP/Py4 at pH 5.0 (C) and 7.0 (D). We observed
hysteresis between the melting and annealing curves, and the
hysteresis was more significant at pH 5.0 than at pH 7.0. In
addition, by comparing the UV melting and annealing curves of
PuP/Py0, Pyl, Py2, Py3, and Py4, we found that the extent of
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hysteresis increased with the number of LNA modifications
(Figure S3, Supporting Information). Because of the hysteresis,
thermodynamic analyses could not be conducted with the
melting curves directly. Thus, the apparent half-temperature
for melting (T /,—meir) and the apparent half-temperature for
annealing (T/,—anneat), both of which depend on the tem-
perature gradient, were calculated from the melting and
annealing curves, respectively (Table 2). The values of
T /2—mele for PuP/Py0 and PuP/Py4 at pH 5.0 were evaluated
to be 29.0 and 71.5 °C, respectively. Surprisingly, the difference
in these values of T /5_mel (ATI/Z_meh) was 42.5 °C, cor-
responding to 10.6 °C per LNA modification. To the best of
our knowledge, this is the largest stabilization effect of chemical
modification on the thermal stability of DNA structures.>'>*
On the other hand, UV melting and annealing curves of PuAP/
Py0 and PuAP/Py4 at pH 5.0 and 7.0 did not show hysteresis,
where all of the differences between the T/, e and
T1/2—anneal Values of PuAP/Py0 and PuAP/Py4 were within
1.5 °C (Figure S). By comparison of PuAP/Py0 and PuAP/
Py4, the values of AT}/, per LNA modification at pH 5.0
and 7.0 were 4.3 and 3.2 °C, respectively. These results showed
that the LNA modification stabilizes modestly the antiparallel
duplexes, results comparable with those of previous re-
ports.>'>**® Note that the degree of the stabilization observed
in the parallel duplex is much more significant than that in the
antiparallel one, confirming that the effect of LNA modification
on the thermal stability of DNA structure depends on the
structure of DNA.

Kinetic Analysis of Formation of the Parallel Duplex
at pH 5.0. To obtain further insights into the stabilization
mechanism of the LNA-modified parallel duplex, we attempted
kinetic analyses of the folding and unfolding of the DNA
structures by use of the nonequilibrium UV melting and
annealing curves. The kinetic analyses of the melting and
annealing curves allow us to determine the association rate
constant (ko) and dissociation (k.g) rate constant, and also
the activation energy (E,) using a two-state (all-or-none)
model.>' ~>* It is possible to observe a simple one-way reaction
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Figure 4. CD spectra of 20 uM PuP/Pyl at pH 5.0 (black line) and 7.0 (red line) (A), PuP/Py2 at pH 5.0 (black line) and 7.0 (red line) (B), and
PuP/Py3 at pH 5.0 (black line) and 7.0 (red line) (C) in 40 mM Robinson Britton buffer containing 100 mM NaCl at 4.0 °C.

Table 2. Ty/; e and Ty/3 apneat Of the 10 uM PuP/Pyn
(n = 0—4) Mixtures in the Presence of 40 mM Robinson
Britton Buffer and 100 mM NaCl at pH 5.0 and 7.0

pH 5.0 pH 7.0

T1/2melt I il T1/2melt (el
abbreviation °C) °C) °C) (°Cc)
PuP/PyO 29.0 25.0 18.5 15.9
PuP/Pyl 38.0 31.0 14.5 11.5
PuP/Py2 52.5 37.5 26.0 20.0
PuP/Py3 56.5 44.5 30.5 244
PuP/Py4 715 53.0 48.5 334

from a folded state (duplex) to an unfolded state (random coil)
with a melting curve, whereas that from a random coil to a
duplex can be traced with an annealing curve. This kinetic
analysis was reported by Rougée et al.* for the first time and
has been utilized for kinetic analysis not only for duplex but
also for other noncanonical structures.*”*>*® Generally, the
kinetic parameters, association rate constant (k,,) and dissocia-
tion rate constant (ko) at T’ /—anneal a0d T’ /2 melt, respectively,
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have been evaluated in the previous studies because the rate constant
can be estimated accurately around T/, because of a larger change
in absorbance resulting in an accurate analysis. Moreover, the
estimations of k., and k. at different temperatures were sufficient
to analyze folding and unfolding mechanisms of the structures
mentioned above. However, in our study, we compare systematically
the kinetic parameters with or without LNA modification (e, for
PuP/Py0 and PuP/Py4), which results in the large difference in the
values of T} /, as shown in Table 2. Therefore, we evaluated k,, and
ko at 25.0 °C from the extrapolation of the Arrhenius plot derived
from ko, and kg at each temperature.

Figure 6A shows the plot of In(kynC) and In(kog ) versus 1/T
for PuP/Py0 at pH 5.0 in the 23.5—30.0 °C temperature range.
The plot showed a positive slope for k,,C and a negative slope
for ko indicating negative and positive E, values, respectively.
The kon at Ty/r—annea (25.0 °C) and the ko at Ti/p el
(29.0 °C) were 4.97 x 107 M~ s7! and 21.5 s, respectively
(Table 3). This implies that the velocity of the product of
folding and concentration, ko, C (49.7 s71), is faster than kg,
which is the reason behind the hysteresis in the thermal profiles.
Moreover, ko, and ko at 25.0 °C were 5.00 X 10 M~! s7! and

dx.doi.org/10.1021/bi200477g | Biochemistry 2011, 50, 7414—7425
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11.5 s7!, respectively. These values are similar to previous
observations reporting that the k,, value for DNA duplex
formation is typically around 10°—10” M~ s7! and that the k.
value largely depends on the particular DNA sequence.””>®
These comparisons indicate that the kinetic analysis utilizing the
melting and annealing curves with hysteresis is reasonable.
Figure 6B shows the plot for PuP/Py4 at pH 5.0 in the 49.5—
55.0 and 66.0—72.0 °C ranges for k,,C and kg, respectively.
The values of koq at T /2—anneal A koft at T /e Were 2.14 X
107 M™! s7! and 35.6 s7!, respectively. On the other hand,
the ko, and kog values at 25.0 °C were 5.50 X 10° M~ s7! and
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4.96 x 107 571, respectively. Surprisingly, ko, of PuP/Py4 at
25.0 °C was 3 orders of magnitude larger than that of PuP/Py0.
On the other hand, k.g of PuP/Py4 at 25.0 °C was 6 orders
of magnitude smaller than that of PuP/Py0. These results
showed that the large stabilization by the LNA modification
has a relationship with the increase in ko, and large decrease
in kog. Previously, kinetic analyses of the formation of the
duplex, triplex, and G-quadruplex with LNA modifications
have been conducted.*****® The kinetic parameters showed
that the LNA modifications reduce the dissociation rate
constant of the triplex and G-quadruplex.m59 In addition, the
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Table 3. Kinetic and Thermodynamic Data for the Formation of DNA/DNA and DNA/LNA Hybrids at pH 5.0¢

AG®s AH° TAS®
abbreviation kon (M7Ls71) koge (s71) Eon (kcal mol™!) Eog (kcal mol™!)  (kcal mol™?) (kcal mol™®)  (kcal mol™?)
PuP/Py0 497 X 106% (497 x 10°)  21.5° (11.5) —33.9 + 0.1 274 £ 0.1 —7.74 —613 —53.6
PuP/Py4 2.14 x 1077 (5.50 x 10°) 35.6° (4.96 x 107°) —542 + 0.1 702 + 02 -22.0 —94.4 —724
PuAP/Py0 —9.51 —63.4 -53.9
PuAP/Py4 —15.8 —92.0 —76.2

“The values of ko, and kg are reported at T} /2—anneal A0d T/ ey, respectively. The values of ko, and kog at 25.0 °C are given in parentheses.
YThe kop value was evaluated at 25.0 °C (T, /2—anneal)' “The ko value was evaluated at 29.0 °C (T, /2—melt)' “The ko, value was evaluated at

53.0 °C (T1/2-annea)- “The kog value was evaluated at 71.5 °C (T} /2 mere)-

RNA G-quadruplexes were more stable than their DNA
counterparts as a result of faster k,, and slower ko, although
the values of k,, for the LNA and DNA G-quadruplexes could
not be directly compared because these rate constants were
expressed in different units (M~ s™! for the LNA G-quadruplex
and M~! 57! for the DNA G-quadruplex).*® Thus, the kinetic
parameters obtained here indicate that the mechanism of
stabilization of the parallel duplex by the LNA modifications is
similar to those of other noncanonical DNA structures.

From the slope of the Arrhenius plots of k,, and k., we
further estimated the activation energies for the folding (E,,)
and unfolding (E.g) of the duplex, respectively. At pH 5.0,
the values of E,, obtained for PuP/Py0 and PuP/Py4 were
—33.9 + 0.1 and —54.2 + 0.1 kcal mol™!, respectively. These
negative values suggest that even with LNA modification,
formation of the parallel duplex follows the zip-up model, in
which the rate-determining step is the formation of a nucleus
consisting of several base pairs.**®" In addition, the values of
E,¢ obtained for PuP/Py0 (27.4 kcal mol™!) and PuP/Py4
(70.2 kcal mol™) were positive, which are also consistent with
the values for the antiparallel duplex.58 Moreover, by LNA
modification, E,, and E.g decreased by 20.3 kcal mol™! and
increased by 42.8 kcal mol™!, respectively. If E,, is negative, it
reflects the enthalpy energy before the nucleation for formation
of the DNA duplex.”’

On the basis of the kinetic parameters, we further evaluated
thermodynamic parameters for the formation of the parallel
duplex. The free energy change at 25 °C (AG®) was calculated
from the equation AG®° = —RT In K, = —RT In(kon/kofr),
where R, T, and K, are the gas constant, absolute temperature,
and apparent equilibrium constant, respectively. The enthalpy
change (AH°®) and entropy change (TAS®) could be calculated
with the following equations: AH® = E,, — Ef, and AG°r =
AH® — TAS°. At pH 5.0 and 25.0 °C, the values of AG®y;,
AH®, and TAS® for PuP/Py0 were —7.74, —61.3, and —53.6
kecal mol™?, respectively (Table 3). These values for PuP/Py4 at
pH 5.0 were —22.0, —94.4, and —72.4 kcal mol™, respectively.
These results show quantitatively that the four LNA
modifications stabilize the parallel duplex by 14.3 kcal mol™,
corresponding to 3.6 kcal mol™! per modification. This large
stabilization is due to the decrease in AH® (33.1 kcal mol™)
that is more favorable than the decrease in TAS® (18.8 kcal
mol™!). This is consistent with the decrease in E,, values by
the LNA modification as discussed above. In addition, the
enthalpic stabilization of the parallel duplex by the LNA
modification is consistent with the cases of the other structures,
as we have discussed above.>?%%° Therefore, these results
indicate that a more efficient stacking of the bases in the LNA-
containing parallel duplex led to the more favorable enthalpic
term as proposed in the case of other structures,™'*'>'®!?
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although it is possible that other factors such as hydration
affect the enthalpy change of the parallel duplex with LNA
modifications.

Thermodynamic Analysis of Formation of the
Antiparallel Duplex at pH 5.0. Thermodynamic parameters
of formation of the antiparallel duplexes of PuAP/Py0 and
PuAP/Py4 were evaluated to obtain further insight into the
effects of LNA modifications on the thermodynamics of the
different DNA structures. Because the melting and annealing
curves did not exhibit hysteresis (Figure S5), indicating the
heating and cooling are slow enough to reach equilibrium at
each temperature, the thermodynamic parameters were
evaluated from the curve fitting procedure with an assumption
that the folding and unfolding processes of the antiparallel
duplex are in a two-state transition.** At pH 5.0, the values
of AG®;s, AH®, and TAS® for formation of the antiparallel
PuAP/Py0 duplex were —9.51, —63.4, and —53.9 kcal mol™?,
respectively, at 25.0 °C. These values of PuAP/Py4 at pH
5.0 were —15.8, —92.0, and —76.2 kcal mol~}, respectively
(Table 3) These results show quantitatively that the four LNA
modifications stabilize the antiparallel duplex by 6.29 kcal
mol ™}, corresponding to 1.6 kcal mol™! per modification. This
stabilization effect of LNA modification is smaller than the half
of the stabilization observed in the parallel duplex (3.6 kcal
mol™! per modification). These parameters for formation of the
parallel and antiparallel duplexes demonstrated quantitatively
that the LNA modification specifically stabilized the parallel
duplex rather than the antiparallel one. Moreover, as shown in
the parallel duplex, this stabilization is due to the decrease in
AH?®, which is more favorable than the decrease in TAS°. This
also indicates that the thermodynamic parameters evaluated
from the kinetic analysis are reasonable.

Noteworthy is the fact that at pH 5.0 the unmodified
antiparallel PuAP/Py0 duplex (AG®;s = —9.51 kcal mol™) is
thermodynamically more stable than the unmodified parallel
PuP/Py0 duplex (AG®ys = —7.74 kcal mol™!) even with the
contribution from the protonation of C bases. On the other
hand, the modified parallel PuP/Py4 duplex (AG®s = —22.0
keal mol™) is more stable by 6.2 kcal mol™! than the modified
antiparallel PuAP/Py4 duplex (AG°ys = —15.8 kcal mol™')
under the same conditions. Therefore, with the LNA modifi-
cations, the formation of the parallel duplex is more favorable
than that of the antiparallel duplex. This indicates that the
parallel orientation of a DNA strand with LNA modification is
more applicable to hybridizing a target DNA strand. Recently,
Hrdlicka and co-workers showed that a-DNA strands with
2"-amino-f-1-LNA formed stable duplexes with complementary
RNA and DNA in a parallel orientation.®* These results as well
as our results described here are promising for the rational
design of functional molecules such as more effective antisense
and antigene strands, more sensitive strands for the detection of
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Table 4. Kinetic and Thermodynamic Data for the Formation of DNA/DNA and DNA/LNA Hybrids at pH 7.0¢

abbreviation kon (M7Ls71) koge (s71) Eon (kcal mol™?)
PuP/Py0 94.4 x 10°% (1.63 x 10%) 12.6° (1.61) -329 £ 0.1
PuP/Py4 214 x 1057 (8.89 x 10%) 16.3° (0.20) -314 + 0.1
PuAP/Py0

PuAP/Py4

“The values of ko, and kog are at T /2—anneal a0d T'1/2 ey, respectively. The values of ko and ko at 25.0 °C are given in parentheses.

AG®s AH° TAS®

Eof (kcal mol™!) (kcal mol™t) (kcal mol™t) (kcal mol™!)
69 + 0.1 —8.24 —-39.8 -31.6
355 +0.1 —-10.5 —66.9 —56.4
—10.8 —72.3 —61.5
—-16.6 -97.3 —80.7

“The kon

value was evaluated at 15.9 °C (T, /Z—anneal)' “The kog value was evaluated at 18.5 °C (T, /2—melt)' “The ko, value was evaluated at 33.4 °C

(T1/2-annea)- “The kog value was evaluated at 48.5 °C (T’ /2 melt)-

target DNA and RNA strands, and molecular switch responding
to solution pH toward the drug release system.

Stable Parallel Duplex at pH 7.0. Because it was found
that the LNA modifications can stabilize specifically the parallel
duplex, we further attempted to demonstrate a possible
application of this large stabilization by the modification. It is
generally considered that the parallel duplex is unstable at
physiological pH because the pK, of C protonation in a DNA
strand is around pH 6.5, similar to that in the parallel triplex
and i-motif structures.>®** Thus, stabilization of these
structures at neutral pH and regulation of their stability are
required in a broad spectrum of the nucleic acid chemistry and
its applications in vivo and in vitro.

Figure 3 shows CD spectra of 20 yuM PuP/Py0 and PuP/Py4
at pH 7.0. The large negative peak around 218 nm, which is the
signature of the parallel duplex, was observed for only PuP/Py4
at pH 7.0. This CD spectrum at pH 7.0 for PuP/Py4 is almost
the same as its CD spectrum at pH 5.0. These CD spectra
showed that PuP/Py0 and PuP/Py4 folded to form the
antiparallel and parallel duplexes, respectively. These results
suggest that even at pH 7.0 the LNA modifications are able to
maintain the parallel duplex structure observed at pH 5.0. Thus,
we further investigated the kinetics and thermodynamics of the
antiparallel and parallel duplexes at pH 7.0 (Table 4). The
values of ko, and ko at 25.0 °C for formation of the PuP/Py4
duplex were 8.89 X 10° M~! s™! and 0.20 s, respectively. The
kon value significantly decreased from that at pH 5.0 (Table 3),
whereas the k. increased. These behaviors led to destabiliza-
tion of the parallel duplex at pH 7.0. The value of AG®;s for
formation of the parallel PuP/Py4 duplex at pH 7.0 was —10.5
kcal mol ™, which is almost the half of that at pH 5.0 (AG®,s =
—22.0 kcal mol™!). This can be due to the decrease in the
number of Hoogsteen hydrogen bonds between C and G.
Figure 7 shows the Arrhenius plot for PuP/Py4 at pH 7.0.
From this plot, E,, and E.¢ were evaluated to be —31.4 and
35.5 kecal mol™, respectively. The value of E,, at pH 7.0 is
larger than that at pH 5.0. On the other hand, E.¢ at pH 7.0 is
smaller than that at pH 5.0, leading to the larger AH® at pH 7.0
(—66.9 kcal mol™!) versus that at pH 5.0 (—94.4 kcal mol™).
This change in AH® should be due to the deprotonation of C
bases, leading to a reduction in the number of hydrogen bonds
involved in the Hoogsteen base pairs between C and G. These
results quantitatively demonstrate that the LNA modification
can induce the stable parallel duplex under physiological
conditions at pH 7.0. The value of T}/, e of PuP/Py4 at
pH 7.0 was 48.5 °C, higher than the physiological temperature
(37.0 °C). Noteworthy is the fact that at pH 7.0 the
thermodynamic stability of the modified parallel PuP/Py4 duplex
(AG°®5 = —10.5 kcal mol™") is higher than that of the unmodi-
fied antiparallel PuP/Py0 duplex (AG®s = —8.24 kcal mol™).
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Figure 7. Variation of k,,C (black) and kg (red) for PuP/Py4 at pH
7.0 as a function of 1/T.

The thermodynamic stability of PuP/Py4 at pH 7.0 is, further-
more, comparable with that of the antiparallel PuAP/Py0
duplex (AG®3; = —10.8 kcal mol™). Thus, this stable parallel
duplex exhibits a new strategy for targeting a DNA sequence by
use of a LNA-modified oligonucleotide in a parallel orientation
that has comparable thermal stability with an unmodified
oligonucleotide hybridizing to a target DNA sequence in an
antiparallel manner, although further quantitative studies with
various sequences of oligonucleotides and positions of the LNA
modification are required.

B CONCLUSION

Considering the broad applications and significant success of
LNA technology in designing functional molecules based on
hybridization with a target sequence, we have attempted to
investigate quantitatively and systematically the effects of LNA
modifications on the canonical antiparallel and noncanonical
parallel DNA duplexes. The hysteresis observed in the melting
and annealing curves allowed us to evaluate kinetic parameters
for the formation and dissociation of the parallel duplex with
LNA modifications. Surprisingly, k., of the LNA-modified
parallel duplex at 25.0 °C was 3 orders of magnitude larger than
that of the unmodified parallel duplex, whereas k. of the
modified parallel duplex at 25.0 °C was 6 orders of magnitude
smaller than that of the unmodified one. These results demon-
strate a correlation between the strong stabilization by the LNA
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modification and the kinetic parameters, the increase in k,, and
decrease in kog. Moreover, thermodynamic parameters
evaluated from the kinetic parameters showed quantitatively
that LNA modification stabilizes the parallel duplex by 3.6 kcal
mol™! per modification. This large stabilization was due to the
decrease in AH° that is more favorable than the decrease in
TAS®. Because the parallel and antiparallel duplexes have the
same GC content, these quantitative parameters demonstrated
that LNA modification specifically stabilized the noncanonical
parallel duplex. On the basis of this stabilization, we succeeded
in stabilizing the parallel duplex by LNA modification at physio-
logical pH, which is useful in the design of an oligonucleotide
hybridizing to a target molecule in parallel manner. Recently, it
was reported that molecular crowding, which is one of the
critical differences between test tube and living cell conditions,
stabilizes and destabilizes the parallel and antiparallel duplexes,
respectively.*” Thus, the parallel duplex should be more
stabilized by the combination of cell-mimicking molecular
crowding and LNA modification. Although further studies are
required, these results indicate that the noncanonical DNA
structures stabilized by the cellular conditions and chemical
modification are useful in the design of new DNA molecules
functioning in living cells.
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