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Abstract

The electronic properties of double strands composed of trimeric LNA, PNA, DNA and RNA single
strands were investigated by density-functional molecular orbital calculations. The computed
hybridization energies for the double strands involving PNA or LNA are larger than those for DNA-
DNA and RNA-RNA. The larger stability is attributed to the presence of a larger positive charge of
the hydrogen atoms contributing to the hydrogen bonds in the PNA-DNA and LNA-DNA double-
strands. These results are comparable to the experimental finding that PNA and LNA single strands
display high affinity toward a complementary DNA or RNA single strand.

1. Introduction

In the recent developments of new DNA arrays, significant progress has been made toward a
rapid and accurate detection of specific DNA sequences. To produce highly sensitive DNA
sensors, it is essential to develop an oligomer having stronger hybridization with a
complementary single-strand DNA. Many types of modifications have been introduced into
native nucleic acids for developing nucleic acids with high affinity toward DNA, such as
peptide nucleic acid (PNA), locked nucleic acid (LNA) and so on.

PNA was developed [1] as a new oligomer having high affinity hybridization with single-strand
DNA. PNA is a nucleic acid analogue of DNA, in which the phosphate backbone of DNA is
replaced with a structurally homomorphous pseudopeptide backbone. The melting
temperatures for PNA-DNA and DNA-DNA double-strands with 15 base pairs into their single
strands are 69°C and 54°C, respectively [2], indicating PNA-DNA is more stable than DNA-
DNA. In our previous studies [3,4], the electronic properties of DNA-DNA and PNA-DNA
double strands containing 3 to 6 base pairs were examined theoretically by density-functional
theory (DFT)calculations to elucidate that the binding energies for PNA-DNA double strands
are greater than those for the DNA-DNA. In addition, this greater stability of PNA-DNA double
strands was attributed to the presence of a larger positive charge on the hydrogen atoms
involved in the hydrogen bonds between PNA and DNA strands [3,4].
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LNA was prepared as an ideal oligomer for recognition of RNA [5]. LNA is a nucleic acid
analogue of RNA, in which the furasnose ring of the ribose sugar is chemically locked by the
introduction of a methylene linkage between O2 and C4’, as shown in Fig. 1. It was
experimentally found [5] that LNA displays high affinity toward both DNA and RNA single
strands having a complementary base sequence to form the double-stranded LAN-DNA and
LAN-RNA by hybridizing with Watson-Crick type hydrogen bonds. The melting temperatures
of LNA-RNA and LNA-DNA double strands are 2-10 °C and 1-8 °C higher than those of
DNA-RNA and DNA-DNA, respectively [5]. Therefore, it is expected that LNA single strand
may accomplish stronger hybridization with DNA as well as RNA. However, the origin of the
stronger hybridization of LNA-DNA and LNA-RNA double strands has never been elucidated
theoretically.

In the present study, we investigated the electronic properties of double-stranded nucleic acids
with 3 base pairs including LNA, PNA, RNA and DNA by DFT calculations. From the
comparison of the calculated results, we attempted to elucidate which nucleic acid is the most
favorable for high-affinity hybridization.

2. Details of calculations

Initially, we constructed trimeric DNA-DNA, RNA-DNA and RNA-RNA double strands with
the standard A-form as well as B-form conformations by using the molecular modeling
software HyperChem [6]. The base sequences of these strands are d(CAG),. The 3’ and 5’
ends of these double-strands were terminated by hydrogen atoms. To neutralize the negative
charges of the PO, parts of DNA and RNA backbones, counter ions (Na*) were added to the
PO, parts. The positions of the terminal hydrogen atoms and Na* ions were optimized by
classical molecular mechanics (MM) calculations based on AMBER [7] force field. The
remaining parts of the these double-strands were fixed to the standard A- or B-form, because
the classical MM optimization often causes a distorted structure for stacked base pairs in the
double strands.

In constructing the PNA structure, the backbone of DNA was replaced by the corresponding
PNA backbone as described in our previous studies [3,4]. The structure of the PNA backbone
was partially optimized by the MM method based on AMBER force field to obtain a stable
PNA backbone. The structure thus obtained was confirmed to be reliable by comparison with
the experimental structure [8]. In the present study, we adopted the antiparallel conformation
for PNA-DNA and PNA-RNA double strands, in which the N-terminus of the PNA strand is
oriented toward the 3’ end of the complementary DNA or RNA strand.

In addition, the structures for LNA-LNA, LNA-DNA, LNA-RNA and PNA-LNA double
strands were constructed by the modification of the ribose sugar part of nucleic acid as shown
in Fig. 1. The structure of the modified ribose sugar part of LNA was partially optimized by
the MM method.

In our previous DFT studies [3,4] for the DNA-DNA and PNA-DNA duplexes having 3 to 6
base pairs, the Perdew-Wang91 functionals (PW91) [9,10] for exchange and correlation
energies and the 6-31++G**, 6-31G** and 4-31G** basis sets implemented in the ab initio
molecular orbital (MO) program Gaussian03 (G03) [11] were used. In the present study, we
used the PW91 functionals and the 6-31G** basis set. Because the binding energy between
the two strands calculated in a finite basis set is subject to a basis set superposition error (BSSE),
the binding energy was appropriately corrected by the counterpoise calculation [12,13]. All
MO calculations were performed by the GO3 program package [11].
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3. Results and discussion

The constructed structures of PNA-DNA and LNA-RNA double strands having 3 base pairs
are shown in Fig. 2. With the structure of the base-pair parts fixed, all the other structural
parameters were optimized in a vapor phase by the classical MM method based on AMBER
force field. In our previous studies [3,4], we confirmed that the structures of backbones for the
PNA-DNA and PNA-PNA double strands optimized by the classical MM method are
comparable to those obtained by earlier MD simulations [14] as well as the experiment [15,
16]. To confirm the reliability of the constructed LNA structures, we compared the bond lengths
and torsion angles in the ribose sugar part of LNA for the constructed LNA-LNA, LNA-DNA,
LNA-RNA and PNA-LNA with those obtained by experiment [17]. These values are listed in
Table I, where the calculated values are the average over the constructed LNA-LNA, LNA-
DNA, LNA-RNA and PNA-LNA. The assignment of each atom in Table I is shown in Fig. 1.
The calculated values for A- and B-form conformations are almost the same with each other,
and they are comparable to the experimental values, indicating that the structures of the ribose
sugar part of LNA obtained by the present study are reliable.

The computed total energies and binding energies for the B- and A-form double strands having
the base sequence 5’-CAG-3’ are shown in Table Il and Table 111, respectively. The binding
energies were appropriately corrected by the counterpoise (CP) calculations [12,13] such as
CP-RNA and PNA-CP. The double strands are listed in decreasing order of binding energy in
Table Il and Table I11. Comparison of the binding energies for B- and A-form double strands
indicates that the binding energy of B-form is greater than that of A-form for all double strands
but RNA-RNA. Therefore, we employed the A-form RNA-RNA and the B-forms for all the
other double strands to investigate their electronic properties.

Generally, RNA double strands as well as LNA have A-form conformations. The present DFT
calculations for both the A- and B-form double strands indicate that only the RNA-RNA prefers
to have A-form conformation. The theoretical result is consistent with the experimental finding
that RNA duplexes do not adopt any B-form geometry. On the other hand, the theoretical results
for LNA-LNA and LNA-RNA are contradictory. In particular, the binding energy (38.3 kcal/
mol) of A-form LNA-LNA is only half that (73.6 kcal/mol) of B-form LNA-LNA, indicating
that the latter is much more stable than the former.

The binding energy of B-form PNA-RNA is the largest (74.7 kcal/mol), while that of A-form
RNA-RNA is the smallest (64.0 kcal/mol). The most remarkable finding is that the replacement
of DNA or RNA in the DNA-DNA or RNA-RNA double strands by the LNA or PNA single
strand gives rise to greater binding energies of the double strands. Table Il demonstrates that
the binding energies of PNA-DNA (71.5 kcal/mol) and LNA-DNA (72.2 kcal/mol) are greater
than that of DNA-DNA (65.7 kcal/mol), and that those of PNA-RNA (74.7 kcal/mol) and LNA-
RNA (70.9 kcal/mol) are also greater than that of RNA-RNA (59.7 kcal/mol). These results
are consistent with experiment [2,5] showing higher affinity of PNA and LNA single strands
to a complementary DNA or RNA single strand.

In order to elucidate the origin of the larger binding energy for PNA-DNA compared with
DNA-DNA, we investigated in our previous studies [3,4] the charge distributions around the
hydrogen bonds connecting the two single strands. The computed Merz-Kollman charge
distributions [18] clearly indicate that the hydrogen atoms involved in the PNA-DNA hydrogen
bonds possess greater positive charges than those in DNA-DNA, leading to stronger
hybridization between PNA and DNA. In the present study, we thus investigated the charge
distributions for all double strands in the same way as the previous study. Table IV lists the
atomic charges obtained by the PW91/6-31G** calculations. The average value means the
average for all oxygen, nitrogen or hydrogen atoms contributing the hydrogen bonds between
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the single strands. The average charges of hydrogen atoms contributing to the hydrogen bonds
for PNA-DNA and LNA-DNA are 0.52 and 0.49, respectively, which are larger than that (0.44)
for DNA-DNA. In addition, the average charge of hydrogen atoms in PNA-RNA (0.49) and

LNA-RNA (0.57) are greater than that for RNA-RNA (0.45). It is thus concluded from Table
IV that the hydrogen atoms contributing to the hydrogen bonds between single strands for the
double strands involving PNA or LNA have greater positive charges than those for the DNA-
DNA or RNA-RNA double strands. This fact leads to the greater binding energies of PNA-

DNA, LNA-DNA, PNA-RNA and LNA-RNA compared with the DNA-DNA and RNA-RNA.

The recent experimental study [19] on the deuterium isotope effect of RNA and DNA
dodecamers suggested that N1-N3 hydrogen bond for A-U base pair in a RNA double strand
is about 3 % stronger than that for A-T base pair in DNA double strand. Our DFT results shown
in Table 1V indicate that the averaged charge (0.45) of hydrogen atoms contributing to the
hydrogen bonds in the A-form RNA-RNA is slightly larger than that (0.44) in the B-form DNA-
DNA. In addition, the size of average atomic charges for oxygen and nitrogen atoms is also
greater in RNA-RNA than that in DNA-DNA, indicating that the hydrogen bonds in RNA-
RNA are stronger than those in DNA-DNA. These calculated results are qualitatively
consistent with experiment.

To compare the chemical reactivity of double strands, the energy levels and the spatial
distributions of the MOs lying near the highest occupied MO (HOMO) and the lowest
unoccupied MO (LUMO) were examined. The energy distributions of these MQOs are shown
in Fig. 3, and Table V lists the energy levels and spatial distributions of HOMO-1, HOMO and
LUMO. The HOMO-LUMO energy gap for PNA-DNA is the largest (0.81 eV), while that for
RNA-DNA is the smallest (0.20 eV). Table V indicates that the replacement of DNA single
strand of DNA-DNA by PNA or LNA causes the increase of HOMO-LUMO gap, whereas the
replacement of RNA single strand in RNA-RNA by PNA or LNA makes the HOMO-LUMO
gap smaller. Therefore, the replacement of DNA or RNA by PNA or LNA significantly alters
the chemical reactivity of the DNA-DNA and RNA-RNA double strands.

Since the HOMO and LUMO, respectively, mediate the hole and electron transfers through
DNA, the spatial distributions of HOMO and LUMO are of crucial importance for the
understanding charge-transfer pathway. As shown in Table V, the LUMOs in all double strands
but for the PNA-PNA are distributed on the counter ions near the guanine base, indicating the
possibility that electron transfers through the counter ions lying near the PO, parts of the
backbone with guanine base. In addition, the HOMO for PNA-PNA is distributed in the
backbone of G3, whereas the HOMOs for the other double strands are localized in guanine
base. These results indicate that the spatial distributions of HOMO and LUMO are significantly
affected by replacing both strands of DNA-DNA by PNA, resulting in the completely different
charge-transfer pathway through PNA-PNA from the other double strands.

4. Conclusions

To elucidate the difference in electronic properties between double strands involving LNA,
PNA, RNA and DNA single strands, we theoretically investigated the binding energies between
strands, and the distributions of charge and molecular orbitals. The computed binding energies
for double strands involving PNA or LNA are greater than those for the DNA-DNA and RNA-
RNA double strands. This large stability of double strands with PNA or LNA is attributed to
the presence of a larger positive charge on the hydrogen atoms contributing to the hydrogen
bonds between the single strands. The present DFT study suggests that PNA and LNA single
strands have high affinity toward a complementary DNA or RNA single strand. The energy
levels and spatial distributions of HOMO and LUMO, which play a major role in charge
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nduction through the double strands, are significantly modulated by the replacement of DNA

by PNA.
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Figure 1.
Chemical structure of the ribose sugar part of LNA and the assignment of atoms.
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Figure 2.

Optimized structures of (a) A-form PNA-DNA, (b) B-form PNA-DNA, (c) A-form LNA-RNA
and (d) B-form LNA-RNA with the base sequence 5’-CAG-3’ obtained by the molecular
mechanics calculations based on AMBER force field. Counter ions (Na*) were added to the
phosphate units of the DNA, RNA and LNA backbones.
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Figure 3.

Distributions of energy levels of MOs existing near the HOMO (H) and LUMO (L) for the B-
form double-strands having the base sequence 5’-CAG-3’ constructed with LNA (L), PNA
(P), RNA (R) and DNA (D) single-strands. The HOMOs for PNA-RNA, LNA-LNA, PNA-
DNA and DNA-DNA are doubly degenerate as shown in Table V. These HOMOs are indicated
by H*. It is noted that the results for A-form double strand are listed for RNA-RNA, because
A-form is more stable than B-form for only RNA-RNA.
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Table |
Bond lengths (A) and torsion angle (degree) of the ribose sugar part of LNA obtained by the experiments [17] and the present
calculations for A- and B-form double-strands. The calculated values are the average over the constructed LNA-LNA, LNA-DNA,
LNA-RNA and PNA-LNA. The assignment of each atom is shown in Fig. 1.
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Table Il
Total energies (Hartree) and binding energies (kcal/mol) between single-strands for the B-form double-strands having the base
sequence 5’-CAG-3’. The binding energy was appropriately corrected by the counterpoise (CP) calculations [12,13] and denoted
such as CP-RNA and PNA-CP. The double-strands are listed in decreasing order of binding energy.

Z
f Total energy Binding energy
.'U
> PNA-RNA CP-RNA PNA-CP PNA-RNA
> —7011.054 —4070.382 —2940.552 —74.7
= LNA-LNA CP-LNA LNA-CP LNA-LNA
g —8461.846 —4237.481 —4224.248 —73.6
% RNA-DNA CP-DNA RNA-CP RNA-DNA
o —8007.237 —3884.229 —-4122.892 -735
g LNA-DNA CP-DNA LNA-CP LNA-DNA
wn —8121.823 —3884.228 —4237.480 —72.2
o
g' PNA-DNA CP-DNA PNA-CP PNA-DNA
—~ —6824.213 —3883.616 —2940.483 715
LNA-RNA CP-RNA LNA-CP LNA-RNA
—8307.992 —4070.387 —4237.492 -70.9
PNA-LNA CP-LNA PNA-CP PNA-LNA
—7164.875 —4224.212 —2940.552 —69.7
PNA-PNA CP-PNA PNA-CP PNA-PNA
> —5867.590 2927.264 —2940.216 —69.1
f DNA-DNA CP-DNA DNA-CP DNA-DNA
'IU —7781.209 —3883.613 —3897.492 —65.7
> RNA-RNA CP-RNA RNA-CP RNA-RNA
> —8193.385 —4070.357 —-4122.933 —-59.7
c
=
0
o
-
<
Q
>
[
wn
o
=.
©
=
=
o
o
>
>
c
=
0
o
=
<
Q
>
=
wn
o
=.
o
=
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Table llI
Total energies (Hartree) and binding energies (kcal/mol) between single-strands for the A-form double-strands having the base
sequence 5’-CAG-3’. The binding energy was appropriately corrected by the counterpoise (CP) calculations [12,13] and denoted
such as CP-RNA and PNA-CP. The double-strands are listed in decreasing order of binding energy.

Z
f Total energy Binding energy
.'U
> LNA-RNA CP-RNA LNA-CP LNA-RNA
> —8308.312 —4070.718 —4237.489 —65.9
= RNA-RNA CP-RNA RNA-CP RNA-RNA
g —8194.038 —4070.679 -4123.257 —64.0
% PNA-RNA CP-RNA PNA-CP PNA-RNA
o —7010.768 —4070.154 —2940.520 -59.0
g PNA-PNA CP-PNA PNA-CP PNA-PNA
wn —5867.448 —2926.841 —2940.522 -53.3
o
g' PNA-DNA CP-DNA PNA-CP PNA-DNA
—~ —6824.110 —3883.525 —2940.521 —40.2
LNA-LNA CP-LNA LNA-CP LNA-LNA
—8460.753 —4223.200 —4237.492 -38.3
PNA-LNA CP-LNA PNA-CP PNA-LNA
—7163.880 —2940.520 —-4223.301 -37.0
RNA-DNA CP-DNA RNA-CP RNA-DNA
> —8006.624 —3883.343 —-4123.258 -14.4
f LNA-DNA CP-DNA LNA-CP LNA-DNA
'IU —8121.056 —3883.550 —4237.491 -9.4
> DNA-DNA CP-DNA DNA-CP DNA-DNA
> —7781.220 —3883.540 —3897.666 -8.8
c
=
0
o
-
<
Q
>
[
wn
o
=.
©
=
=
o
o
>
>
c
=
0
o
=
<
Q
>
=
wn
o
=.
o
=
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