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which the naphthyridine dimer was covalently bound
through 3, 2, and 1 PEO units, respectively. The buffer
nsed for the analysis was 10 mM of HEPES (pH=7.4)
containing 150 mM of NaCl. The measurements were
carried out at 235 °C. Because the degree of immobiliza-
tion of the ligand on the surface was different for Sen-
sors 1, 3, and 4, the SPR intensity was normalized, and
was quoted in units of mass of DNA bound to a unit
per immobilized ligands (pg of DNA per pmol of an
immobilized ligand) (Fig. 2). A prototype of the sensor
where 2 was immobilized showed a signal intensity of 94
pg-pmol~! after a period of 180 s after the injection of
CGG/GCC. As can be seen from Figure 2, the SPR
intensity increased to 1.5x10%, 4.9x10?%, and 1.2x10°
pg-pmol~! as increasing the number of PEO units
incorporated in the linker from one to three. The signal
obtained for Senmsor 1 is about 13-fold stronger in
intensity than that obtained for 2-immobilized sensor.
Further incorporation of the PEO unit in the linker did
not produce remarkable signal enhancement.

Having found that the incorporation of three PEO units
significantly increased the SPR intensity, we then deter-
mined the detection limit of the G-G mismatch duplex
by using Sensor 2. A distinct SPR signal was observed
for CGG/GGC at a concentration of 1 nM, whereas
duplexes containing a G-A mismatch (XYZ/X'Y'Z' =
CGG/GAC), a G-T mismatch (XYZ/X'Y'Z'=CGG/
GTC), and a G-C match (XYZ/X'Y'Z'=CGG/GCC)
base pair did not show any significant signal (Fig. 3).
Further lowering of the concentration of CGG/GGC
resulted in a Joss of signal. By using a refined linker with
three PEQ units for the immobilization of the naph-
thyridine dimer and the Biacore 2000 instrument, a
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Figure 2. Binding of 27-mer duplex 5'-d(GTT ACA GAA TCT XYZ
AAG CCT AAT ACG)-3/3-d(CAA TGT CTT AGA X'Y'Z' TTC
GGA TTA TGC)-5 (1.0 uM) containing the G-G mismatch (XYZ/
X'Y'2! = CGG/GGC) to the naphthyridine dimer-immobilized sensors
(Sensors 1, 3, and 4) possessing 2 different length of PEQ unit. Key: (a)
Sensor 1, (b) Sensor 3, () Sensor 4, and (d) 2-immobilized sensor. The
signal intensity represents an amount of DNA (pg) bound to a unit
amount (pmol) of each immobilized ligand on the surface.

concentration of 1 nM for the 27-mer duplex was found
to be the lower limit for the detection of the G-G mis-
match. Because the SPR intensity increased with
increasing molecular weight of the analyte, the detection
limit of longer duplexes containing the G-G mismatch
would be below 1 nM. :

The effect of the sequence flanking to the G-G mis-
match on the SPR detection by the 1-immobilized sur-
face was investigated by analyzing 10 G-G mismatches
by Sensor 1. The sensorgrams were obtained by apply-
ing 1 pM of XYZ/X'Y’'Z’ to Sensor 1. The SPR signals
for all the G—G mismatches were clearly detected and

12
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Figure 3. Detection of mismatched DNAs at a concentration of 1 M
by Sensor 2. Key: (a) CGG/GGC, (b) CGG/GAC, (¢) CGG/GTC, and
(d) CGG/GCC.
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Figure 4. Sensorgrams obiained for the binding of XYZ/X'Y'Z' to
Sensor 1 at a concentration of | pM duplex. Binding was measured for
180 s and dissociation for 120 5. Key: (a) GGC/CGG, (b) CGG/GGC,
{c) CGC/GGG, (d) TGG/AGC, (¢) TGA/AGT, () AGG/TGC, (g)
TGC/AGG, (h) AGC/TGG, (i) AGA/TGT, () AGT/TGA, (k) CGG/
GAC (GA mismatch).
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sequence dependent on the flanking base pairs (Fig. 4).
The strongest SPR signal was observed for the GGC/
CGG, whereas the weakest signal was observed for
AGT/TGA. The difference in SPR intensity between
these two G-G mismatches is about 6 folds. The G-G
mismatches flanking G-C base pairs binds to the 1-
immobilized surface stronger than those flanking A-T
base pairs. These observations are in good agreement
with the results obtained by DNase I foot print titration
and UV-melting studies of duplexes containing the G-G
mismatch in the presence of 1.!* In contrast, the SPR
signal observed for the G—A mismatch was quite weak
as compared to those of the G-G mismatch. These
results showed that Sensor 1 is capable of detecting the
G-G mismatch in duplex DNA irrespective of the
sequence flanking to the mismatch.

Unlike most SPR studies using the surfaces where mac-
romolecules were immobilized, the drug-immobilized
surface was extremely sensitive to the way of drug
immobilization due to a small molecular size relative to
the surface and its hydrophobic character. The studies
described here reveal that incorporation of three PEO
linker units between naphthyridine dimer and the dex-
tran surface is especially effective in increasing the SPR
sensitivity without losing the mismatch specificity.
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A recent experimental report on the suppression of the oxidative decomposition of guanines in deoxyribonucleic
acid (DNA) double helices due to the attachment of a phenyl group to a guanine [Nakatani, K.; Dohno, C,;
Saito, 1. J. Am. Chem. Soc. 2002, 124, 6802] is examined by semiempirical Hartree—Fock (HF) molecular
orbital (MQ) calculations and ab initio HF MO calculations with the STO-3G basis set. Because of this
attachment, the energy level of MO localized on the guanine shifts to lower energy in a vacuum, whereas it
shifts to higher energy in water, This is mainly because the energy reduction of MO levels by the water
solvent becomes smaller when the solvent molecules are excluded by the phenyl group. Consequently, a hole
trap is enhanced at the phenylated guanine base in water. The observed suppression of the oxidative
decomposition of guanines around the phenylated gnanine is thus explained by considering the solvent effects.
In addition, we have observed that energy shifts due to a benzyl group or a fer-butyl group are similar to

those due to the phenyl group in our calculation.

1. Introduction

Deoxyribonucleic acid (DNA) is one of the candidates for
next-generation electronic devices, because of the full control-
lability of its sequence, the self-assembling feature, and the
conducting properties. Especially, the conducting properties of
DNA have atiracted much attention in recent years and
numerous experimental studies have been reported.?~® However,
there are some obstacles to use DNA as a molecular device.
One of the obstacles is the oxidative decomposition; i.e., DNA
can easily be oxidized and subsequently decomposed at the
guanine bases.2671* Recently, it has been reported that the
oxidative decomposition is dramatically suppressed by attaching
a phenyl group to a guanine in a double-stranded oligodeoxy-
nucleotide (ODN).!# To suppress the oxidative decomposition
further, it is important to understand the role of N2-phenyldeoxy-
guanosine in DNA.,

Stimulated by the experimental studies, theoretical analysis
of the conducting properties of DNA has been performed by
many groups.!"~* For those analyses, the electronic structure
calculation gives a lot of information that is related to the
energetics and kinetics.22<3 For the study of the electronic
structure of DNA, it is important to include the solvent effect.
However, most of the earlier calculations of the electronic
structure of DNA are conducted in a vacuum, mainly because

* Author to whom correspondence should be addressed. E-mail ad-
dress: aokada@ims.tsukuba.ac.ip.

*IST.

¢ University of Tsukuba,

8 Toyohashi University of Technology.
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the caleulation including the solvent effect for this large
molecule is computationally demanding. As small fragments
of DNA, the solvent effect on the jonization potential of
nucleotides and a phosphorylated dinucleotide with counterions
has been studied intensively.?*® More recently, much-larger-
sized DNA systems have been studied including the solvent
effect.!=3* These studies further confirm the importance of the
solvent effect on the electronic properties of DNA.

In this paper, we analyze the energetics of the phenyl group
attachment to a guanine. One of the interesting results found in
ref 14 is that the oxidative decomposition is suppressed not only
at the phenylated guanine but also at the guanines around the
phenylated one. If the role of the phenyl group is only to
suppress the deprotonation of the phenylated guanine radical
cation,?3+=3 a hole at the phenylated guanine has a greater
chance to be transferred to the neighboring guanine bases and
their oxidative decomposition will increase, which contradicts
the experimental observation."* To explain the experimental
results, we must examine energetics of this system. Here, we
perform semiempirical Hartree—-Fock (HF) molecular orbital
(MO) calculations and ab initio HF MO calculations with the
STO-3G basis set and find that the energy level of MO localized
on the guanine shifts to lower energy in a vacuum, whereas it
shifts to higher energy in water because of the attachment of a
phenyl group to a guanine. This is mainly because the energy
reduction of MO levels by the water solvent becomes smaller
when the solvent molecules are excluded by the pheny] group.
Consequently, a hole trap is enhanced at the phenylated guanine
base in water and guanines around the phenylated one have
fewer chances to trap a hole. The observed suppression of the

10.1021/jp037845s CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/04/2004
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Figure 1, Structure of ODN PGG. The numbers of atoms of ODN
GG and ODN GG are 390 and 400, respectively. The approximate
dimension of QDN GG is given as follows: (1) the distances between
the two P atoms located between the stacked Watson—Crick base pairs
are 17.76 and 18.21 A for the 4th and 55th fiber medel structures,
respectively; (2) the distances between the N1 site of the adenine at
each end of ODN GG are 16.85 and 16.98 A for the 4th and 55th fiber
model structures, respectively.

oxidative decomposition of guanines around the phenylated
guanine™ is thus explained by the solvent effects on the
energetics of DNA.

The paper is organized as follows. In Section 2, we explain
the methods in our calculations, such as the preparation of the
DNA structure, semiempirical and ab initic HF MO calculations,
and solvent models. In Section 3, the energy shift due to the
phenyl group attachment to a guanine in a double-stranded ODN
is shown as a main result. To assess the validity of our
calculations, we also show the results with other models, i.e.,
other semiempirical HF MO calculations, and ab initic HF MO
calculations with the STO-3G basis set. We then explain the
relation between the energy shift and the observed suppression
of the oxidative decomposition of guanines around the pheny-
lated guanine."* To ¢larify the origin of the energy shift, the
result is compared 1o the calculation of DNA with a H; cluster
(10 Hz molecules) in place of the pheny] group, where the Hy
cluster mimics the solvent-accessible surface of the phenyl
group. The solvent effect is further examined for DNA mole-
cules with other functional groups attached: a benzyl-group-
attached DNA and a terr-butyl-grouvp-attached DNA. Finally,
conclusions are given in Section 4.

2. Methods

The sequence 5-TAGGTA-3’ and its phenylated counterpart
5"-TAPMGGTA-3' appear as a part of the oligomers investigated
inref 14. We denote the former as ODN GG and latter as ODN
PGG (see Figure 1). The B-DNA structure of ODN GG with
backbones is constructed by the 3DNA v1.5 program.*? To
ensure that our conclusion is not dependent on the structure,
we have chosen two typical B-DNA structures in the calculation,
i.e., the 4th*® and 55th™ fiber models (see Tables $1 and S10
in the Supporting Information). These fiber models are deter-
mined by X-ray diffraction analysis. Therefore, only the
positions of the heavy atoms are identified. H atoms are attached,
and their positions are optimized using Austin Model 1 (AM1)*
in the MOPAC2002 v1.0 program.*! (We do not use the linear
scaling calculation program MOZYME that is implemented in
MOPAC2002.) The geometry optimization of the H atoms in
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TABLE 1: Differences in Vertical Ionization Potentials (IPs)
between Guanine and other DNA. Bases, and Differences in
Oxidation Potentials (OPs) between Deoxyguanosine and
Other Nucleosides?

OP (V)
AMI1

PV optimized  default
AM1 experiment® vdW radii¢ vdW radii? experiment
A 0.09 0.20 dA 023 0.16 0.49¢
c 070 0.70 dC 0.76 0.63 0.65¢
T 093 0.90 dT 0.73 0.58 0.62°
"G —0.01 —-0.17 0.03

2 The geometries are optimized by AML. ? Data from ref 44. < Data
from ref 43. 4 Data from ref 41, ¢ Data from ref 45. f Data from ref [4.

the water solvent is performed by AMI with the conductor-
Tike screening model (COSMO).*2* The structure of ODN GG
is obtained by attaching the phenyl group to ODN GG and
optimizing the geometry of the phenyl group by AM1 (AM1/
COSMO) in a vacuum (water). Both the 4th and 55th fiber
models have similar global structural parameters; i.e., the helical
twists are 36° for both fiber models, and the rises are 3.38 and
3.39 A for the 4th and 55th fiber models, respectively. The
structural differences between these two fiber models are mainly
found in the sugar—phosphate backbone parameters. The
structures used in the calculations are given in Tables S1—S18
in the Supporting Information.

The electronic structure calculation is performed by the AM1
Hamiltonian®® implemented in 2 semiempirical MO program
MOPAC2002.4! The solvent effect is taken into account by a
continuum solvent model, ie, COSMO.524* We use the
Koopmans theorem to examine the energy shifts of MO energy
levels near the highest occupied molecular orbital (HOMQ) of
ODNs. The use of this method is justified in the following.

(1) As for the validity of the Koopmans theorem with AM1
and COSMO, we calculate the relative ionization potentials (IPs)
for bases in a vacuum and the relative oxidation potentials (OPs)
for nucleosides in water and compare them to experiments. The
root-mean-square (RMS) deviations between computational and
experimental results!'*4445 are 0.07 ¢V and 0.15 V (Table I
for [Ps and OPs, respectively.

(2) The aforementioned energy shifts obtained by the Koop-
mans theorem do not include the difference of the reorganization
energies between the guanine and phenylated guanine. However,
this difference, as evaluated from the experimental results,* is
less than ~0.13 eV (see Appendix for details). These values
are smaller than the energy change that is due to the attachment
of the phenyl group obtained by the Koopmans theorem and,
therefore, do not change our conclusion.

Our conclusions obtained visng the AM1/COSMO calcula-
tions are further confirmed by different models, ie., (i) the
MNDO—Parametric Method 3 (PM3) Hamiltonian!? with the
COSMO in MOPAC2002 and (ii) the generalized Bomn (GB)
model*® implemented in ABINTT/GB, which is an ab initic MO/
GB program package.®® The PM3 caleulation is performed in a
manner similar to that for the AMI calculation, except that the
geometries of H atoms and the phenyl group are optimized by
PM3. The ABINIT/GB calculations are performed with the
STO-3G basis set. We use the 4th fiber model structure, and
the geometries of H atoms and the phenyl group are optimized
by AMI,

The parameters used for the COSMO calculation are given
as follows. The dielectric constant of water is taken as ¢ = 78.4.
Because the van der Waals (vdW) parameters of COSMO
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implemented in MOPAC2002 are not optimized, we use the
optimized vdW parameters of COSMO for the density functional
formalism (DFT) calculation.®* Those optimized vdW param-
eters are expected to produce better results than the default vdW
parameters of COSMO (see the Supporting Information). In
fact, the RMS deviation between the experimental relative
OPs!44% and the computational OPs with the default vdW
parameters of COSMO in MOPAC2002* is 0.19 V, which is
larger than that with the optimized vdW parameters (i.e., 0.15
V; see Table 1). Among the optimized vdW radii, the vdW
radius for the P atom is not reported in ref 43. Instead, we use
a suggested value of 2.106 A as the vdW radius for the P atorn. %0
To assess whether the results in the following are unaffected
by the vdW radius of the P atom, we have also performed the
calculations for different vdW radii of the P atom (i.e., 1.906
and 2.306 A) and found that the results change little.

We report the results of the neutral DNA in water and in a
vacuum in the following, because the positions of the counter-
ions have been observed to have little effect on the energy
differences between the HOMO and other occupied MOs near
the HOMQ in the calculations including the Wwater solvent as
follows. The calculations in the water solvent have been
performed by considering ODN GG (ODN PGG) in both neutral
and ionic states. The calenlations of ODN GG (ODN PGG) in
ionic states have been performed by eliminating 10 H atoms at
the phosphate backbones and assigning the total charge of —10.
Our ionic state calculation corresponds to the case where the
counterions are far away from the DNA molecule, compared
to the solvent layers that are surrounding the DNA molecule,
The actual DNA molecule in an ionic state should be between
the neutral and our ionic state calculations. Our ionic state
calculation only gives mere energy shifts of 0.26—0.32 eV (see
Table $19 in the Supporting Information) for the occupied levels
near the HOMO, compared to the neutral one; i.e., the energy
differences between the HOMO and other occupied MOs near
the HOMO change little between the DNA in ionic and neutral
states in water (see Table 819 in the Supporting Information).

This can be understood as follows. We note here that the
first several occupied MOs near the HOMO of ODN GG in
water are all localized on bases. The energy levels of MOs
localized on a phosphate group are more than 1 eV lower than
the energy level of HOMO in the water solvent, which is
consistent with refs 29 and 30. Because the charge around the
phosphate group is surrounded by the solvent water, its
electrostatic effect on the MOs localized on bases is shielded.
The magnitude of the energy shifts is consistent with the
difference between the calculated IPs of a phosphorylated
dinucleotide with and without Na* cations in solution.*

The geometries of the heavy atoms of ODN GG and ODN
MGG (except the phenyl group) are not optimized in our
calculations. (The geometries of the H atoms are optimized in
both cases.) This is justified as follows. To see the effect of a
geomeltry optimization, we compare IPs of a guanine with and
without the geometry optimization by AMI for heavy atoms.
We are only interested in the energy shift that is due to the
attachment of the phenyl group to the guanine; therefore, the
difference of IPs between the guanine and phenylated guanine
is important. The change of the geometry causes a change of
the difference of IPs between the guanine and phenylated
guanine where the geometry of the heavy atoms of a guanine
is extracted from the fiber model structure, i.e., 0.05 and 0.04
eV for the 4th and 55th fiber model structures, respectively.
The energy change due to the attachment of the phenyl group
obtained by the Koopmans theorem is larger than those values.
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Figure 2. Encrgy shifts near the HOMO levels by the attachment of
a phenyl group to Gy with the 4th fiber model structure. Blue lines are
for the energy levels of the Gj localized orbitals, and red lines are for
the energy levels of the G4 localized orbitals. The energy levels of the
DNA—H; cluster systern, where the Hz cluster mimics the solvent
exclusion effect of the phenyl group (see Figure 4), are shown with
dashed fines. The AM1/COSMO method is used. The energy level of
MO localized on Gj shifts to lower energy in a vacuum (left panel). In
contrast, the same energy level shifts to higher energy in water (right
panef). Inset shows the sequence of investigated double-siranded DNA.
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Figure 3. Energy shifts near the HOMO levels by the attachment of
a phenyl group 10 Gs with the 55th fiber model structure. Blue lines
are for the energy levels of the Gj localized orbitals, and red lines are
for the energy levels of the Gy localized orbitals. The energy levels of
the DNA—H; cluster system, where the Ha cluster mimics the solvent
exclusion effect of the phenyl group (see Figure 4), are shown with
dashed lines. The AMI/COSMO method is vsed. The energy level of
MO localized on G; shifis to lower energy in a vacuum (left panel). In
contrast, the same energy level shifts to higher energy in water {right
panel). Inset shows the sequence of investigated double-stranded DNA.

3. Results and Discussion

3.1. Energy Shift of Molecular Orbital (MQ) Localized
on Guanine because of Phenyl Group Attachment and
Comparison with Experiment. First, we show the results of
the electronic structure calculation by AM1 with the COSMOQ
model. The HOMO and HOMO-1 energy levels are shown in
Figures 2 and 3. The bases that have the largest coefficients of
the HOMQ and HOMO-1 are indicated near the MO energy
levels. (The MOs are highly localized on a base except ODN
GG in water. The Coulomb interaction is strongly shielded in
water; thus, the sequence dependence of the potential on each
base due to the Coulomb interaction is rather suppressed.
Therefore, the energy levels of Gy and G4 in water are almost
degenerate and its HOMO and HOMO-1 levels are delocalized
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TABLE 2: Energy Levels (in V) of G; and G4 Localized
Orbitals of ODN GG and ODN ™GG for the 4th and 55th
Fiber Model Structures”

vacuum water
ODN GG ODN GG ODN GG ODN ™GG
4th fiber model
Gs ~6.58 —6.64 (—0.05) —8.11 -7.68 (0.43)
Ga —6.75 —6.76 (--0.01) -8.13 —7.91(0.22)
55th fiber model
G; —-6.67 ~6.71 (—0.04) —-8.05 —7.80(0.25)
Gy —6.84 —6.89 (—0.05) —3.08 —-7.97(0.11)

2 The number in parentheses shows the energy shift (in V) compared
to the energy levels of ODN GG. The PM3/COSMO methed is used.

TABLE 3: Energy Levels (in eV) of Gi and G4 Localized
Orbitals of ODN GG and ODN ™GG for the 4th Fiber
Model Structure”

vacuum water
ODN GG ODN MGG ODN GG ODN GG
Gy —3925 —3967(-0042) 5115 —5.03%(0.076)
G, —3.817 -3850(—0033) —5002 —4.592(0.010)

2 The number in parentheses shows the energy shift {in ¢V} compared
to the energy levels of ODN GG. The GB model implemented in the
ab initio MO calculation program ABINIT/GB with the STO-3G basis
set is used.

over those two bases.) Figures 2 and 3 indicate that attachment
of a phenyl group to Gy causes the following energy shifts of
the HOMO and HOMO-1: (i) in a vacuum, the energy level of
the Gi localized orbital shifts to lower energy and the energy
level of the G4 localized orbital changes little, whereas (i) in
water, the energy levels of the localized orbitals of both G3 and
Ga shift to higher values. The magnitude of change is larger
for G3. Consequently, the HOMO is localized on the phenylated
guanine.

In addition, we have examined the solvent effect by different
models, i.e., (i) the PM3 Hamiltonian?’ with the COSMO model
in MOPAC2002 and (ii) the GB model*® implemented in the
ab initio MO/GB program package ABINIT/GB.*° The ABINIT/
GB program has been successfully applied to many systems
(see, for example, ref 51). The PM3 calculation is conducted
in a manner similar to that of the AM1 calculation explained in
Section 2, except that the geometries of the H atoms and the
phenyl group are optimized by the PM3 Hamiltonian. The
energy shifts calculated by PM3 (Table 2) are very similar to
those calculated by AMI (see Figures 2 and 3). The ABINIT/
GB calculations are performed with the STO-3G basis set. We
use the 4th fiber model structure, and the geometries of the H
atoms and the phenyl group are optimized by AM1. The energy
shifts in Table 3 are again similar to those obtained by the AM1
calculations. These different types of calculations further confirm
that the energy level of MO localized on Ga shifts to higher
value in water because of the attachment of a phenyl group to
a guanine,

Experimentally, it has been observed that the introduction of
N2-phenyldeoxyguanosine significantly suppresses the oxidative
decomposition at the phenylated base as well as other guanine
bases.™ Because the electronic energy levels of the phenylated
guanine are higher than those of other guanine bases, the
phenylated guanine has a greater chance to trap a hole than other
guanine bases, which leads to the suppression of the oxidative
decomposition of the guanine bases other than the phenylated
one, The trapped hole experiences the annihilation processes
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TABLE 4: Charge Distributions of HOMO, Which is
Localized on the PhiG3®

vacuum water
Gs phenyl group Gs phenyl group
4th fiber model 091 0.06 0.75 0.25
55th fiber model ~ 0.94 0.05 0.89 0.10

The AM1/COSMO method is used.
’ ag
W & m

Figuare 4. Structure of the H; cluster.

afterward, which results in the suppression of oxidative decom-
position of the phenylated guanine.!*

3.2, Origin of Energy Shift due to the Phenyl Group and
Cases of Benzyl Group and ferr-Butyl Group. The energy
shifts shown in Section 3.1 are mainly due to the following
two reasons: (i) the very existence of phenyl group prevents
water molecules from approaching DNA, especially near the
phenylated base; and (ii) attachment of a phenyl group to the
guanine causes charge transfer between the phenyt group and
guanine (see Table 4). To better understand them, we have
conducted AMI/COSMO calculations of DNA with a H; cluster
(10 H; molecules) in place of the phenyl group, where the H;
cluster mimics the solvent-accessible surface of the phenyl group
(see Figure 4). The geometry of the Hz cluster is determined
only from the geometry of the phenyl group, ie., two H;
molecules are assigned for each C—H of the pheny! group where
one of four H atoms is placed at the position of the H atom of
C—H and other three H atoms are placed around the C atom of
C—H (see Tables 56, 89, §15, and $18 in the Supporting
Information). Because there is little mixing between the MOs
of G4 and those of the H; cluster, we can selectively cbserve
the effect of the exclusion of the solvent. The energy levels
with the Ha cluster are indicated by dashed lines in Figures 2
and 3. In a vacuum, the energy levels of the HOMO and
HOMO-1 of the ODN GG-H; cluster system are very similar
to those of ODN GG, This is expected because the existence of
the H; cluster should have little effect on the energy levels of
DNA. In water, on the other hand, the energy shift due to the
H; cluster is similar to the shift due to the phenyl group,
especially for the Gy localized orbital. Because there is little
charge transfer from G, to the phenyl group, the energy shifts
of the Gy localized orbital due to the phenyl group and the H;
cluster are of the same origin, i.e., the solvent exclusion effect.
In the case of the G3 localized orbital, there is an additional
effect on the energy shift due to charge transfer between the
phenyl group and guanine (see Table 4). This may be the reason
for the discrepancies between the energy shifts by the phenyl
group and the H; cluster.

To further confirm the solvent exclusion effect, we have
performed AM1/COSMO calculations of a DNA molecule with
a benzyl group (—CH.CeHs) attached instead of one with a
phenyl group attached (i.e., 2 CH; spacer is inserted between
the guanine and the phenyl group). We then compare the results
to the corresponding DNA—H; cluster calculations (see Table
5). There is little charge transfer between the guanine and the
phenyl group, because of the spacer. Therefore, we can expect
that the MO energy levels near the HOMO without the benzyl
group are similar to those with the H; cluster in a vacuum,
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TABLE 5: Energy Le\"els (in eV) of G3 and G4 Localized Orbitals of ODN GG and a Benzyl-Group-Attached ODN GG, Which
is Denoted as ODN B:GG, for the 4th and 55th Fiber Model Structures?

vacuum water
QDN GG ODN GG ODN GG + H; cluster ODN GG ODN B:GG ODN GG + Hj; cluster

4th fiber model

G, —-6.86 —6.91 (—0.05) -6.86 (0.00) —8.29 —8.01 (0.28) —8.03 (0.26)

Ga —6.81 —6.96 (~0.15) —6.82 (—-0.0D -8.24 —8.15(0.09) —8.10(0.14)
55th fiber model

Gs —6.90 —6.98 (—0.08) —6.89 (0.01) —-8.20 —8.00 (0.20) —8.03(0.17)

Ga =7.04 =716 (—0.12) =7.05(—0.01) —8.22 —8.16 (0.06) -8.13 (0.09)

The energy levels (eV) of the ODN GG—H cluster system, where the Hz cluster mimics the solvent exclusion effect of the benzyl group, are
also shown. The number in parentheses shows the energy shift (in eV} compared to the energy levels of ODN GG. The AMI/COSMO method is

used,

TABLE 6: Energy Levels (in eV) of G; and G4 Localized
Orbitals of ODN GG and a fert-Butyl-Group-Attached ODN
GG, Which is Denoted as ODN ~™GG, for the 4th and 55th
Fiber Model Structures”

vacum water
ODN GG ODN '-B'GG ODNGG  ODNBGG
4th fiber model
Gs —6.86 -6.75(0.11) —8.29 =7.92(0.37}
G -6.81 —6.83 (—0.02) -8.24 —8.08 (0.16)
55th fiber model
Gs —6.90 —6.83 (0.07) -8.20 —7.94(0.26)
Ga —7.04 =7.00(0.04) -8.22 —8.07{0.15)

2The number in parentheses shows the energy shift (in V) compared
to the energy levels of ODN GG. The AM1/COSMO method is used.

whereas those with the benzyl group are similar to those with
the Hy cluster in water, because of the solvent exclusion effect.
The results show that this is indeed the case. In water, the energy
differences between the two HOMOs with the benzyl group
and with the H; cluster are <0.02 eV (see Table 5). Please note
that rather large energy shifts are found for Gy, because of the
geometry of the benzyl group. For the 4th fiber model, the
closest distance between the H atom in G, and the H atom in
the benzyl group is 2.02 A after the geometry optimization for
the benzyl group by AMI1.

If the large part of the energy shift is due to the solvent
exclusion effect, a similar energy shift is expected by attaching
an alkyl group to a guanine in a double-stranded ODN.
Therefore, we have performed AM1/COSMO calculations of
DNA with a zert-butyl group attached (i.e., the phenyl group is
replaced by the ters-butyl group). As is expected, the energy
shifts in water (Table 6) are similar to those with phenylated
guanine (see Figures 2 and 3). On the other hand, unlike the
phenylated case, the energy level of the Gy Jocalized orbital in
a vacuum shifts to higher energy by ~0.1 eV. However, our
assertion about the energy shift due to the solvent exclusion
effect is still valid, because the energy shifts are larger in water
than in a vacuum, by 0.27 and 0.19 ¢V in the 4th and 55th
fiber model structures, respectively.

The reason for the energy shift to higher energy because of
the solvent exclusion effect ¢an be explained as follows. The
MO levels near the HOMO of B-DNA shift to the lower energy
in water compared to that in a vacuum. This is consistent with
the finding that the energy levels of occupied MOs near the
HOMOQ of a phosphorylated dinucleotide in a vacuum shift to
Tower energy in water,’® (Note the difference of the energy levels
for vacuum and for water in Figures 2 and 3.) When the phenyl
group is attached to a base, the nearby bases experience a weaker
solvent effect. As a tesult, the localized orbitals around the
phenylated base shift to higher energies.

4, Conclusions

In conclusion, the energy level of a molecular orbital (MO)
localized on & guanine shifts to lower value in a vacuum but to
higher value in water, when a phenyl group is attached to the
guanine base in a double-stranded DNA. This is mainly because
the energy reduction of MO levels by the water solvent becomes
smaller when the solvent is excluded by the phenyl group. As
a result, we can expect that a phenylated guanine base has a
greater chance to trap a hole in water. The observed suppression
of the oxidative decomposition of goanines around the phen-
ylated guanine' is thus explained in terms of the solvent effects.
In addition, we have determined that the energy shifts due to
the benzyl group or the tert-butyl group are similar to those
that are due to the phenyl group in our calculation.

Supporting Information Available: Parameters used in the
COSMO calculations; geometry used in the calculations (Tables
S1—S18); comparison of the energy levels between DNA in
neutral! and ionic states in solution (Table S19). (PDF.} This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Appendix: Evaluation of the Reorganization Energies

Let us denote the reorganization energy of a guanine base as
l,-c’ and the solvent reorganization energy around the guanine
as l? when a hole is injected to the guanine. The total
reorganization energy around the guanine base A0 then is given
by

A9=28+ 47 (A1)

Similarly, we have

APRC == AP0 4 AP = 2P6 4 20 4210 (A2)
Here, we assume that the reorganization energy of the phen-
ylated guanine AP can be approximated by the sum of A% and
the reorganization energy of phenyl group A™. Therefore, the
difference of the reorganization energy between guanine and
phenylated guanine is given by

AG — 2ph0 o 3G . (3PhG 4 by (A3)
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The solvent reorganization energy of a DNA with a donor
{gzuanine), an acceptor (diol), and a bridge has been reported as
A, = 0.27 eV.4¢ Because the diol is exposed to the solvent, the
solvent reorganization energy around the donor is larger than
that around the acceptor. Therefore, the reorganization energy
due to the solvent around the guanine (J.f) is expected to be
less than a half of ;. When the phenyl group is attached to the
guanine, the solvent reorganization energy }.Ehc is smaller than
A8, The energy reduction is partially compensated by the
reorganization energy of the phenyl group ().,Fh). As a result,
the change of the reorganization energy that is due to the
attachment of the phenyl group to the guanine (2q A3) is
expected to be <0.13 eV,
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Abstract—Naphthyridine dimer composed of two naphthyridine chromophores and a linker connecting them strongly, and selec-
tively, binds to the guanine—guanine mismatch in duplex DNA. The kinetics for the binding of the G-G mismatch to the naph-
thyridine dimer was investigated by surface plasmon resonance assay. The sensor surface was prepared by immobilizing
naphthyridine dimer through a long poly(ethylene oxide) linker with the ligand density of 2.1x 10712 fmol nm~2, The kinetic analyses
revealed that the binding of the G-G mismatch was sequence dependent on the flanking base pairs, and the G—-G mismatches
flanking at least one G-C base pair bound to the surface via a two-step process with a 1:1 DNA-ligand stoichiometry. The first
association rate constant for the binding of the G-G mismatch in the 5-CGG-3'/3-GGC-5 sequence to the naphthyridine dimer-
immobilized sensor surface was 3.2x 10* M~'s~! and the first dissociation rate constant was 1.4x1072s™". The association and
dissociation rate constants for the second step were insensitive to the flanking sequences, and were almost of the same order of
magnitude as the first dissociation rate constant. This indicates that the second step had only a small energetic contribution to the
binding. The association constant calculated from kinetic parameters was 2.7x10° M~!, which is significantly smaller than the
apparent association constants obtained from experiments in solution. Electrospray ionization time-of-flight (ESI-TOF) mass
spectrometry on the complex produced from the G-G mismatch and naphthyridine dimer showed the formation of the 1:1 complex
and a 1:2 DNA-ligand complex in solution. The latter complex became the dominant complex when a six-fold excess of naph-

thyridine dimer was added to DNA.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Heteroduplex analyses'? are the methods that used for
the typing of single nucleotide polymorphisms (SNPs) in
testing sample DNAs by detecting the mismatched base
pairs in heteroduplex produced by strand exchange
between sample and the standard DNAs.> The absence
of the mismatched base pairs in a heteroduplex indicated
the absence of SNPs in the testing DNAs. Conventional
methods for the detection of mismatched base pairs in
heteroduplex analyses were enzymatic and chemical
cleavage at the mismatched sites,*® gel electrophore-
sis,2® and selective capture by mismatch-binding pro-
teins.!™! We,'>® and others,’®? have pursued a
modified method of heteroduplex analyses for the SNPs
detection by using small molecular ligands that can
selectively bind to the mismatched base pairs. Molecules
binding to the mismatched base pairs in hetereduplex

Kepwords: Mismatch; Kinetics; SPR; Naphthyridine.
* Corresponding author, Tel.: +81-75-383-2756; fax: +81-75-383-2759;
¢-mail: nakatani@sbchem kyoto-u.ac.jp

0968-0896/3 - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/5.bmc.2004.04.005

can substitute these low-throughput methods. We have
developed novel sensors for a surface plasmon reso-
nance (SPR) assay to detect the G-G,'* G-A,"" and C-
C'® mismatch duplexes. The G—G mismatch-detecting
sensor was prepared by immobilizing naphthyridine di-
mer 1,'? which strongly and selectively binds to the G-G
mismatch.!> SPR detects the change in the refractive
index caused by variation of the mass on the sensor chip
surface for example, when the analyte binds to the
immobilized ligand on the surface. The change in SPR
signal, termed the SPR response presented in resonance
units (RUY, is directly related to the change in surface
concentration of biomolecules. SPR response of
1000 RU is equivalent to the change in surface concen-
tration of | ng/mm?. Thus, the density of immobilized
ligands on the surface and amount of analyte bound to
the surface could be calculated by the difference in SPR
response before and after the analyses. The SPR signal is
monitored continuously so that chemical interaction
between ligand and DNA can be studied in real time.?
Naphthyridine dimer 1 {Chart 1) consisted of two 2-ami-
no-7-methyl-1,8-naphthyridines having complementary
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Chart 1. Structures of naphthyridine dimers and their hydrogen
bonding to guanines.

surface of hydrogen bonding to a guanine and a linker
connecting two chromophores. The sensor surface could
differentiate DNA containing the G-G mismatch from
that containing normal and other mismatched base pairs.

In addition to the thermodynamic studies, kinetic
analysis on the binding of the G-G mismatch to the
sensor would provide important information for the
molecular design of ligands targeting other mismatched
base pairs, and for improving the sensor sensitivity. The
density of the ligand immobilized on the surface of SPR
sensors significantly affects the sensitivity and the bind-
ing kinetics.>*** Sensors having a high ligand density on
the surface are suitable for the detection of the analyte at
low concentrations, whereas those having a low number
of ligands on the surface are recommended for kinetic
analysis. With the sensor surfaces that had a high ligand
density, most of the analyte in the solution was bound to
the surface, which increased the sensitivity of the sensor.
However, under these conditions, the degree of binding
was probably controlled by the rate of mass transport of
the analyte from the bulk solution to the surface. This
phenomenon, known as mass transport limitation,
yields incorrect kinetic parameters for ligand-analyte
binding.22 It is also conceivable that, for the sensor
surface with a high ligand density, the binding of the
analyte to the surface may involve more than one ligand,
which would result in complex binding kinetics. In this
paper, we have examined the kinetics of the binding of
the G-G mismatch duplex to the surface with regard to
a different sequence flanking to the mismatch, The
kinetic analyses revealed that (1) the binding of the
G-G mismatch was found sequence dependent on the
flanking base pairs, (2) the G-G mismatches flanking at
least one G-C base pair bind to the surface via a two-
step process with a 1:1 DNA-ligand stoichiometry, (3)
the first association rate constant largely determines the
over all efficiency of the binding, and (4) at an excess of
ligand concentration a complex with a 1:2 DNA-ligand
ratio became predominant.

2. Results and discussion

2.1. Preparation of naphthyridine dimer immobilized
sensor surfaces

Naphthyridine dimer 2 tethered to a long poly(ethylene
oxide) (PEQO) linker was immobilized on an activated

od Xo
1
0
2 + 0
1 §§§ : dextran matrix

CMS sensor chip

Sensor 1: LD = 9.1 x 10712

Scheme 1. Synthesis of naphthyridine dimer immobilized sensors.
(LD, fmol nm~3).

carboxyl terminal attached to the dextran surface
according to the procedure recommended by Biacore
(Scheme 1).¥ Immobilization of 1 to the SPR sensor
through a long PEO linker was found to significantly
increase the SPR intensity.® Thus, a 1 mM solution of 2
having a primary amino group at the linker termini in
10mM of a borate buffer (pH = 9.2) was applied to the
carboxylic acid of the CMS5 sensor chip activated with
N-hydroxysuccinimide and EDCI. The degree of
immobilization of the ligands was monitored by the
increasing SPR signal, and controlled by changing the
reaction time. After immobilization of the ligand, the
activated esters that remained intact on the surface were
destroyed by treating them with ethanolamine. We
synthesized a 2-immobilized sensor surface (Sensor 1) by
immohilizing 2 for 10 response units (RU). Sensor 1 had
a ligand density on the sensor surface of 9.1x
1072 fmolnm=? (1 RU = | pgmm2). Thus, one mole-
cule of 2 existed in an area of ca. 14x14nm? on the
surface. Under such an extremely low ligand density, it
is reasonable to assume that only one naphthyridine
dimer was involved in the binding of the G-G mismatch
to the surface.

2.2, Determination of the binding model

Before the kinetic analysis, the binding model of the
interaction between the G-G mismatch and 1 was
investigated by fitting the sensorgrams to a theoretical
binding curve. The 27-mer duplex 5-d(GTT ACA GAA
TCT XGY AAG CCT AAT ACG)-3/3-d(CAA TGT
CTT AGA X'GY' TTC GGA TTA TGC)-5 containing
the G-G mismatch (XGY/X'GY' = CGG/GGC) was
applied to Sensor 1 at DNA concentrations of 2, 5, and
10 uM. All the SPR measurements were carried out at a
temperature of 5°C. The observed sensorgrams were
analyzed by a simultaneous curve fitting method for all
the sensorgrams and also by an individual curve fitting
of each sensorgram using Marquardt-Levenberg
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" algorithms (Fig. 1).¥ With both methods, it was con-
firmed that the sensorgrams fit well to a two-state bind-
ing model (Eq. 1). However, neither fitted well to simple
bimolecular, heterogeneous, nor bivalent binding mod-
els. According to the curve fitting by two-state binding
model, the SPR response could be resolved into two
components, that is, SPR response due to the first state
forming (CGG/GGC-1), from G-G with 1 and the
following step producing (CGG/GGC-1)z from (CGG/
GGC-1), (Fig. 2). Because of two-state binding, the
fraction of (CGG/GGC-1), and (CGG/GGC-1)g in the
total complex bound to the surface was dependent on the
association time. After 90 s of association, the fraction of
(CGG/GGC-1), and (CGG/GGC-1)p were 11.5 and
5.1 RU, whereas it became 12.2 and 9.9 RU after 180s.

ki ke
COGIGGC +1 2 (CGGIGGC-1), =— (OGGIGGC-Dg (1)
kq kn

To confirm the two-state binding model, the binding of
CGG/GGC to Sensor 1 was examined for different

Response Unit
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Figure 1. Binding of CGG/GGC to Sensor I at different DNA con-
centrations. Binding was measured for 180s and dissociation for 220s.
DNA concentration was (a) 2, (b} 5, and (¢) 10puM. Experimental
curves {open square) were overlatd with the fitted curves (solid lines) to
the two-state model.
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Figure 2. Sensorgram of 2 pM CGG/GGC to Sensor 1. Shown is the
experimental curve {red square) overlaid with the fitted curve (sclid
black line) from two-state binding model. Simulated curves displaying
the initial binding (solid blue line} and subsequence binding (solid
green line) are the additive components from the fitted curve.
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Figure 3. Binding of CGG/GGC (2uM) at different association periods
to Sensor 1. Association period was (a) 360, (b) 300, (c) 180, and (d)
60s. Dissociation was measured for 300s. Response curves were
overlaid by zeroing the start of the dissociation phase. Observed
responses were normalized by setting the response at the start of the
dissociation phase (time = 0s) to 1.0.

association periods.** In the case of simple bimolecular
binding, the dissociation curves obtained for different
association periods would be superimposable by nor-
malizing the SPR intensity. In contrast, the dissociation
curves would not superimpose when the binding in-
volved two states, because the ratio of the two com-
plexes (e.g., (CGG/GGC-1), and (CGG/GGC-1)g) at
the initial state of the dissociation phase would be time-
dependent on the association phase. As can be seen from
Figure 3, the dissociation curves obtained for the asso-
clation periods of 60, 180, 300, and 3605 showed dif-
ferent  dissociation  profiles, and were not
superimposable on each other. A rapid dissociation was
observed with 60s of association, whereas a much
slower dissociation was observed when the G-G mis-
match duplex was contacted to the sensor for 360s.
When a bivalent binding (i.e., two molecules of naph-
thyridine dimer on the surface sequentially bind to the
G-G mismatch site) was involved in the interaction
between Semsor 1 and CGG/GGC, the dissociation
curves were not superimposable. However, bivalent
binding was excluded in this particular case, because of
the extremely low density of immobilized 2 on Sensor 1.
On the basis of these experimental results, the binding of
the G—G mismatch to Sensor 1 was concluded to pro-
ceed via two states, with the DNA-ligand ratio for the
binding being 1:1. While SPR detects the change of the
molecular mass on the sensor surface, it has been re-
ported that kinetic analysis can determines the confor-
mational change of the analyte bound on the
surface.>** The binding of the G-G mismatch to Senser
1 described here is considered as the case.

2.3. Effect of the flanking sequence on the binding kinetics

The kinetics for the binding of the GG mismatch DNA
to Sensor 1 were investigated regarding the 10 flanking
sequences (XGY/X'GY") (Fig. 4). The sensorgrams
obtained for the CGC/GGG, TGG/AGC, GGC/CGG,
TGC/AGG, AGG/TGC, AGC/TGG, and AGA/TGT
resembled those of CGG/GGC in shape, which validates
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Figure 4. Sensorgrams obtained for the binding of XGY/X'GY’ to Sensor 1 at the concentration of 2 uM duplex. Binding was measured for 180s and
dissociation for 220s. Experimental data (open square) were overlaid with the fitted curve (solid line) to the two-state model except (i), (j), and (k).
Key: (a) CGC/GGG, (b) CGG/GGC, (¢) TGG/AGC, (d) GGT/CGG, (2) TGCT/AGG, () AGGITGC, (g) AGC/TGG, (h) AGA/TGT, (i) AGT/TGA, ()

TGA/AGT, (k) CGG/GAC.

the analysis of these sensorgrams using a two-state
model. In contrast, the sensorgrams obtained for the
AGT/TGA and TGA/AGT, which have A-T base pairs
flanking the mismatch, showed a rapid increase and
decrease in SPR intensity, and were considerably dif-
ferent in shape from the other sensorgrams. Therefore,
analysis using a two-state model was not feasible for
these two sequences. It is worth noting that the G-G
mismatch in AGA/TGT, where one guanine was flanked
by two adenines, showed sensorgrams resembling that of
CGG/GGC, which could be analyzed by using the two-
state model.

The kinetic parameters for the eight G-G mismatches
were obtained by fitting the sensorgrams at a duplex
concentration of 2pM to the theoretical curve of the
two-state model supplied by BlAcore (Table 1). The
four kinetic parameters obtained for CGG/GGC were

3.2x10°M~'s7! for the first association rate constant
k1), 1.4% 1072 57! for the first dissociation rate constant
(ks), 0.8%10725"! for the second association rate con-
stant (k,7), and 6.6x 10~? s~! for the second dissociation
rate constant (kq;). The magnitude of the first associa-
tion rate constant, k,;, was sequence dependent. The
value of k4, was around 10~2s71, and it did not show any
obvious sequence dependence. The rate constants k,,
and ks for the second step were insensitive to the
flanking sequences, and were almost of the same order
of magnitude as k4. The equilibrium constant for the
second binding step is in the range of 0.4-4 for all G-G
mismatches, suggesting that the second step does not
directly correlated to the recognition of the G-G mis-
matches by 1. The reorganization of the bound DNA
duplex on the sensor surfaces is most plausible. These
kinetic data suggest that the important binding events
involving the intercalation of the naphthyridine chro-
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Table 1. Association and dissociation rate constants for the binding of the G-G mismatch duplexes to Sensor 1*

5-XYZ-3 K, (M) Ky (M-'s™) Ka (577) Ko (57h) Ka (57
3 XYZzZ.5

CGC 5.0%10° 9.4x10° 5.6x1077 1.3%10°2 44%107
GGG

CGG 2.7x10° 32%10° 1.4x10-2 0.8x102 6.6x107?
GGC

TGG 2.5%10% 2.8x10° 3.5x107? 28x10~? 8.8x 107
AGC

GGC 1.9%10% 2.5x10% 1.4%107* 6.6x107* 6.1x107*
CGG

TGC 1.3%10° 1.7x 103 6.0x10"? 2.0%10"? 4.5%107
AGG

AGG 5.1x10% 1.1x10° 1.4x10°* 49x10-? 7.6x107%
TGC

AGC 3.6x10¢ 3.9% 10 45%1072 1.8x1072 4.5%107%
TGG

AGA 3.5%10° 8.4x10? 8.7x10-? 43%x1073 1.2x1072
TGT

ACT ND® ND ND ND ND
TGA

TGA ND ND ND ND ND
ACT

CGG ’ ND ND ND ND ND
GAC

® The X, values were derived from the equation: X, = kaikar /a1 Koz
b Not determined due to the inconsistency of the binding model.

mophore onto the mismatched site, the formation of the
hydrogen bonds between naphthyridine and the guan-
ine, and a conformational change of the duplex occur in
the first step. The magnitude of k., ranged from
3.9x 102 M-!'s-! for AGC/TGG, to 9.4x 103 M5! for
CGC/GGG. The value of &, increased with increasing
number of G-C base pairs in the flanking sequence. The
G-G mismatches flanking the A-T base pairs were less
thermodynamically stable than were those flanking the
G-C base pairs.** This is rationalized by the improved
stacking stabilization of the G-G mismatch by the
flanking G-C base pairs compared with the A-T base
pairs.’>3¢ The observed sequence dependence of &, may
suggest that a partial stacking stabilization of the
incoming naphthyridine chromophore into the mis-
matched site by the flanking G-C base pair(s) acceler-
ates the binding, The G-G mismatches in the AGT/TGA
and TGA/AGT having no G—C base pairs in the flanking
sequence would be flexible in structure due to weak
stacking stabilization of the mismatched base pair, and
susceptible to intercalative binding with the naphthyr-
idine chromophore. The complexes thus formed, how-
ever, are not stabilized by stacking with the flanking A-
T base pairs, and this results in a rapid dissociation of
the complex. The binding of the G-G mismatches
flanking the G-C base pairs to the naphthyridine dimer
is much slower than that of the G-G mismatches
flanking the A-T base pairs. This is most likely due to
the greater energy required for the conformational
change of the stacked mismatched base pair.

The binding of the G-A mismatch to Sensor 1 was
studied to elucidate the kinetics of the binding of 1 to the
G-G mismatch from binding to a nonconsensus mis-
match. The SPR signals obtained for the G-A mismatch
having two G-C base pairs in the flanking sequence
(CGG/GAC) were weak, and the shape of the sensor-
grams was in-between those of the extremes of CGG/
GGC and AGA/TGT. Therefore, analysis of the sen-
sorgrams using the two-state model was not feasible
with Sensor 1. While the G-A mismatch in CGG/GAC
was flanked by two G-C base pairs, the sensorgrams
showed a rather rapid association and dissociation.
Because the thermodynamic stability of CGG/GAC
judged from its melting temperature is comparable to
that of CGG/GGC,'? the rapid association and dissoci-
ation may be attributable to an inconsistency in the
surface of the hydrogen bonding between the G-A
mismatch site and the naphthyridine dimers.

2.4, Implication for the binding model in solution

The association constant of K, =27 x 10°M~! for
CGG/GGC calculated from the four kinetic parameters
(K, = (kay - haz)/ (ka1 - kg2)) is significantly smaller than
the apparent K, of 1.9x10’M~! and 9.1x10°M™!
obtained in our earlier experiments using DNase I
footprint titration and isothermal titration calorimetry
(ITC), respectively.'’>'*3 The inconsistency of the
results we obtained in these studies using Sensor 1 with
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those obtained in solution is most likely due to a low
ligand density of Sensor 1, and suggests that a different
binding model may be involved in the solution phase.
This hypothesis was supported by the observations that
the binding of CGG/GGC to a l-immobilized sensor
with an increased ligand density by 50-fold to
4.7% 107" fmolnm™? (¢f. 9.1x 107 fmolnm™2 for Sen-
sor 1) became stronger for all G-G mismatches, but no
more fit to 1:1 binding mode! (data not shown). To gain
insight into the binding in solution phase, the complex
of the 11-mer duplex ¥-d(CTA ACG GAA TG)-3/3-
d(GAT TGG CTT AC)-¥ (cgelgee) containing the G-G
mismatch in the sequence of YCGG3/3'GGCS and 1
was analyzed by electrospray ionization time of flight
mass spectrometry (ESI-TOF MS).*® When cgg/gge
(20pM) and 1 (20pM) were mixed in a 1:1 ratio in
100 mM of ammonium acetate in 50% methanol solu-
tion, we observed the [M — SHJ’~ ions corresponding to
the 1:1 (cgg/ege—1) and the 1.2 (cgg/gge—1-1) complexes
as well as the [M — SH)*~ ions of the intact duplex (Fig.
5). The 1:2 DNA-ligand complex became dominant in
the mass spectra in the presence of a sixfold excess of 1
in solution. These results suggested that, in addition to
the 1:1 binding, a }:2 binding could also contribute to
the high affinity of 1 to the G—G mismatch in solution
under a high DNA-ligand ratio (Eq. 2). While the
structure of the 1:2 complex discovered in these studies

{a) 800

[eggigge]™

Intensity
g 2

8
=]

(0}

leag/gge)™
800 F
[cggigge-1 ]5" [cgg/gge-1-1 ]5—
-
g 400 ‘ l
200 1
0 % it Mum..;mm.i;.w
“ [cag/gge-1-1]*~
&0 |
z [gge-1-1* [/099-1-1]3-

Figure 5. ESI-TOF mass spectra of 11-mer duplex cgg/gge in the
absence and presence of 1. Samples contained 20 pM duplex in 50%
agueous methanol and 100mM NH,OAc with 1 at a concentration of
(2} 0, (b) 20, and (c) 120 pM. For clarity, the range of m/z from 1330 to
1600 was shown. The jons of the indicated composition accompanied
by ions of ammonium adducts.

is beyond our knowledge at this moment, the sequence
dependence of the SPR intensity obtained by Sensor 1
may implicate the binding of naphthyridine dimer not
only to the G—G mismatch but also to the flanking base
pairs.

1
cggfgge + 1 = cgglege-l L~ cgg/gge1l @

3. Conclusions

The kinetic analysis of the G-G mismatch to Sensor 1
confirmed the 1:1 binding. The binding involves two
steps, and the efficiency of the binding is governed by the
rate of the first binding step of the mismatch to the
naphthyridine dimer. In addition to the 1:1 binding,
ESI-MS measurements on the complex showed that a
bivalent binding mode was also involved in the binding
in solution. These observations are important clues for
the design of novel ligands that strongly and selectively
bind to the mismatched sites.

4. Experimental

4.1. Immobilization of naphthyridine dimer to the surface
of SPR sensors

All immobilization were performed in HBS-N running
buffer (0.01M HEPES, pH74, 0.15M NaCl) using
Biacore2000 instrument (Biacore, Uppsala, Sweden) at
25°C. Naphthyridine dimer 2 was attached to the dex-
tran surface of the sensor chip (CMS5, Biacore) following
a 10min activation of surface carboxyl groups using a
1:1 mixture of 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDCI) (IM) and N-hy-
droxysuccinimide (0.25 M) with a flow rate of 5 uL/min.
A ImM solution of 2 in 10 mM borate buffer (pH9.2)
was injected until the desired level of response units
(RU) had been reached. One flow channel was always
left as a blank for a reference. Following attachment, the
remaining carboxyl groups on the surface were quen-
ched with 35 pL of 1 M ethanolamine, pH 8.5 with a flow
rate of 10 uL/min.

4.2. SPR measurements

SPR measurements were performed in HBS-N running
buffer at 4 or 25°C. Binding was measured for 180s and
dissociation for 220s before regeneration unless other-
wise noted. DNA samples bound on the surface were
removed following each measurement by using 7M urea
as regeneration solution at 100 pL/min for 24 min.

4.3. Kinetic analysis of sensorgrams

Response curves used for the fitting were prepared by
subtracting the signal generated simultaneously on the
flow cell for the control. The response curves obtained
for various concentrations of analyte were globally or
locally fitted to binding models supplied with the ana-
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Iytical software of BIA evaluation 3.0. These include
simple bimolecular {A + B to AB), heterogeneous (A +B
to AB1; A+B2 to AB2), the two-state (A+3B to AB
then to ABx), and a bivalent analyte (A+ B to AB and
AB+B to ABB) binding models.

4.4, ESI-TOF measurements

ESI-TOF measurements were carried out with JEOL
AccuTOF equipment. A solution containing 11-mer
duplex containing a mismatch (20 pM} and 1 (20 pM) in
100mM of ammonium acetate in 50% methanol solu-
tion was injected into the ionization chamber,
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Abstract—We have demonstrated that aromatic heterocycles having hydrogen-bonding surfaces complementary to those of
nucleotide bases are effective molecular elements for the binding to single nucleotide bulges and base mismatches, We here report
that & new molecule, 2-ureidoquinoline having an alignment of hydrogen-bonding groups in the order of acceptor—donor—donor
stabilizes single cytosine and thymine bulges in duplex DNAs. Furthermore, a dimeric form of 2-ureidoquinoline stabilizes cytosine—

cytosine and cytosine-thymine mismatches.
© 2004 Elsevier Ltd. All rights reserved.

Having completed a sequence analysis of human gen-
ome, effective detections of genetic mutations became an
indispensable technology in many research fields of
molecular biology, genetics, and chemicat biclogy.!-
Binding of small molecular probes to single nucleotide
bulges and base mismatches in duplex DNA provides an
innovative method in heteroduplex analysis of deletion
and insertion mutations as well as single nucleotide
polymorphisms (SNPs).** We have demonstrated that
aromatic heterocycles having hydrogen-bonding sur-
faces complementary to those of nucleotide bases are
effective molecular elements for the binding to single
nucleotide bulges and base mismatches.”'* N-Acyl-2-
amino-1,8-naphthyridine in which the hydrogen-bond-
ing groups are aligned in the order of acceptor-accep-
tor—donor stabilized a duplex containing a guanine
bulge.” Guanine-guanine mismatches were strongly
stabilized by a form of covalently linked dimer® In
addition to the strong preferences of N-acyl-2-amino-
1,8-naphthyridine to a guanine base, a modest stabili-
zation of the cytosine bulge was also observed. Since the
hydrogen-bonding surface of the molecule was partially
matched to that of a cytosine, these observations
prompted us to modulate the hydrogen-bonding surface
of the molecule to be fully complementary to a cytosine.

Keywords: Ureidoquinoline; Bulge; Mismatch.
* Corresponding author. Tel.: +81-75-383-2756; fax: +81-75-383-275%,
e-mail: nakatani@sbchem kyoto-u.ac.jp
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We here report that a new molecule, 2-ureidoquinoline
having an alignment of hydrogen-bonding groups in the
order of acceptor-donor—donor stabilizes single cytosine
and thymine bulges in duplex DNAs. Furthermore, a
dimeric form of 2-ureidoquinoline stabilizes cytosine-
¢eytosine and cytosine~thymine mismatches (Figs. 1 and
2).

We have synthesized a series of molecules 1a-d having
different aromatic heterocycles with a side chain con-
taining a urea structure. These molecules were obtained
by a coupling of corresponding amino-substituted het-
erocycles with N-Boc-4-isocyanatobutylamine; that was
prepared by the reaction of N-Boc-5-aminovaleric acid
and diphenylphosphoryl azide. The eflect of these
compounds having urea structures on the stabilization

(@ {b)
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Figure 1, Possible hydrogen bonding between (a) N-acyl-2-amino-1,8-
naphthyridine and guanine, and (b) 2-urcidoquinoline and cytosine.
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Figure 2, Molecules examined in these studies.

3

of a single nucleotide bulge in duplex DNA was com-
pared with corresponding amide compounds 2a and 2b
as well as quinolinylcarbamate 3b. Amide compounds
were synthesized by the coupling of amine hetero-
cycles with pentafluorophenyl N-Boc-6-aminohexano-
ate, whereas 3b was obtained by Curtius rearrangement
of quinaldic acid followed by a coupling with N-Boc-
aminobutanol. Deprotection of the Boc group furnished
the synthesis of all molecules. The number of atoms
between the carbonyl carbon to the terminal amino
group in the linker was kept constant for all molecules.
The effects of these molecules on a stabilization of a
single nucleotide bulge were investigated by measuring 2
melting temperature (7,) of duplexes 5-d(TCC AG
GCA AC)-3/3-d(AGG TCX CGT TG)-5 containing a
single nucleotide bulge at the position of X. The differ-
ence of the melting temperature (A7) in the absence
and presence of the molecule (100 pM) in sodium caco-
dylate buffer (10mM, pH7.0) was summarized in
Table 1.

In the presence of 1a consisting of a naphthyridine ring
and a urea linker, T, was increased for all duplexes-
containing single nucleotide bulges, but not for the fully
matched 1l-mer duplex. AT, for cytosine, thymine,
guanine, and adenine bulges were 4.8, 3.7, 2.4, and
3.1°C, respectively. Ureidoquinoline 1b that was lacked
by one ring nitrogen compared to 1a showed a compa-
rable AT, for cytosine and thymine bulges, but a
decreased AT, for guanine and adenine bulges. Urei-
doquinazoline 1c, where only one of two ring nitrogens
can simultaneously participate in the hydrogen bonding

to the bulged nucleotide, showed much lower AT, for all
bulges than 1b. Truncation of naphthyridine and quino-
line rings to a pyridine ring as in 1d resulted in a com-
plete loss of stabilizing effects of bulged duplexes. The
significance of a urea structure of Ia and 1b for the
stabilization of single nucleotide bulges was clearly
demonstrated by comparing the AT, values with those
obtained by the corresponding amide compounds 2a
and 2b. The AT, obtained for the cytosine, thymine, and
adenine bulges in the presence of 2a was decreased by
3.8, 3.7, and 3.2°C, respectively, from those obtained in
the presence of 1a, but the AT, for the guanine bulge
was slightly increased instead. A similar propensity of
AT, values was observed for 2b. Quinolinylcarbamate
3b where one hydrogen donor in a urea structure was
replaced by hydrogen acceptor exhibited a median effect
on the stabilization of single nucleotide bulges.

Comparing 1a with 1b and also 1b with 2b, the nitrogen
at a position 8 of 1,8-naphthyridine was not necessary
for the stabilization of cytosine, thymine, and adenine
bulges, but hydrogen-bonding donor of a urea group
was essential. The fow ability of 1c for the stabilization
of single nucleotide bulges is most likely due to a con-
formational variety regarding the urea group. Confor-
mational calculations of le indicated that hydrogen
bonding between N3 of quinazoline and N-H in urea
would be stable by forming six-membered ring.'¢ In that
conformation, hydrogen-bonding groups aligned in the
order of acceptor—donor-acceptor. Preorganization of
hydrogen groups was reported an important factor for
producing a stable hydrogen-bonded complex.'™*
Marked modulations of the AT, observed by changing
N-H in 1b into methylene and oxygen in 2b and 3b,
respectively, clearly demonstrated the effect of hydro-
gen-bonding interactions on the stabilization of single
nucleotide bulges.

Having found that ureidoquinoline 1b effectively stabi-
lized the cytosine and thymine bulges, the potential for
the stabilization of a base mismatch by a dimeric form
of 1b was investigated. Ureidoquinoline dimer 4 was
synthesized by a reductive amination of aldehyde § with
primary amine 6, which were obtained by a common
precursor of phenylcarbamate (Scheme 1). VAT, values
for the base mismatches were obtained from the melting
temperatures of 11-mer duplex containing a single base
mismatch (X~Y) in the middle of the sequence (Table 2).

Table 1. Increased Ty (°C) of bulge-containing duplexes in the presence of testing molecules*

DPrug §-d(TCCAG_GCAAC)-¥ Match (11-mer)
Y-A(AGGTCXCGTTG)-¥
X:C T G A
la 48 37 24 3.1 =0.3
1b 49 4.2 1.8 2.6 -0.4
1c 1.1 14 -1.9 -0.1 -0.6
1d 0.8 0.0 -0.1 0.1 -0.7
2a 10 0.0 29 -0 0.2
2h 1.0 0.2 0.6 01 =0.1
3b 2.2 15 1.0 0.9 0.0

*[DNA base] = 100 pM, [ligand] = 100 M, [NaCI]= 100 mM, [sodium cacodylate] = 10mM (pH 7.0).
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Scheme 1. Reagents and conditions: {a) 3,3-diethoxypropylamine, (b)
AcOH, H,0, 99% (two steps), (¢) propylenediamine, 79%, (d) 546,
NaBH,CN, AcOH, MeOH, 54%.

Table 2. Increased T (°C) of mismatch-containing duplexes in the
presence of 4*

5'-d(CTAACXGAATG)?

Y-d(GATYGYCTTAC)-Y
X-Y AT, X-Y AT
c-C 6.8 G-T 1.0
C-T 6.1 T-T 0.5
C-A 24 A-A -0.2
G-G 24 G-C 0.0
G-A 20 A-T 0.8

* [DNA base] = 100 pM, [ligand] = 100 pM, [NaCI] = 100 mM, [sodium
cacodylate] = 10mM (pH 7.0).

The AT, of 6.8°C was observed for the C-C mismatch,
whereas the fully matched duplexes where X~Y were G-
C and A-T were not stabilized at all under the same
conditions. In marked contrast to dimer 4, little increase
of the T,, was observed for the C-C mismatch in the
presence of ureidoquinoline 1b, demonstrating that a
covalent connection of two ureidoguinolines is quite
effective for the stabilization of the C-C mismatch.
The AT, of 6.1°C was also observed for the C-T mis-
match. Other mismatches including C-A, G-G, G-A,
G-T, A-A, and T-T showed a small increase of their Ty,
values. Stabilization of C-C and C-T mismatches by 4 is
consistent with that a monomeric form 1b stabilize
cytosine and thymine bulges. A complete failure of
stabilizing the thymine-thymine mismatch by 4 implies
that the stabilization of thymine-thymine mismatch
needs a different strategy from that used for the G-G
and C-C mismatches, although we have so far suc-
ceeded in stabilizing base mismatches by utilizing a di-
metic form of bulge-stabilizing molecules,

In conclusion, ureidoquinolines were found a good
molecular element for stabilizing single cytosine and
thymine bulges. Integration of this binding element into

its dimeric form provides a molecule stabilizing cyto-
sine—cytosine and cytosine-thymine mismatches.
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Abstract—Naphthyridine dimer (ND) specially binds to guanine-guanine (G-G) mismatch in duplex DNA. In order to improve the
therma! and alkaline stability and binding ability of the ligand, we have examined structural modification of the linker. A new ligand
(NNC) possessing 2-amino-1,8-naphthyridines and a carbamate linker is much more thermally stable than ND. The half-life of NNC
is 2.5 times longer than that of ND at 80°C. NNC is also much more stable than ND under alkaline conditions. In addition, NNC
binds to GG mismatch more strongly than ND. The improved stability and the binding of NNC to the G-G mismatch would be

suitable for the practical use of NNC-immobilized sensor.
© 2004 Elsevier Ltd. All rights reserved.

Since a draft sequence of the human genome was deter-
mined,’? some 1.6 million human single nucleotide
polymorphisms (SNPs) have been found in the human
genome and deposited to public databases.®> SNPs be-
came extremely important as a genetic marker for the
identification of disease genes and detection of genetic
mutations.*” Thus, simple and rapid detection of a sin-
gle nucleotide difference in the DNA sequences is an
indispensable technique for both SNP mapping and typ-
ing. Although a number of methods have been devel-
oped for SNPs typing,*%? there is still a great need for
designing new typing methods that are simple in opera-
tion, rapid and accurate in analysis, and low in cost.

We have recently reported a novel approach for the
detection of SNPs by sensing guanine-guanine (G-G)
mismatches in duplex DNA.® We have developed a sen-
sor chip that can detect G-G mismatches in duplex
DNA by means of surface plasmon resonance
(SPR).%'® The sensor was prepared by immobilizing
mismatch binding ligand naphthyridine dimer (ND)
onto the carboxylated dextran matrix on the gold sur-
face. We have reported that NP binds selectively to
G-G mismatches in duplex DNA.%!! During the regen-
eration process of the ND-immobilized surface under
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alkaline conditions after each mismatch analysis, it
was observed that the immobilized ND was slowly de-
graded under the conditions. We also found that high
temperature necessary for denaturing the bound duplex
on ND-immobilized sensor induced the ND degrada-
tion. Improving the thermal and alkaline stability of
the mismatch-binding ligand eventually leads to a pro-

longed sensor lifetime. We report here a novel G-G mis-

match binding ligand (NNC) that has not only greatly
improved thermal and alkaline stability but also the
higher affinity and selectivity to the G-G mismatch com-
pared to ND (Fig. 1).

To gain insights into the degradation path.way, we first
examined the thermal reaction of ND at 80°C in
1060 mM sodium cacodylate (pH7.0) by HPLC (Fig. 2).

O S AL
N, N/ HJ\/\H/\)LE \N \N

ND

Figure 1. ND and NNC.
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Figure 2. HPLC profile for the thermolysis of ND (0.71mMj} in

100mM sodium cacodylate buffer (pH7.0) for 45min at 80°C. dT was
added as an internal standard.

The dT was selected as an internal standard for the ther-
molysis so that the reproducible and quantitative data
could be obtained from the chromatographs. We de-
tected three major products, which were identified as
2-amino-7-methyl-1,8-naphthyridine (5), 3-amino-N-(7-
methy!-1,8-naphthyridin-2-yl)-propionamide (6), and
N-(7-methyl-1,8-naphthyridin-2-yl}-acrylamide (7). The
formation of 5 suggested the hydrolysis of the amide
linkage, where as B-elimination was another degradation
pathway producing 6 and 7 (Fig. 3).

To suppress both degradation processes and retain- the
binding ability to the G-G mismatch, a new molecule
NNC, where amide linkage was substituted by a carb-

- e O o e
, L
SNTNT O NH, HzN’\)LE NN

5 5
‘“\‘)LH NN NN H)Lo/\/\NJLo
7 8 \

Figure 3. The products derived from thermolysis of ND and NNC,

amate linkage, was synthesized. In addition, the alkyl
chain length was further extended by one carbon for
each side to slow down the nucleophilic addition of
the secondary amino group in the linker to the carbonyl
group leading to a release of 3.

NNC was synthesized as shown in Scheme 1. N-Boc-
dipropanolamine was reacted with N, N'-disuccinimidyl
carbonate (DSC) in dry acetonitrile to produce carbon-
ate,!? which was then reacted with 2-amino-7-methyl-
1,8-naphthyridine to afford Boc-protected NNC. Depro-
tection by hydrogen chloride in ethyl acetate gave
hydrochloride salt of NNC.!3

The thermal reaction of NNC was examined under the
same condition as that of ND (Fig. 4).

The major products of the NNC degradation after incu-
bating at 80°C for 120min were identified as § and
(7-methy!-1,8-naphthyridin-2-yl)-carbamic acid 3-(2-
oxo-1,3-oxazinan-3-yl)-propyl ester (8) (Fig. 3). After a
periodic incubation, the amount of ND and NINC were
analyzed by HPLC. The rate of thermolysis could be
determined from the decrease of the ligands. The half-
life curves for the thermolysis of NNC and ND were
shown in Figure 5. It is clearly shown that the half-life
of ND is about 40min at 80°C, whereas the half-life of

ar
NNC
8
5
0 5 10 15 20

Min

Figure 4. HPLC profile for the thermolysis of NNC {0.71mM) in
100mM sodium cacodylate buffer (pH 7.0) for 120min at 80°C,
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Scheme I. Reagents and conditions: (a) N, N'-disuccinimidyl carbonate, CHiCN, Et;N; (b) 2-amino-T-methyl-1,8-naphthyridine, CH,Cl,, Et;N, 49%
for two steps; (c) HCl, AcOEt, CHCI;, quantitative,



