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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 9.1 x 10~'2 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 3.2x10° M~'s™! and the first dissociation rate constant was 1.4x 10~2s~!. 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 2.7 x 10° 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,>? and selective capture by mismatch-binding pro-
teins.'®!! We,'>18 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 heteroduplex
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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 (RU), 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 1ng/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.>>?® 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) (PEO) linker was immobilized on an activated

ono

o-

CM5 sensor chip

l §§§ : dextran matrix

CMS5 sensor chip

Sensor 1: LD = 9.1 x 10712

Scheme 1. Synthesis of naphthyridine dimer immobilized sensors.
(LD, fmol nm™2).

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
10 mM of a borate buffer (pH = 9.2) was applied to the
carboxylic acid of the CM5 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
immobilizing 2 for 10 response units (RU). Sensor 1 had
a ligand density on the sensor surface of 9.1x
107 fmolnm~2 (1 RU = | pgmm~2). 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).3' 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)g 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)p and (CGG/GGC-1)p were 11.5 and
5.1 RU, whereas it became 12.2 and 9.9 RU after 180s.

kal ka2
CGGIGGC +1 . (CGGIGGC-1), = (CGGIGGC-D)g (1)
ka1 ka2

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

Response Unit

0 100 200 300 400
time (s)

Figure 1. Binding of CGG/GGC to Sensor 1 at different DNA con-
centrations. Binding was measured for 180s and dissociation for 220s.
DNA concentration was (a) 2, (b) 5, and (c) 10 uM. Experimental
curves (open square) were overlaid with the fitted curves (solid lines) to
the two-state model.
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Figure 2. Sensorgram of 2 uM CGG/GGC to Sensor 1. Shown is the
experimental curve (red square) overlaid with the fitted curve (solid
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 (2 uM) 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)) 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-
ciation periods of 60, 180, 300, and 360s 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 Sensor 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 Sensor
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 G—G 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 220 s. 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, (c) TGG/AGC, (d) GGC/CGGQG, (e) TGC/AGG, (f) AGG/TGC, (g) AGC/TGG, (h) AGA/TGT, (i) AGT/TGA, (j)

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 2uM to the theoretical curve of the
two-state model supplied by BIAcore (Table 1). The
four kinetic parameters obtained for CGG/GGC were

3.2x10°M~'s7! for the first association rate constant
(ka1), 1.4x 1072 s7! for the first dissociation rate constant
(kq1), 0.8x1072s7! for the second association rate con-
stant (k,,), and 6.6x1073s~! for the second dissociation
rate constant (kg). The magnitude of the first associa-
tion rate constant, k,;, was sequence dependent. The
value of kg; was around 1072s~!, and it did not show any
obvious sequence dependence. The rate constants k,,
and kg, 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 Ka (M™'s™) Ka 571 Ko (571 Ko (s7)
3/_X/Y/Z/_5/

CGC 5.0x10° 9.4x10° 5.6x1072 1.3x1072 4.4%x1073
GGG

CGG 2.7x10° 3.2x10° 1.4x1072 0.8x1072 6.6x1073
GGC

TGG 2.5%10° 2.8x10° 3.5x1072 2.8x1072 8.8x1073
AGC

GGC 1.9%10° 2.5x10° 1.4x1072 6.6x1073 6.1x1073
CGG

TGC 1.3x10° 1.7x 103 6.0x 1072 2.0x1072 4.5x1073
AGG

AGG 5.1x10* 1.1x103 1.4x1072 49%1073 7.6x1073
TGC

AGC 3.6x10* 3.9x10? 4.5%x1072 1.8x 1072 4.5x1073
TGG

AGA 3.5x10* 8.4x10? 8.7x1073 43%x1073 1.2x 1072
TGT

ACT NDP ND ND ND ND
TGA

TGA ND ND ND ND ND
ACT

CGG ND ND ND ND ND
GAC

#The K, values were derived from the equation: K, = ky1ku/kaikaz-
®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
3.9x10°M~!s7! for AGC/TGG, to 9.4x10°M~'s~! for
CGC/GGG. The value of k,; 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.*¢ The observed sequence dependence of k,; 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, =2.7 x 10° M~! for
CGG/GGC calculated from the four kinetic parameters
(Ko = (ka1 - ka2)/ (ka1 - kqp)) 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.'>'*37 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 1-immobilized sensor
with an increased ligand density by 50-fold to
4.7x107'° fmolnm=2 (cf. 9.1 x 1072 fmolnm~2 for Sen-
sor 1) became stronger for all G-G mismatches, but no
more fit to 1:1 binding model (data not shown). To gain
insight into the binding in solution phase, the complex
of the 11-mer duplex 5-d(CTA ACG GAA TG)-3'/3'-
d(GAT TGG CTT AC)-5' (cgg/gge) containing the G-G
mismatch in the sequence of 5YCGG3'/3’GGC5 and 1
was analyzed by electrospray ionization time of flight
mass spectrometry (ESI-TOF MS).*®® When cgg/gge
(20uM) and 1 (20 uM) were mixed in a 1:1 ratio in
100mM of ammonium acetate in 50% methanol solu-
tion, we observed the [M — SH]’~ ions corresponding to
the 1:1 (cgg/gge—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 1:2 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
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Figure 5. ESI-TOF mass spectra of 1l-mer duplex cgg/gge in the
absence and presence of 1. Samples contained 20 pM duplex in 50%
aqueous methanol and 100mM NH,;OAc with 1 at a concentration of
(a) 0, (b) 20, and (c) 120 uM. For clarity, the range of m/z from 1330 to
1600 was shown. The ions 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
—_— —_— 2
cgg/gge + 1 . cgg/gge-1 —— cggl/gge-11 @)

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, pH7.4, 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 (CM5, Biacore) following
a 10min activation of surface carboxyl groups using a
I:1 mixture of 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDCI) (1 M) and N-hy-
droxysuccinimide (0.25 M) with a flow rate of 5 pL/min.
A 1mM 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 pL/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 7 M urea
as regeneration solution at 100 uL/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 ABl; A+B2 to AB2), the two-state (A+B 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 uM) and 1 (20 uM) in
100mM of ammonium acetate in 50% methanol solu-
tion was injected into the ionization chamber.
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