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Abstract: We have synthesized the first surface plasmon resonance (SPR) sensor that detects cytosine—
cytosina (C—C) mismatches in duplex DNA by immobilizing aminonaphthyridine dimer on the gold surface.
The ligand consisting of twe 2-aminonaphthyridine chromophores and an alkyl linker connecting them
strongly stabilized the C—C mismatches regardiess of the flanking sequences. The fully matched duplexes
were not stabilized at all under the same conditions. The C—T, C—A, and T-T mismatches were also
stabilized with a reduced efficiency. SPR analyses of mismatch-containing 27-mer duplexes were performed
with the sensor surface on which the aminonaphthyridine dimer was immobilized. The response for the
C—C mismatch in 5-GCC-373"-CCG-5’" was about 83 times stronger than that obtained for the fully matched
duplex. The sensor successfully detects the C—C mismatch at the concentration of 10 nM. SPR responses
are propertional to the concentration of the C—C mismaich in a range up to 200 nM. Aminonaphthyridine
dimer could bind strongly to the C—C mismatches having 10 possible flanking sequences with association
constants in the order of 10° M, The facile protonation of 2-aminonaphthyridine chromophore at pH 7
producing the hydrogen-bonding surface complementary to that of cytosine was most likely due to the
remarkably high selectivity of 1 to the C—C mismatch.

Introduction

Surface plasmon resonance (SPR) detects changes in the
refractive index caused by variation of the mass on the sensor
chip surface, e.g., when the analyte binds to the immobilized
ligand on the surface.! In most SPR studies, macromolecules
such as proteins and DNAs are immobilized on the sensor
surface to detect protein—protein?® and protein—DNA*S interac-
tions. We have studied the SPR detection of mismatched base
pairs by using the sensor surface where a small molecular weight
ligand that specifically binds to the mismatched base pairs was
immobilized.~'? This technique would be useful for the high-
throughput heteroduplex anatyses of single nucleotide poly-
morphisms (SNP). Heteroduplex analyses!!'2 detect the mis-
matched base pairs in heteroduplexes produced by cross-
hybridization of a sample and the standard DNAs.!*~!5 When

t PRESTO, Japan Science and Technology Agency.
* Kyoto University.
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a sample DNA is identical to the standard DNA in base
sequences, cross-hybridization of two DNAs produces a fully
matched duplex but not a heteroduplex containing a mismatch
site. Therefore, the heteroduplex analyses need analytical
methods that discriminate the mismatch-containing duplexes
from the fully matched duplexes. Conventional low-throughput
methods for the detection of mismatched base pairs in hetero-
duplex analyses were enzymatic and chemical cleavage at the
mismatched sites,'5"1% gel electrophoresis,’>* and selective
capture by mismatch-binding proteins.2*?! Heteroduplex analy-
ses are applicable to both SNP discovery (mapping) and
detection (typing). In the SNP mapping, mismatched base pairs
produced in a heteroduplex will be identified by the subsequent
sequencing. In contrast, 2 predetermined mismatched base pair
is produced in SNP detection because the sequence of the
standard DNA, the site of mutation, and the type of mutation
have been identified. We report here the first SPR sensor
detecting C—C mismatches in duplex DNA on which novel
ligand molecule aminonaphthyridine dimer 1 was immobilized
on the surface. The ligand strongly stabilized the C-C

{13) Syvinen, A-C. Nar. Rev. Gener. 2001, 2, 930—942,

(14) Kwok, P. Y. Annu. Rev. Genomics Hum., Genet. 2001, 2, 235—258,
(15) Schafer, A, J.; Hawkins, I, R, Nat. Biotechnol, 1998, 16, 33=39,

(16) Myers, R, M.; Larin, Z.; Maniatis, T. Science 1985, 230, 1242—1246,
(17) Rowley, G.; Saad, S.; Giannelli, F,; Green, P. M. Genomics 1995, 30, 574—

582.

(18) Roberts, E.; Deeble, V. ).; Woods, C. G.; Taylor, G. R. Nucleic Acids Res.
1997, 25, 3377—-3378.

(19) White, M. B.; Carvalho, M.; Derse, D.. O’ Briea, . J.; Dean, M. Genoniics
1992, 12, 301-306.

(20) Fazakerley, G, V.; Qignard, E.; Woisard, A.; Guschlbaver, W.; van der
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36973703,
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Scheme 1. Synthesis of Aminonaphthyridine Derivatives®
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4 Reagents and conditions: {a) 3.3-diethoxypropylamine, 81%; (b}
diaminopropane, 95%; (¢) (i) 80% AcOH, 80 °C, 30 min, (ii) NaBH:CN,
Et:N, MeOH, 5 h, 12%; (d) 3,3-iminobis(pentafluorophenyl propionate),
67%: (e) 4 N HClethyl acetate, 80%.

mismatches regardless of the flanking sequences as determined
by the increase in melting temperatures (Ti}, The 1-immobilized
sensor detected 27-mer duplex containing a C—C mismatch at
the 10 nM concentration. Most genetic diseases are caused by
the interaction of many genetic factors (polygenic) but mot
caused by a single genetic disorder (monogenic). It is anticipated
that a large number of SNP sites must be determined for
diagnoses of genetic diseases in the future. While G to C (or C
to G) mutation producing a C—C mismatch in heteroduplex
analyses is not high in frequency, under such situations, typing
of G to C (or C to G) mutation would be indispensable.

Synthesis of Aminonaphthyridine Derivatives. A series of
aminonaphthyridine derivatives 1—3 were synthesized as shown
in Scheme 1. Substitution of chloride in 2-chloro-7-methyl-1,8-
naphthyridine (5)2 with diaminobutane and 3,3-diethoxy-
propylamine leads to amine 3 and diethylacetal 6, respectively.
Aminonaphthyridine dimer 2, having the same linker length as
that of acylaminonaphthyridine dimer 4,57 was obtained by a
reductive coupling of 3 and 6. Thus, the aldehyde derived from
6 by acid hydrolysis was treated with 3 under conditions of a
reductive amination, Condensation of 3,3-iminobis({pentafluoro-
pheny! propionate) with 3 afforded Boc-protected aminonaph-
thyridine dimer 7. Finally, the amine-protecting Boc group of
7 was removed with 4 N HCI to give L.

e |
NI T
H
o H
N N
R
H\/\/ﬂ\l‘j 2:X=CH,
w i 4x=C(0)
—

I
NN N’\/‘NH,

3
Preparation of Aminonaphthyridine Dimer-Immobilized
Sensor. A synthetic scheme of 1-immobilized sensor surface

was shown in Scheme 2. Aminoalky! linker was attached to 1
by a reductive amination with 4-({tert-butoxy)carbonylamino)-

558 J. AM. CHEM. SOC. = VOL, 126, NO. 2, 2004

Scheme 2. Preparation of Aminonaphthyridine Dimer-Immobilized
Surface?
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@ Reagents and conditions: {(a) 4-((fert-butoxy)carbonylaminc)- N-(3-
oxopropyl)butanamide, NaBH:CN, AcOH, MeOH, 1 h, 85%; (b) (i} 4 N
HCl/ethyl acetate, 30 min, {ii) amine coupling kit

N-(3-oxopropyl)butanamide to give 8. Following the deprotec-
tion of the Boc group of 8 with 4 N HC, the resulting amine
was coupled to the activated carboxylic acid of the CM5 sensor
chip using a standard procedure of an amine coupling method.?
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
being treated with ethanol amive.

Melting Temperature of Mismatches in the Presence of
Aminonaphthyridine Derivatives. Aminonaphthyridine dimer
1 consisted of two chromophotes of 2-amino-7-methyl-1,8-
naphthyridine and an alkyl linker connecting the exocyclic
amino group of each chromophore. The molecule was discov-
ered by a straightforward screening using increases of Ty, of
the mismatch-containing duplex DNA as an index, The UV
melting curves of 11-mer duplexes of 5-d{CTA AGX CAA
TG)-3'/3-d(GAT TCY GTT AC)-5, where XY are any
nucleotide combinations, were measured in the presence of 1
in sodium phosphate buffer (10 mM, pH = 7.0). The difference
in the melting temperature (AT} in the absence and presence
of 1 (100 gM) was summarized in Table 1,

The remarkable increase of T, by 18.0 °C was observed for
the C~C mismatch, whereas the T}, valuves of fully matched
duplexes were not increased at all under the same conditions.
Increases in Ty, by 11.3, 7.2, and 4.0 °C were observed for C—T,
T—T, and C—A mismatches, respectively. Other mismatches,
including A=A, G—T, G—A, and G—G, showed little increase
of their Ty, values. These results indicated that aminonaph-
thyridine dimer 1 strongly stabilized the C—C mismatch and
the mismatches containing a cytosine or thymine with a reduced
efficiency. The extraordinary high selectivity of 1 to pyrimidine-
containing mismatches was remarkable.

(22) Brown, E. V. J. Org Cher. 1965, 30, 1607—1610.
(23) Lofhs, S.; Johnson, B. J. Chem, Soc., Chem. Commun. 1990, 21, 1526—
1528,
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Tabie 1. ATy Values for the 11-mer Duplexes Containing a
Mismatch?

5-CTAAGXCAATG-3'
3-GATTCYGTTAC-5

ATh
X-Y Tt t 2 at
c-C 18.0 (0.4) 18.0 (0.4) 140 (0.7 12.4(0.8)
C-T 22.3 (0.5} 11.3(0.3) 8.7(0.1) 6.5(0.8)
T-T 23.0 (0.8} 7.2(0.6) 6.0 (0.6) 36(1.2)
C-A 27.6(0.4) 4.0(0.1) 1.6(0.2) 1.4 (0.6)
A—A 24.2(04) 1.8 (0.8) 200.5) 0.9 (0.3)
G-T 20.8 (0.2} 0.5 (0.7) 14 {0.2) 0.3 (0.0
G—-A 32.6 (0.6) 0.3(0.8) 0801 0.I{1L1)
G-G 36.1 (0.5) —0.1(1.0) 0.3(0.4) —0.2(L0)
A-T 37.0(0.3) —-0.1 (0.1} 0.0(0.4) 0.0(0.3)
C~-G 43.1(0.2) =3 (0.5) 0.30.3) 0.2 (0.4)

@ Tw values of duplexes (4.5 gM) were measured in 10 mM sodium
phosphate buffer (pH 7.0) containing 100 mM NaCl. All measurements
were taken three times, and standard deviations are shown in parentheses.
b Ty values of oligomers. ¢ The concentration of 1 and 2 was 100 gM.4
The concentration of 3 was 200 uM.

Table 2. ATn Values for the 13-mer Duplexes Containing a C—C
Mismaich in Different Flanking Sequences®

5-GCTAAXCZAATGA-3'
3-CCATTYCwTTACTS'
5'-xCz-3'3"-yCw-5" Ta ATn

gCelcCg 25.4 (0.3) 17.9 (0.6)
£Ct/cCa 23.90.3) 15.7(0.2)
¢CcigCg 22,3 (0.3) 15.3 (0.1
gCa/cCr 26.2 (0.4} 15.0 {0.5)
aCt'tCa 20.7 (0.4) 14.2{0.4)
aCa/tCt 23.2(0.3) 13.5(0.1)
cCt/gCa 25.3(0.1) 13.2{0.2)
tCa/aCt 24.8 (0.5) 12.2{0.7)
cCa/gCt 29.0(0.1) 11.2(0.3)
<CgfeCe 326 (0.2) 10.4 (0.2

@ Conditions of T, measurements were the same as those in Table 1.

Aminonaphthyridine dimer 2, where two naphthyridine chro-
mophores were conmected with a short alkyl linker compared
with that in 1, and monomer 3 were examined as reference
molecules, The AT, values obtained for the C—C mismatch in
the presence of 2 (100 uM) and 3 (200 uM) were 14.0 and
12.4 °C, respectively, A decreased AT, by 4.0 °C showed the
significance of the linker structure on the stabilization of the
mismatch. A much-reduced stabilization of the C—C mismatch
by 3 showed that a covalent connection of two amino-
naphthyridines is in fact effective.

Effects of sequences flanking to the C—C mismatch on the
1-binding were examined with 13-mer duplex 5-d(GCTAA xCz
AATGA)-3'/3-d(CGATT yCw TTACT)-5 containing a C—C
mismatch in the sequence of §-xCz-37/3-yCw-5', where x—y
and z—w were any combination of Watson—Crick base pairs.
The AT, values obtained for all sequences were over 10 °C,
indicating that 1 could stabilize the C—C mismatches regardless
of the flanking sequences (Table 2}, Rather low ATy, values of
10.4 and 11.2 °C recorded for ¢Cg/gCc and cCa/gCt were due
to the high Ty, values of the duplex.?

Evaluation of Amironaphthyridine-Immobilized Sensor.
Having discovered that 1 strongly stabilized the C—C mis-

(24) For discussions on the retationship between AT, and the binding affinity,
see: {a) Nakaiani, K.; Horie, 5.; Saito, 1. Bioorg. Med. Chem. 2003, 19,
51-55. (b) Peyret, N.; Seneviratne, P, A.; Allawi, H, T.; Santalucia, J.,
Jr. Biochemistry 1999, 38, 3468—3477.
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Figure 1. (a) and (b) SPR assay of 27-mer duplex (GXC/CYG) (0.2 uM)
containing C—C (GCC/CCG) (red), C-T (GCC/CTG) (blue), C—A
(GCC/CAG) (purple), and T—T (GTC/CTG) (yellow) mismatches and
CG (GCC/CGG) match (black) with the 1-immobilized sensor surface.
Binding was measured for 180 s and dissociation for 220 s in a phosphate
buffer (200 mM, pH 7.0} containing NaCl (150 mM). (c) SPR assay of
C—C mismatch (red) and C—G match (black) at 10 nM, (d) Concentration
dependency for the SPR response of the C—C mismatch (0—200 nM). The
response after 100 s of association time was plotied against the DNA
concentration, Experimental data obtained with the surface where 1 was
immaobilized for (1) 955 RU (green square), (2) 506 RU (blue square), and
(3) 434 RU (red squares) were overlaid with a linear fitted line.

matches, we synthesized SPR chips for the C—C mismatch
detection by immobilizing 1 on the sensor surface. SPR analyses
of mismatch-containing 27-mer 5-d(GTT ACA GAA TCT
GXC AAG CCT AAT ACG)-3'3"-d(CAA TGT TTC AGA
CYG TTC GGA TTA TGC)-5 were performed with 1-
immobilized sensor sutface (for 810 response units (RU)) at
pH 7.0. A marked SPR response was obtained for the duplex
containing the C—C mismatch at the DNA concentration of 200
nM (Figure 1a). The response at 180 s after an injection of DNA
was 399 RU, about 83 times stronger than that obtained for the
fully matched duplex (4.8 RU). The duplex containing a C—T
mismatch produced an intermediate response (80 RU). As shown
in Figure 1b, SPR responses of the C—A and T—T mismatches
were weak (19 and 9 RU, respectively) but distinguishable from
that of the fully matched duplex. SPR responses of other
mismatches were indistinguishable from the fully matched
duplex (data not shown). These results were consistent with the
AT, of the mismatches in the presence of 1 {cf. Table 1). To
further evaluate the novel SPR sensor, the detection limit of
the C~C mismatch and the concentration dependency of SPR
responses were examined. The sensor surface where 1 was
immobilized for 955 RU successfully detected the C-C
mismatch at the 10 nM concentration (Figure Ic), Further
lowering the concentration of the C—~C mismatch resulted in a
loss of signals. By using aminonaphthyridine dimer 1 and the
Biacore 2000 equipment, a concentration of 10 nM for the 27-
mer duplex was found to be the lower limit for the detection of
the C—C mismatch. Because the SPR intensity increased with
increasing molecular weight of the analyte, the detection limit
of longer duplexes containing the C—C mismatch would be

J. AM. CHEM. SOC. » VOL. 126, NO. 2, 2004 559
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Figure 2, SPR sensorgrams were obtained by analyzing 27-mer 5-d(GTT
ACA GAA TCT XCZ AAG CCT AAT ACG)-373-d(CAA TGT CTT AGA
YCW TTC GGA TTA TGC)-5 containing all kinds of flanking sequences.
Binding to 1-immobilized sensor where 1 was immobilized for 380 RU
was measured in a phosphate buffer (200 mM, pH 7.0) containing NaCl
(150 mM). Key: (1) GCC/CCG, (2) GCTICCA, (3) CCC/GCG, (4) CCT/
GCA, (5) CCG/GCC, (6) GCA/TCA, () ACT/TCA, (8) CCA/GCT, (O
TCT/ACA, (10) TCA/ACT, and {11) GCC/CGG.

below 10 nM. SPR responses of the C—C mismatch obtained
by three sensors containing different amounts of immobilized
1 are proportional to the concentration of the C—C mismatch
in a range up to 200 nM (Figure 1d). These observations validate
that the observed SPR responses are in fact due to the interaction
between 1 on the surface and the C—C mismatched DNA.

Thermodynamics for the binding of the C—C mismatches to
the aminonaphthyridine dimer-immobilized surface were in-
vestigated with regard to the effect of the flanking sequence to
the mismatch. Sensorgrams of 27-mer 5°-d(GTT ACA GAA
TCT XCZ AAG CCT AAT ACG)-3'/3-d(CAA TGT CTT
AGA YCW TTC GGA TTA TGC)-5" containing afl kinds of
flanking sequences (5-XCZ-3/3-YCW-5') were clearly dis-
tinguishable from that of the fully matched duplex (Figure 2).
The response obtained for GCC/CCG where the mismatch was
flanked by two G—C base pairs was 323 RU at 180 s, A 7-fold
decrease in response was observed by replacing the two G—C
base pairs with two A—T base pairs in TCA/ACT (44.2 RU).
However, the response to TCA/ACT was about 10-fold larger
than that to the fully matched duplex. The order of magnitude
in SPR response was consistent with that in ATy, with different
flanking sequences (cf. Table 2). Association constants (Ka) of
1 to the C—C mismatches were estimated by fiiting the
sensorgrams to a 1:1 Langmuir mode] with BlAevaluation
software (version 3) (Table 3). The largest K, of 7.8 x 106 M™!
was obtained for GCC/CCG, whereas the smallest K, of 1.5 x
108 M~ was obtained for TCA/ACT. These data demonstrated
that the binding of 1 to the C—C mismatches was stronger for
those flanking G—C base pairs than those flanking A—T base
pairs. This is rationalized by an improved stacking stabilization
of the complex by the flanking G—C base pairs compared to
that by the A~T base pairs.2*26

560 J. AM. CHEM. SOC, a VOL. 126, NO. 2, 2004

Table 3. Association Constants for 1-Binding to C-C
Mismatches®

E-XCZ-3/3-YOW5' K, (10 M-1)
GCC/CCG 78
GCT/ICCA 6.9
CCCIGCG 7.3
CCT/GCA 6.1
CCGIGEC 53
GCAICCT 50
ACT/TCA 45
CCA/GCT 2.0
TCT/ACA 1.7
TCA/ACT 1.5

9 Association constants for the binding of 1 to 27-mer 5-d(GTT ACA
GAA TCT XCZ AAG CCT AAT ACG)-3/3-d(CAA TGT CTT AGA
YCW TTC GGA TTA TGC)-5' were estimated by fitting the sensorgrams
(Figure 2) to a 1:1 Langmuir model with BlAevaluation software, version
3.
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Figure 3. (a) SPR sensorgrams for the binding of 27-mer duplex (GCCf
CCG) (1.0 uM) containing a C—C mismatch to the 1-immobilized sensor
surface. Binding was measured in a phosphate buffer (200 mM) containing
Na€l (150 mM) at (1) pH 6.0, (2) pH 7.0, and (3) pH 8.0, (b) pH dependency
of a UV absorbance of 3 at 370 nm. UV absorbance was measuared in 10
mM sodium phosphate buffer in the presence of 3 (10 #M) at various pH
conditions.

Model of Base Pairing between Aminonaphthyridine. We
have reported that the structurally closely related compound 4,
where exocyclic amino groups in two 2-amino-7-methyl-1.8-
naphthyridines were connected by an amide linkage, strongly
stabilized the G—G mismatch but not the C—C mismatch at
all.6727 Since both 2 and 4 have the same hydrogen-bonding
surface complementary to guanine but not to cytosine, the
striking differences in base selectivity between 2 and 4 need
rational explanations. It was found that SPR response of the
1-immobilized surface was sensitive to the pH of the buffer. A
strong binding of 27-mer duplex (1.0 #M) containing a C—C
mismatch with the 1-immobilized sensor surface was observed
at pH 6.0 and 7.0, whereas linle binding was detected at pH
8.0 (Figure 3a). The responses at pH 6.0, 7.0, and 8.0 at 180 s
after injection of 27-mer were 287, 216, and 2.7 RU, respec-
tively. These results showed that the binding of aminonaph-
thyridine to a cytosine is dramatically suppressed at pH 8.0.
The pH dependency of the UV absorbance of 3 revealed that
the pK, of the protonated 3 is about 6.8, showing that about
40% of the 2-aminonaphthyridine chromophore in 1, 2, and 3
in a free state would be protonated at pH 7.0 (Figure 3b).
Protonation of the chromophore at the N1 position modulates
from the hydrogen-bonding surface complementary to guanine
to that to cytosine (Figure 4a). It is reasonable to estimate that

(25) Sponer, J.; Leszczynski, J.; Hobza, P. . Phys. Chem. 1996, 100, 5591—
5596.

(26) Alhambra, C.; Luque, F. I; Gago, F,; Orozeo, M. L Phys. Chent. 1997,
101, 3846—3853.

@n Turray, T. I.: Zimmerman, 5. C. J. Am. Chem. Soc. 1992, 114, 4010~
011,
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Figure 4. Proposed models of base-pairing between (a) cytosine and N1-
protonated 3, {b) cytosine and 3, and (¢) thymine and N8-protonated 3.

the protonation of N1 in a bound state of 2-aminonaphthyridine
to cytosine at neutral pH would be more facile than the
protonation in a free state. While hydrogen bonding between
nonprotonated aminonaphthyridine and cytosine is feasible
through two hydrogen bonds (Figure 4b), energy gain by the
hydrogen bonding calculated at the BALYP/6-31G** level was
6.9 kcal/mol smaller than that between 1-methyleytosine and
N1-protonated 2-methylamino-7-methylnaphthyridine. 22 On
the basis of these arguments, the remarkably high selectivity
of 1 to the C—C mismatch is most likely due to a facile
protonation of the chromophore under neutral pH.

The presence of a carbonyl group next to the exocyclic amino
group in 2-aminonaphthyridine is responsible for the remarkable
difference in binding selectivity to the mismatch. The strength
of a hydrogen bond is related to the hydrogen-bonding acidity
of the donor group involved,’®*! Beijer et al. have reported that
the association constant of the complex of 2,6-diaminopyridine
with N-propylthymine increases approximately 10-fold upon
acylation of the amino groups.®23* It is highly likely that an
acylation of the exocyclic amino group of 2-aminonaphthyridine
significantly improves the stability of the hydrogen-bonding pair
to a guanine, Since the acylated aminonaphthyridine is less
susceptible to the protonation at N1 and N8, the dimer of
acylated naphthyridine showed negligible binding to the C—C
mismatch.

Protonation of 2-amino-1,8-naphthyridine is feasible both at
N1 and N8 positions. While N1 protonation produces the
hydrogen-bonding surface that is complementary to that of
cytosine as discussed above, N8 protonation produces a surface
complementary to that of thymine (Figure 4¢). This is most
likely the molecular basis for the binding of 1 to the C—T
mismatch. The decreased binding to the C—T mismatch
compared to the binding to the C—C mismatch was rationalized
by an unfavorable secondary interaction in the hydrogen-bonded
complex with alternating donor (D} and acceptor (A) groups.
Studies on secondary interaction in a triple hydrogen-bonded

(28) Calculations at the B3LYP/6-31G** level revealed that the encrgy gain
for the formation of a hydrogen-bonding pair between 1-methylcytosine
and N1-protonated 2-methylamino-7-methyl-1,8-naphthyridine is 10.9 keal/
mol, whereas that between 1-methylcytostne and nenprotonated 2-methyl-
aming-7-methyl-1,8-naphthyridine is 4.0 keal/mol. )

(29) Binding of 2-amino-7-methyl-1,8-naphthyridine selective to the cytosine
opposite the abasic site in duplex was recently reported: Yoshimoto, K.;
Nishizawa, S.; Minagawa, M.; Teramae, N. J. Am. Chem. Soc. 2003, 125,
8982--8983. These authors prefer the rationalization involving two hydrogen
bonds between the ligand and the cytesine. Since the N-acylated naph-
thyridine showed steiking preference to guanine (ref 6), they assumed an
aﬂditignal stacking interaction that modulates the binding selectivity from

10 C.

(30) Abraham, M. H. J. Phys. Org. Chem, 1993, 6, 660—684.

(31) Abraham, M. H. Chem. Soc. Rev. 1993, 22, 73—83,

(32) Beijer, F, H,; Sijbesma, R. P.; Vekemans, 1. J. M.; Meijer, E. W.; Kooijman,
H.; Spek, A. L. J. Org. Chem. 1996, 61, 6371 —6380.

(33) Beijer, F. H.; Kooijman, H.; Spek, A. L.; Sijbesma, R, P.; Meijer, E. W,
Angew. Chem., Int. Ed. Engl. 1988, 37, 75-78.

complex by Jorgensen et al. predicted that the base pair of ADA/
DAD (e.g., T/N8-protonated 3} is 11.3 kcal/mol less stable than
that of DDA/AAD (e.g., C/Nl-protonated 3).34-37

Conclusion

A SPR sensor where a dimeric form of 2-amino-1,8-naph-
thyridine was immobilized was found to detect the C-C
mismatch. The SPR intensity was affected by the sequence
flanking to the mismatch, but clearly distinguished from that
of the fully matched duplex, indicating that the sensor is
potentially useful for the SNP typing in heteroduplex analyses.
A modest SPR intensity and Ty, increase observed for the C—T
mismatch by 1 are important clues for the molecular design of
drugs selectively binding to the thymine-containing mismatch.

Experimental Section

Thermal Denaturation Profiles, All UV melting experiments were
carried out with a duplex containing an X—Y mismatch (4.5 zM strand)
in a sodium phosphate buffer (10 mM, pH 7.0} containing NaCl (100
mM) using a SHIMADZU UV-2550 UV —vis spectrometer linked to a
Peltier temperature controller. The absorbance of the sample was
monitored at 260 nm from 4 to 70 °C with a heating rate of 1 °C/min
in the absence and presence of a ligand.

N-(7-Methyl-[1,8]naphthyridin-2-yI})-propane-1,3-diamine (3).
2-Chloro-7-methyl-1,8-naphthyridine 5 (168 mg, 0.94 mmol} was added
to 1,3-diaminopropane (1.5 mL, 9.4 mmol) and stirred for 5 h at 80
°C. The solvent was evaporated, and the residue was suspended in
CHCl,. The organic layer was washed with 1 M NaOH, dried over
MgSQ,, and evaporated to dryness to give 3 (196 mg, 95%) as yellow
gum. '"H NMR (CD;0D, 400 MHz): § = 7.83 (d, 1H, J = 8.0 Hz),
771 (4, 1H, F = 9.2 Hz), 7.01 (d, 1H, J =80 Hz), 671 (d, 1H,J =
9.2 Hz), 3.61 (t, 2H, J = 6.8 Hz), 2.78 (t, 2H, J = 6.8 Hz), 2.55 (s,
3H), 1.84 (tt, 2H, J = 6.8 Hz J = 6.8 Hz). 1’C NMR (CDCl, 75
MHz): 8 =161.8,161.5,157.4,138.3,137.9, 116.6, 1144, 39.1, 38.6,
32.5, 24.6, ESI-TOFMS calcd for CizHyjsNs [(M + H)™), 217.1453;
found, 217.1487.

(3,3-Diethoxy-propyD)-(7-methyl-[1,8]naphthyridin-2-yl)}-amine (6).
2-Chloro-7-methyl-1,8-naphthyridine § (673 mg, 3.8 mmol} was added
10 3,3-diethoxypropylamine (6.0 mL, 37.6 mmol) and stirred for 5 h at
80 °C. The solvent was evaporated, and the residue was suspended in
CHCl;. The organic layer was washed with NaHCO,, dried over
MgS0y, and evaporated to dryness. The residue was purified by column
chromatography on silica gel to give 6 (882 mg, 81%) as pale as yellow
gum: 'H NMR (CD;OD, 400 MHz): é = 7.90 (d, 1H, J = 9.0 Hz),
7.78 (d, 1H, J = 8.4 Hz), 7.06 (d, 1H, J = 7.6 Hz), 6.72 (d, 2H,J =
9.0 Hz), 4.68 (1, 1H, J = 5.6 Hz), 3.69 (q, 4H, J = 8.8 Hz), 3.59 (4,
4H, J = 6.9 Hz), 3.52 (g, 4H, J = 8.8 Hz), 2.59 (s, 3H), 1.97 (dt, 2H,
J=7506Hz, J =56 Hz), 1.18 (t, 6H, J = 6.9 Hz). *C NMR {CDCl,,
75 MHz): 6 =161.8, 161.3, 157.7, 1383, 137.8, 118.9, 1166, 114.3,
103.2, 62.9, 38.2, 34.5, 24.5, 15.7. HR—FABMS caled for CysHasN:On
[(M + H)*), 290.1869; found, 290.1872.

N-{7-Methyl-{1,8Inaphthyridin-2-yl}-N"-[3-(7-methyl-[1,8]naph-
thyridin-2-ylamine)-propyl)-propane-1,3-diamine (2). To a solution
of 30% AcOH—H:0 (0.5 mL) was added 5 (10 mg, 34.6 umol). After
being stirred at 60 °C for 0.5 h, triethylamine (0.9 mL), 3 (10 mg, 46.3
pmol), and sodium cyanctrihydroborate (2.2 mg, 35 gmol) were added.
After being stirred for 1 h, the reaction mixtore was diluted with CHCl;,
washed with saturated NaHCQs, and dried over MgS0y. The solvent
was evaporated to dryness, and the residue was purified by column

(34) Jorgensen, W. L.; Pranata, I. J. Am. Chem. Soc. 1990, 112, 20082010,

(35) Pranata, ). Wierschke, S. G.; Jorgensen, W._ L. J. Am. Chem. Suc. 1991,
113, 2810-2819.

(36) Sartorius, 1., Schoeider, H. J. Chem.—Eur. J. 1996, 2, 1446—1452,

370 idalin-lmy, T. ) Zimmerman, $. C. J. An. Chem, Soc. 1992, 14, 4010—
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chromatography on silica gel to give 2 (14.3 mg, 12%) as pale yellow
gum, 'H NMR (CDCls, 400 MHz): & = 7.73 (d, 2H, J = 8.8 Hz),
763 (d, 2H, J = $.8 Hz), 6.98 (d, 2H, J = 8.0 Hz), 6.61 (d, 2H,J =
8.8 Hz), 3.72 (dt, 44, J = 5.6 Hz, F = 5.6 Hz), 2.78 (1, 4H, J = 6.4
Hz), 2.65 (s, 6H), 1.91 (tt, 4H, J = 6.4 Hz, J = 6.4 Hz). ’°C NMR
(CDCl, 75 MHz): & =161.5,159.3, 156.7, 136.8, 136.1, 113.0, 115.0,
112.2, 40.1, 39.7, 32.4, 25.3. ESTOFMS caled for CagH3oN7 [(M +
H)*], 416.2563; found, 416.2546.
Bis-{2-[3-(7-methyl-{1,8]naphthyridin-2-ylamino)-propylcarbam-
oyl]-ethyl}-carbamic Acid tert-Butyl Ester (7). To a solution of
N-{tert-butoxycarbonyl}imino-3,3"-bis(pentaflucrophenyl propionaie)
(198 mg, 0.33 mmol) in dry CHC (2 mL) were added 3 (144 mg,
0.67 mmol) and triethylamine (139 gL, 1.0 mmol). The reaction mixture
was stirred at room temperature for 15 h. The solvent was evaporated
to dryness, and the residue was purified by column chromatography
on silica gel to give 7 (148 mg, 67%) as pale yellow solids. TH NMR
(CD;0D, 300 MHz): 5=7.88(d,2H,/J=7.8Hz),7.76 (4, 2H, J =
8.7 Hz), 7.05 (d, 2H, J = 7.8 Hz), 6.71 {d, 2H, J = 9.0 Hz), 3.55 (1,
4H, J = 6.9 Hz), 3.51 (1, 4H, J = 6.9 Hz), 3.26 (1, 4H, J = 6.9 Hz},
2.59 (s, 6H), 2.47 (1, 4H, J = 6.9 Hz), 183 (1, 4H, J =69 Hz, J =
6.9 Hz), 1.40 (s, 9H). PC NMR (CDCl3, 75 MHz): & = 174.3, 162.3,
161.8, 158,1, 157.4, 138.7, 138.3, 119.4, 117.0, 114.9, 81.7, 77.9, 48.6,
46.0, 39.6, 38.4, 36.9, 36.4, ESI-TOFMS caled for CasHasNuOq [(M +
H)*], 658.3829; found, 658.3813.
N-[3-(7-Methyl-[1,8]naphthyridin-2-ylamino)-propyl]-3-{2-{3-(7-
methyl-{1,8]naphthyridin-2-ylamino)-propylcarbamoyl]-ethylamino }-
propionamide (1). To a solution of 7 (76 mg, 0.133 mmol) in CHCls
(1 mL) was added ethy! acetate containing 4 M HC1 (2 mL), and the
reaction mixture was stirred at room temperature for 0.5 h. The solvent
was evaporated to dryness to give 1 (51 mg, 80%) as white solids. 'H
NMR (CDsOD, 300 MHz): 6 = 7.88 (d, 2H, J = 7.8 Hz), 7.75 {(d,
2H, J=18.7 Hz), 7.05 (d, 2H, J = 7.8 Hz), 6.71 (d, 2H, / = 9.0 Hz},
3.51 (t,4H, J = 6.9 Hz), 3.27 (1, 4H, J = 6.9 Hz), 2.86 (1, 4H, J = 6.9
Hz), 247 (s, 6H), 2.43 (1, 4H, J = 6.9 Hz), 1.82 (u, 4H, J = 69 Hz,
J = 69 Hz). I*C NMR (CDCl;, 75 MHz): é = 175.1, 162.3, 161.8,
158.1, 138.7, 1383, 1194, 117.0, 114.9, 79.9, 46.8, 39.6, 38.3, 36.9,
30.5, 25.0. ESI-TOFMS calcd for CaoHaoMNsO2 [(M + H)], 558.3305;
found, 558.3253.
{3-[3-(Bis-{2-[3-(7-methyl-[1,8]naphthyridin-2-ylamino)-propyl-
carbamoyl]-ethyl}-amino}-propylcarbameyl}-propyl }-carbamic Acid

562 J. AM. CHEM. SOC. = VOL, 126, NQ. 2, 2004

tert-Butyl Ester (8). To a solution of 1 (11.7 mg, 0.021 mmol) and
4-({rerr-butoxy)carbonylamino)-N-(3-oxopropyljbutanamide (11 mg,
0.042 mmol) in CH;OH (1 mL) was added sodium cyanotrihydroborate
(3.3 mg, 0.05 mmol) at room temperature. The reaction mixture was
kept at pH 6 with acesic acid for 1 h. The reaction mixture was diluted
with CHC)3, washed with saturated NaHCO;, dried over MgSOy, and
evaporated to dryness. The residue was purified by column chroma-
tography on silica gel to give 8 (14.3 mg, 95%) as pale yellow solids.
'H NMR (CDs0D, 400 MHz): 8 =7.85(d, 2H, J=8.0Hz), 7.73 (4,
2H, J = 8.4 Hz), 7.04 (4, 2H, J = 7.6 Hz), 6.70 (d, 2H, J = 8.8 Hz),
3.54 (1, 4H,J = 6.0 Hz), 3.26 (1, 4H, J = 6.4 Hz), 3.11 (1, 2H, J = 6.8
Hz), 3.01 (1, 2H, J = 6.8 Hz), 2.74 (1, 4H, J = 6.0 Hz), 2.58 (s, 6H),
2.45(, 2H,J = 6.4 Hz), 237 (t, 2H, /=64 Hz), 2.14 (1, 2H, /= 7.6
Hz), 1.81 (m, 4H), 1.70 (m, 2H), 1.60 (m, 28}, 1.40 (s, 6H). 1*C NMR
(CDCh, 100 MHz): & = 175.1, 169.3, 1619, 161.3, 157.6, 138.3,
137.9, 133.6, 132.4, 129.9, 118.9, 116.6, 114.5, 79.9, 69.1, 52.0, 51.1,
40.3, 40.2, 39.3, 38.6, 34.7, 344, 31.6, 30.2, 28.8, 27.4, 24.9, 24.0,
14.4. ESI-TOFMS caled for CqxHeaN11Os [(M + H)*), 800.4935; found,
800.4834,

1-Immobilized Sensor Surface. To a solution of 8 (1.0 mg, 1.25
gmol) in CHCl; (0.5 mL) was added ethyl acetate containing 4 M HCl
(1 mL), and the reaction mixture was stirred at room temperature for
0.5 h. After evaporation of the solvent, the residue was dissolved in
borate buffer (1 mL, pH 9.2} and immobilized on a sensor chip CM3
(carboxymethylated dextran surface) using amine coupling kit with a
BlAcora 2000 system (BlAcore, Uppsala, Sweden). The amount of 1
immobilized on the surface was monitored as an increase of SPR signal.
The change in SPR signal, termed the SPR response presented in
response 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 concentration of 1 ng/mm?. Thus, the density
of immobilized ligands on the surface could be calculated by the
difference in SPR response before and after the immobilization.
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ABSTRACT

We have discovered a new molecule naphthyridine—
azaquinolone hybrid (Npt-Azq) that strongly stabil-
ized the guanine-adenine (G-A) mismatch in duplex
DNA. In the presence of Npt-Azq, the melting tem-
perature (T,,) of 5-d(CTA ACG GAA TG)-3'/3"-d(GAT
TGA CTT AC)-5' containing a single G-A mismatch
increased by 15.4°C, whereas fully matched duplex
increased its T, only by 2.2°C. Npt-Azq was
immobilized on the sensor surface for the surface
plasmon resonance (SPR) assay to examine SPR
detection of duplexes containing a G-A mismatch.
Distinct SPR signals were observed when 27mer
DNA containing a G-A mismatch was analyzed by
the Npt-Azq immobilized sensor surfaces, whereas
the signal of the fully matched duplex was ~6-fold
weaker in intensity. The SPR signals for the G-A
mismatch were proportional to the concentration of
DNA in a range up to 1 pM, confirming that the SPR
signal is in fact due to the binding of the G-A mis-
match to Npt-Azq immobilized on the surface.
Examination of all 16 G-A mismatches regarding the
flanking sequence revealed that the sensor surface
reported here Is applicable to eight flanking
sequences, covering 50% of all possible G-A
mismatches.

INTRODUCTION

As a follow-on to the complete sequencing of the human
genome, typing of single nucleotide polymorphisms (SNPs) in
an array of disease-related genes is expected to be an
indispensable technique for realizing personalized medicine.
A number of methods have been developed for SNP typing
(1-3), but much study is still needed to design new typing
methods that are simple in operation, rapid and accurate in
analysis, and low in cost. One of the challenges we have
focused on is the reduction and eventual redundancy of
labeled oligonucleotides for analysis. The expense of
fluorescently labeling oligonucleotides and PCR products

limits their application in large-scale typing by many currently
available methods. We have reported a conceptually novel
method of SNP typing that detects mismatch-containing
duplexes with a small molecular ligand immobilized on a
gold surface (4). Hybridization of two sets of duplex DNAs
that differ from each other by a single nucleotide produces a
DNA heteroduplex containing a single mismatched site.
Mismatch-containing duplexes can be separated from homo-
duplexes by either gel electrophoresis (5,6}, chemical and
enzymatic cleavages at the mismatched site (7-9), or selective
capture with mismatch-binding proteins (10,11). While these
heteroduplex analyses applied to low-throughput screening
are essentially free from oligonucleotide labeling, new
technologies for high-throughput analyses are yet to be
established. A small molecular ligand that selectively binds
to a mismatched site could replace mismatch-binding proteins
and bring an innovation to heteroduplex analyses (5,12-20).
The ligand naphthyridine dimer (Npt-Npt) strongly and
selectively binds to guanine-guanine mismatches in duplex
DNA (5,12) (Fig. 1). The binding constant to a G-G mismatch
in the 5’-CGG-3"13"-GGC-5 sequence is 1.9 X 107 M~!, Npt-
Npt consisting of two 2-amino-1,8-naphthyridine (Npt)
chromophores, and a linker connecting the chromophores is
designed so that each Npt produces three hydrogen bonds to
each one of the guanines in the G-G mismatch, and the
resultant naphthyridine—guanine pair is stabilized by stacking
with the flanking base pairs. The proposed binding of Npt—
Npt to the G-G mismatch has been verified by the 2D-
NOESY spectrum of the complex (12). In addition to Npt-
Npt, ligands that selectively and strongly bind to G-A, G-T
and A-A mismatches are needed to accomplish SNP typing by
a mismatch binding ligand. Taking into account the structure
of Npt-Npt as a clue for the molecular design of ligands
binding to a G-A mismatch, we have discovered
naphthyridine—azaquinolone hybrids (Npt-Azq) where one
Npt chromophore in Npt-Npt is replaced by a 8-azaguinolone
chromophore (Azq) having complementary hydrogen-bond-
ing surfaces to adenine (Fig. 2). Herein, we report the
remarkable stabilization of G-A mismatch DNA by Npt-Azg
and the first synthesis of a surface plasmon resonance (SPR)
sensor detecting a G-A mismatch by immobilization of
Npt-Azq on a gold surface.

*To whom correspondence should be addressed. Tel: +81 75 383 2756; Fax: +81 75 383 2759; Email: nakatani @sbchem.kyoto-u.ac.jp
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MATERIALS AND METHODS

Chemistry

In order to know the structure—activity relationship for the
binding of Npt-Azg hybrid to G-A mismatches, hybrid
molecules consisted of chromophores with different
hydrogen-bonding groups were synthesized. These chromo-
phores include Npt, Azq, quinoline (Q) and 2-amincquincline
(AQ). Synthesis of the hybrid melecules consisting of Npt
with Azq and other heterocycles is straightforward using N-
(zert-butoxycarbonyl)imino-3,3"-bis(pentafluorophenyl  pro-
pionate) (12), in which two carboxyl groups are activated as
a pentafluoropheny! ester. Mono-substitution of the penta-
fluoroester with 2-amino-7-methylnaphthyridine produces
intermediate amide Npt-OCgFs that subsequently reacts with
the heterocyclic amines to give hybrid ligands (Fig. 3). A
similar procedure was used for the synthesis of Azq-based
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Figure 4. Synthetic scheme of Azq-based hybrids.

hybrid ligands (Fig. 4). Details of the synthetic procedure is
described in the Supplementary Material.

Synthesis of Npt-Azq

To a solution of N-(fert-butoxycarbonyl)imino-3,3"-bis(penta-
fluorophenyl propicnate) (1.5 g, 2.53 mmol) in dry DMF (5 ml)
was added 2-amino-7-methyl-1,8-naphthyridine (180 mg,
1.14 mmol) and diisopropylethylamine (163 mg, 1.26 mmol).
The reaction mixture was stirred at room temperature for 15 h.
The solvent was evaporated to dryness and the residue was
purified by column chromatography on silica gel to give Npt-
QC¢Fs (1.29 g, 90%) as pale vellow solids: 'H-NMR (CDCl;,
400 MHz) & = 9.01 (br, 1H), 8.44 (d, 1H, J = 8.8 Hz), 8.12
(4, 1H,J =88 Hz), 7.99(d, 1H, J=80Hz), 7.26 (d, IH, J =
8.0 Hz), 3.66 {m, 4H), 2.90 {m, 2H), 2.74 (m, 2H), 2.73 (s, 3H),
1.42 (s, 9H), *C-NMR (CDCl,, 100 MHz) & = 163.6, 155.3,
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Figure 5. Synthetic scheme of Npt-Azq immobilized sensor surfaces.

154.6, 153.4, 142.6, 140.1, 139.5, 138.5, 136.6, 121.9, 118.8,
114.5, 80.9,44.9, 44 4, 37.6,37.2,36.7,33.4, 32.7, 28.6, 25.8,
FABMS (NBA), m/e 569 [(M + H)*], HRMS calc. for
CoeHaeOsN4Fs [(M + H)*] 569.1821, found 569.1827.

To a solution of Npt-OCgFs (300 mg, 0.53 mmol) in dry
DMF (2 ml} was added 7-(aminomethyDhydro-8-azaquinolin-
2-one (93 mg, 0.53 mmol) and diisopropylethylamine (77 mg,
0.6 mmol). The reaction mixture was stirred at room
temperature for 15 h. The solvent was evaporated to dryness
and the residue was purified by column chromatography on
silica gel to give N-Boc-Npt-Azq (227 mg, 77%) as pale
yellow solids: 'H-NMR (CDCly, 400 MHz) 8 = 11.29 (br, 1H),
9.08 (br, 1H), 8.38(d, 1H,J=8.8 Hz), 8.06 (d, 1H,/=8.0 Hz),
7.95(d, 1H, J=8.0Hz), 7.81 (d, 1H, J= 8.0 Hz), 7.64 (d, 1H,
J=9.6 Hz), 7.27 (d, 1H, J=8.0 Hz), 7.22 (d, IH, J=8.0 Hz),
6.64 (d, 1H, J = 9.6 Hz), 4.63 (d, 2H, J = 6.0 Hz), 3.58 (1, 2H,
J=6.8 Hz), 3.57 (t, 2H, J = 6.8 Hz), 2.71 (t, 2H, J = 6.8 Hz),
2.70 (s, 1H), 2.54 (1, 2H, J = 6.8 Hz), 1.36 (s, 9), PC-NMR
(CDCls, 100 MHz) 8 = 171.7, 163.9, 163.4, 159.8, 155.7,
154.5, 153.6, 149.3, 139.3, 139.2, 137.4, 136.9, 123.1, 121.9,
118.8, 118.2, 114.6, 114.0, 80.5, 44.8, 41.8, 37.5, 28.6, 25.7,
FABMS (NBA), m/e 560 [(M + H)*], HRMS calc. for
CagHa40sN7 [(M + H)*] 560.2621, found 560.2618.

To a solution of N-Boc-Npt-Azq (62 mg, 0.11 mmol) in
CHCIl; (3 ml) was added ethyl acetate containing 4 M HCl
(2 ml) at room temperature and the reaction mixture was
stired at room temperature for 0.5 h. The solvent was
evaporated to dryness to give hydrochloride of Npt-Azq
{quantitative yield) as white solids: 'H-NMR (CDCl,,
400 MHz) & = 11.45 (br, 1H), 8.67 (t, 1H, J = 5.6 Hz), 8.31
(d, tH, F=8.8 Hz), 798 (d, IH, J=8.8 Hz), 7.88 (d, IH, J =
8.0Hz), 7.65 (4, 1H, J=7.6 Hz), 7.53 (d, 1H, J=9.6 Hz), 7.15
(d, 1H, J = 7.6 Hz), 7.14 (t, 1H, J=8.0 Hz), 6.58 (d, 1H, /=
9.6 Hz), 4.65 (d, 2H, J = 5.6 Hz), 3.08 (t, 2H, J= 6.0 Hz), 3.06
{t, 2H, J = 6.0 Hz}, 2.65 (t, 2H, J = 6.0 Hz), 2.58 (t, 2H, J =
6.0Hz), 2.57 (s, 3H), '*C NMR (CD,0D, 100 MHz) 6=171.8,
171,3, 165.0, 160.2, 159.7, 157.0, 148.5, 147.3, 146.4, 140.3,
140.2, 138.8, 122.5, 120.9, 120.2, 117.6, 117.0, 114.8, 44.1,
43.9, 43.1, 32.5, 30.5, 19.7, FABMS (NBA), m/e 460 [(M +
H)*], HRMS calc. for CauHagOaN7 [(M + HY] 460.2095,
found 460.2097.

Synthesis of Npt-Azq having an aminoalkyl linker for
immobilization onto SPR sensor surface

SPR sensors having Npt-Azq on their surface were synthe-
sized to examine SPR detection of the G-A mismatch in a flow
system (Fig. 5). Npt-Azq was immobilized on a dextran
matrix coated gold surface (CMS chip, BIAcore) through a
bivalent linker of N-Boc-aminoaldehyde, First, Npt—-Azq was
tethered by a reductive amination to the linker, which was
efficiently prepared from Boc-protected 4-aminobutanoic acid
and 3-aminopropionaldehyde diethylacetal (Supplementary
Material). Deprotection of a Boc group produced a primary
amine, which was subsequently immeobilized on the sensor
surface by a coupling between the amino group and an
activated carboxyl group on the CMS5 chip using a standard
method with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI) and N-hydroxysuccinimide (NHS).

Preparation of a sensor chip carrying Npt-Azq on its
surface

SPR measurements were performed with a BlAcore 2000
system (BlAcore, Uppsala, Sweden). Immobilization of Npt-
Azq on a sensor chip CM35 (carboxymethylated dextran
surface, BIAcore) was carried out using amine coupling kit
(BlAcore) in a continuous flow of HBS-N buffer (10 mM
HEPES, pH 7.4) containing NaCl (150 mM) at a flow rate of
10 pl/min. A solution (76 pul) of NHS (0.05 M) and EDCI
(0.2 M) was injected using the QUICKINJECT command to
activate the carboxymethylated dextran surface of a CMS5
sensor chip. A solution (70 pul) of Npt-Azq having an
aminoalkyl linker (2 mM in borate buffer, pH 9.2} was injected
using the QUICKINJECT command on the activated surface.
Residual activated surface was completely blocked by injec-
tion of a solution (20 L1} of ethanolamine hydrochloride (1.0 M,
pH 8.5). Non-covalently bound material was removed by
washing with 5 pl of 50 mM NaOH to produce the sensor chip
carrying Npt-Azq on its surface, The amount of Npt-Azq
immobilized on the surface was modulated by the reaction
period of the immobilization, and was monitored as an
increase of SPR signal [resonance unit (RU}] after the
deactivation of the unreacted NHS-esters and a conditioning
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Table 1. ATy, values for the duplexes containing G-y mismatches in the absence and presence of drugs®

Drug cGglgAe, T, = 25.8°C eGglgGe, Ty = 25.1°C c¢Gg/gCe, T, = 38.6°C
Npt-Azq 15.4 (0.6) 10.6 (0.7) 2.2 (0.8)
Npt-Npt 12.8 (1.0) 26.2 (1.0 43 (1.0
Npt-Q 1.6 (1.5) 4.5 (1.3) 2.0(1.0)
AQ-Azq 0.4 (0.4) 0.1 (0.1) 0.7 (0.4)
Azq-Azq 0.5 (0.1) -0.9 (0.7 0.5 (0.6)
Npt 0.6 (0.4) -0.8 (0.2) -0.3 (0.7)
Azq 0.3 (0.3) 0.3 (0.6) 0.4 (1.0)
Npt and Azq 0.6 (0.5) -0.8 (0.5 0.2 (0.1)

3T, for the duplex 5-d(CTAA vGw AATG)-3/3"-d(GATT xyz TTAC)-5 (5.0 uM each strand) in the absence
(drug —) and presence (drug +) of drug {200 pM}) was measured in 10 mM sodium cacodylate buffer (pH 7.0}
containing 100 mM NaCl. AT,, = T, (drug +) - T, (drug —). The numbers in parentheses represent the

maximum experimental error.

of the surface. Three sensor surfaces carrying Npt-Azq for
527,722 and 951 RU were obtained by the immobilization for
1, 3 and 7 min with a 2 mM solution of Npt-Azq in a borate
buffer (pH 9.2).

Measurements of thermal denatoration profiles of
mismatch-containing duplexes

Thermal denaturation profiles of the duplexes 5-d(CTAA
vGw AATG)-3'/3-d(GATT xyz TTAC)-5" where G-y
mismatches were flanked by v-x and w-z base pairs (4.5 or
5.0 uM for each strand) were measured in a sodium cacodylate
buffer (10 mM, pH 7.0) containing NaCl (100 mM) using a
Shimadzu UV-2550 UV-Vis spectrometer linked to a Peltier
temperature controller. The absorbance of the sample was
monitored at 260 nm from 4 to 70°C with a heating rate of
1°C/min in the absence and presence of a hybrid ligand. The
measurements were carried out at the ligand concentration of
50 or 200 pM. The melting temperature of these duplexes was
determined as the temperature crossing the melting curve and
the median of two straight lines drawn for the single and
duplex region in the melting curve.

General procedure for SPR binding experiments using
synthetic oligonmcleotides

All measurements were carried out at 25°C in a continuous
flow of a buffer (10 mM HEPES, pH 7.4) containing NaCl
(1 M) at a flow rate of 30 ul/min. A 1 pM solution of 27mer
duplexes 5'-d(GTT ACA GAA TCT VGW AAG CCT AAT
ACG)-3'13'-d(CAA TGT CTIT AGA XYZ TTC GGA TTA
TGC)-5' containing G-Y mismatches flanked by V-X and W-Z
base pairs in the buffer were injected for 180 s for analyzing
the association to the sensor surface. The buffer was subse-
quently injected for another 180 s for analyzing the dis-
sociation of the bound oligomer form the surface. After each
analysis, all binding materials were removed by washing with
30 ul of NaOH solution (50 mM). Immediately after washing,
this system can be used for the next assay.

RESULTS AND DISCUSSION
UV melting temperature analyses

The bindings of Npt-Azq and other hybrid ligands to G-y
mismatches were examined by measuring the melting

temperature (T,,,) of mismatch-containing duplexes (5.0 uM)
in the presence of the ligand. The difference of the melting
temperature {ATy,)) in the absence and presence of the ligands
is summarized in Table 1. A large AT, of 26.2°C was obtained
for the 11mer duplex containing the G-G mismatch flanked by
two G-C base pairs (vGw/xyz = ¢Gg/gGce) in the presence of
Npt-Npt. In order to distinguish the 11mer duplexes used for
the T,, measurements from the 27mer duplexes used for SPR
studies, the flanking sequences to the mismatch of 11mer were
described with lowercase letters, whereas uppercase letters
were used of the flanking sequences of 27mer. Under these
conditions, Npt-Npt also increased the Ty, of the G-A
mismatch (cGg/gAc) by 12.8°C, whereas only a modest
AT of 4.3°C was observed for the matched duplex. In
contrast to Npt-Npt, substitution of one Npt chromophore to
Azq in Npt-Azq showed a striking difference in the spectrum
for mismatch stabilization. Npt-Azq strongly stabilizes cGg/
gAc as indicated by the AT, of 15.4°C, exceeding the AT, of
Npt-Npt by 2.6°C. Since the non-specific binding to a fully
matched duplex is weaker for Npt-Azq (2.2°C) than Npt-Npt
(4.3°C), Npt-Azq is currently the strongest ligand described
that stabilizes the G-A mismatch.

To gain insight into a role of Azq chromophore for the
binding to the G-A mismatch, the Azq and Npt chromophores
in Npt-Azq were replaced by either quinoline (Q) or
aminoquinoline (AQ) chromophores, A dramatic decrease of
the AT, from 15.4 to 1.6°C was observed by replacing Azq
chromophore in Npt-Azq with Q in Npt-Q. The hydrogen-
bonding donor of N-H in Azq was replaced by a non-hydrogen
bonding group of C-H. Aminoquinocline-azaquinclone (AQ-
Azq) obtained by a substitution of Npt in Npt-Azq with AQ
completely lost the binding to both G-A and G-G mismatches
(Fig. 6). Furthermore, the azaquinolone dimer (Azq-Azq), the
single chromophore Npt and Azq, or the 1:1 mixture of Npt
and Azq did not stabilize the G-A mismatch. These results
clearly indicated that a covalent attachment of Npt and Azq
chromophores is essential for the stabilization of the G-A
mismatch. These remarkable effects of the substitution of the
Npt and Azq chromophores in Npt-Azq on the stabilization
of the G-A mismatch suggests the significance of the hydrogen
bonding of Azq to adenine and Npt to guanine (Fig. 2). It has
been recently shown that Azq is superior to thymine in the
recognition of adenine in duplex and miplex structure (21).
These observations are well consistent to our results.
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Figure 6. Schematic representation of the effect of structural modification

of chromophores in Npt-Azq on the increased melting temperature (AT}
of the G-A mismatch.
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Figure 7. UV absorption spectra of Npt-Azq (20 uM) in the presence of
different concentrations of the G-A mismatch duplex e¢Gg/gAc (0-50 pM).
The experiments were conducted in a sodium cacodylate buffer (10 mM,
pH 7.0} containing NaCl {100 mM) at [5°C. The concentrations of DNA
are Q, 1,25, 5,75, 10, 15, 20, 25 and 37.5 uM.

Evaluation of the binding of Npt-Azq to G-A
mismatches

Having found that Npti-Azq strongly stabilizes the G-A
mismatch, and that the hydrogen bonding groups in the two
chromophores are essential, the binding of the ligand was
studied in detail. First, the UV absorption of the Npt-Azq
{20 pM) was measured in the presence of different concen-
trations of the 1lmer G-A mismatch duplex (cGg/gAce) (0—
50 pM). In the absence of DNA, the ligand showed an
absorption maximurm at 320 nm and a shoulder at 333 nm. At
increasing ¢Gg/gAc concentrations, these absorptions de-
creased in intensity with a concomitant red shift of the peak
from 320 to 324 nm (Fig. 7). An isosbestic point was observed
at 340 nm for the spectral change, indicating that UV
absorbance of Npt-Azq linearly changes from the free state
to the bound state to eGg/gAc. With the data points at 320 nm,
the fraction of the total ligand bound against the molar fraction
of eGgfgAc ([cGglgAc] / [Npt-Azq)) was plotted (Fig. 8).
The bound fraction of Npt-Azq rapidly increased with
increasing ¢Gg/gAc concentration and saturated in the pres-
ence of approximately one molar equivalent of DNA. In
contrast, the bound fraction of Npt-Npt to the G-A mismatch

fraction of total figand bound

i A 1 i

0 0.5 1 15 2
[DNAYINpt-Azq)

Figure 8. Plot of the fraction of total ligand bound against the molar
fraction of the G-A mismaich duplex ¢Gg/gAc to the concentration of Npt—
Azq (filled circles) and Npt-Npt (open circles), respectively. The data were
obtained from experiments shown in Figure 7.
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Figure 9. CD spectra of ¢Gg/gAc (4.5 pM) measured in 0 mM sodium
cacodylate buffer {pH 7.0) and 100 mM NaCl at 25°C in the absence (gray)
and presence (black) of 20 pM Npt-Azq.

steadily increased with increasing cGg/gAc concentration and
reached saturation with two molar equivalents of DNA. This
suggests that the binding of Npt-Azq to the G-A mismaich is
stronger than that of Npt-Npt. CD spectra of ¢Gg/gAc in the
presence of Npt-Azq showed an increase of the ellipticity at
275 nm in addition to strong and weak CD signals induced at
320 and 345 nm, respectively (Fig. 9). Distinct induced CD
signals indicated that Npt-Azq was under the influence of the
chiral environment of duplex DNA in the complex.

The effect of the concentration of Npt-Azq on the AT, of
cGg/gAc was examined by measuring the melting curve at
different drug concentrations. Increasing the concentration of
Npt-Azq, the AT, of the duplex increased and reached a
plateau (Fig. 10). At 50 pM Npt-Azq, UV-melting profiles
were obtained for all G-A mismatches with regard to the
sequence flanking to the mismatch (vGw/xAz). The T, of all
G-A mismatches except for tGt/aAa in the absence and
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Figure 10. Concentration dependency of AT, of ¢Gg/gAe (4.5 pM). The
melting temperature of ¢Gg/gAc (4.5 pM) was measured in the presence of
0, 5, 10, 15, 25, 50, 100 and 200 pM Npt-Azq in 10 mM sodium
cacodylate (pH 7.0} and 100 mM NaCl. :
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Figure 11. AT,, values for G-A mismatches (4.5 uM) of different flanking
sequence in the presence of Npt-Azgq (50 uM) (black) and melting
temperatures of G-A mismatches in the absence of Npt-Azq (white).

presence of Npt-Azq are summarized in Figure 11. The 7y, of
tGt/aAa was too low to measure under the conditions. The
largest AT, was recorded for the sequence of tGg/aAc. The
sequence cGg/gAc we have examined in detail had the second
largest ATy, value. While we have anticipated that the binding
of Npt-Azq would be favorable for the G-A mismatches
flanking to G-C base pairs due to the increased stacking
stabilization of the complex, there seems no obvious
rationalization for the sequences stabilized by the drug. The
melting curves of the sequences showing the top five AT,
values are shown in Figure 12. The energy gains of these five
G-A mismatches in the presence of 50 pM Npt-Azq were
estimated by curve fitting of the melting profiles. The melting
profile of the G-A mismatch in the absence and presence of
Npt-Azq were fitted to a two-state model with a non-linear
Ieast-squares program by using Sigma Plots (version 2001)
(22). The energy gains obtained by these simulations are
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Figure 12. Melting curves of G-A mismatch duplexes (4.5 UM} in the
absence {dots) and presence (filled circles) of Npt-Azq (50 uM) in 10 mM
sodium cacodylate (pH 7.0) and 100 mM NaCL tGgfaAc, green; cGgfgAc,
blue; gGaleAt, red; tGefaAg, orange; tGa/aAt, black.

Table 2. Estimated energy gains of the G-A mismatches in the presence of
50 pM Npt-Azqg®

G-A mismatch AG (drug =) AG (drug +) AAG
cGg/gAc -9.7 -157 6.0
tGe/aAg -10.5 ~14.6 —4.1
1GgfaAc -8.4 —12.1 -36
gGa/cAt 6.0 -89 -9
tGa/aAt -8.1 -9.8 -17

AG (drug ) and AG (drug +) were obtained by curve fitting of the melting
profiles in the absence and presence of Npt-Azq (50 pM) at 277.15 K and
reported in keal/mol. AAG = AG (drug +) - AG (drug -).

summarized in Table 2. The largest energy gain of —6.0 kecal/
mol (277.15 K) was obtained for c¢Gg/gAc, whereas the
sequence tg/faAe, which recorded the highest AT, value,
was ranked third. As we reported earlier, the magnitude of
AT, is not consistent with the energy gain by the drug binding
especially when the duplex showed a low melting temperature
(23).

SPR analyses

Having discovered that Npt-Azq strongly stabilizes the G-A
mismatch DNA, the binding of G-containing mismatches to
the SPR sensor where Npt-Azq was immobilized on the
surfaces was investigated. SPR analyses of a 1 pM solution of
27mer duplexes 5-d(GTT ACA GAA TCT VGW AAG CCT
AAT ACG)-3/3-d(CAA TGT CTT AGA XYZ TTC GGA
TTA TGC)-5' containing a G-Y mismatch flanked by G-C
base pairs (5'-VGW-3"/3-XYZ-5 = CGG/GYC, Y =A,Gor
C) were performed with the sensor carrying Npt-Azq for
951 RU on the surface. To suppress a non-specific absorption
of DNA to the sensor surface, binding experiments were
carried out under high salt conditions (1 M Na(l and 10 mM
HEPES buffer, pH 7.4). A sensorgram obtained for the G-A
mismatch (CGG/GAC) showed strong SPR signals, of which
intensity reached to 193 RU, after 180 s of the association time
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Figure 13. Sensorgrams for the binding of duplexes containing G-Y mis-
matches 10 the Npt—-Azgq immobilized SPR sensor surface. Aliquots of 90 ul
of the duplexes (1.0 uM in 10 mM HEPES buffer pH 7.4, 1 M NaCl) con-
taining G-A, G-G mismatch and G-C matches were injected for 180 s 1o
measure the association to the sensor surface.

(Fig. 13). The SPR signal for the G-G mismatch (CGG/GGC)
was also distinct, but much lower in intensity (114 RU) than
that obtained for CGG/GAC. In marked contrast, only a weak
SPR signal (31 RU) was observed for the G-C match DNA
(CGG/GCQC). These results are consistent with those of UV-
melting studies in the presence of Npt—-Azq showing a higher
ATy, for ¢Gg/gAc than for ¢Gg/gGe and almost negligible
stabilization for the G-C match DNA, The distinct differences
in the intensity of the SPR signal between the G-A mismatch
and G-C match DNA clearly indicate a unique character of the
Npt-Azq immobilized sensor surface.

Concentration dependency for the SPR responses

To further evaluate the fidelity of the novel sensor surfaces
detecting the G-A mismatches, the concentration dependency
of the SPR signal for the binding of the G-A mismatch to the
sensor surface was investigated. The duplex CGG/GAC
containing a G-A mismatch of different concentrations (0.13—
1.0 ¢M) was znalyzed by three sensor surfaces carrying Npt—-
Azq for 951, 722 and 527 RU. The SPR responses after the
association time of 180 s were plotted against the concentra-
tion of the G-A mismatch DNA (Fig. 14). The SPR signals
produced by each sensor surface clearly showed a linear
correlation to the concentration of CGG/GAC, with a
correlation coefficient of 0.99. A linear correlation between
SPR intensity and DNA concentrations validated that the
observed SPR signals were definitely due to a specific
interaction between CGG/GAC and Npt-Azq on the sensor
surface. Furthermore, it was suggested that the sensor surface
is not only effective to detect the G-A mismatch, but also
applicable to quantify G-A mismatch DNA at the concentra-
tion range up to 1 uM (24). It is worth noting that the SPR
responses of three sensor surfaces were not preporticnal to the
amount of Npt-Azq immobilized on the surface. This is most
likely due to the different surfaces of the three sensors

produced by independent immobilization processes for the

three CMS5 chips of research grade. Thus, calibration of the
sensor surface is necessary for quantitative applications.
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Figure 14. Concentration dependency for the SPR responses for 27mer
duplex (CGG/GAC) containing a G-A mismatch. CGG/GAC at concentra-
tions of 0.13, (.25, 0.5 and 1.0 pM were analyzed by three sensors carrying
Npt-Azq for 951 (filled circles), 722 (open circles) and 527 RU (squares)
on the surface. Responses after 180 s of the association time were plotied
against the DNA concentration.

Effect of the flanking sequence to the G-A mismatch on
the SPR responses

To know the scope and limitation of the novel G-A mismatch
detecting sensor, the effect of the sequence flanking to the
mismatch on the binding to the Npt-Azq immobilized sensor
surface was examined. In heteroduplex analyses, it is import-
ant to differentiate the mismatch-containing duplex from the
fully matched duplex. Thus, the SPR signal of a mismatched
duplex relative to that of the fully matched duplex was
investigated. DNA duplexes containing G-A mismatches in
the sequence of 5'-VGW-3/3"-XAZ-5 were analyzed by SPR
using an Npt-Azq immobilized sensor surface. SPR inten-
sities of 16 G-A mismatches were reported by the relative
intensity to the highest signal of the fully matched duplex.
G-A mismatches are largely divided into three groups with
regard to the affinity to the surface. The first group of G-A
mismatches showed a strong response to the Npt-Azq
immobilized surfaces. Among 16 duplexes, the strongest
SPR signal was observed for TGG/AAC (Fig. 15a). The SPR
intensity was more than two times stronger than the signal for
CGG/GAC, and 12-fold stronger than that observed for the
matched duplex. Besides these two, G-A mismatches in GGA/
CAT, TGC/AAG, AGG/TAC and AGA/TAT showed SPR
signals that are markedly stronger than the signat of a matched
duplex by >2-fold. The fitting of the response curve to a 1:1
Langmuir model with BlAevaluation software (version 3)
provided an estimate of the association constant (X,) of each
G-A mismatch to the Npt-Azq immobilized surface. The K,
obtained for the G-A mismatches were 1.8 X 10 M- for
TGG/AAC, 1.0 X 10 M~! for CGG/GAC, 9.0 X 10% M-! for
GGAJ/CAT, 9.2 X 105 M™! for AGG/TAC 7.5 X 10° M-! for
AGA/TAT. The K, for the TGC/AAG could not be estimated
due to a very slow dissociation of DNA from the surface. The
second group of G-A mismatches showed reduced relative
intensities compared with those in the first group (Fig. 15b).
The SPR responses of AGT/TAA and GGG/CAC are clearly
distinguished from that of matched duplex. The relative
intensity of the SPR signal to the mismatches is ~1.5-fold. The
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Figure 15, Relative SPR intensities of the binding of G-A mismatches to
the Npt-Azq immobilized sensor surfaces, G-A mismaiches (1 pM) were
analyzed in HEPES buffer for 180 s of association to the sensor surface and
then dissociation of the bound DNA from the surfaces. SPR intensities were
reported as a relative intensity by setting the maximum intensity of the fully
matched duplex to be 1.0. (a) G-A mismatches strongly bind to the sensor.
TGG/AAC, yellow; CGG/GAC, black; TGC/AAG, green; GGA/CAT,
blue; AGG/TAC, pink; AGA/TAT, aqua; matched duplex, red. (b} G-A
mismatches with weak binding to the sensor. AGT/TAA, violet, GGG/
CAC, agua; matched duplex, red.

third group of mismaiches did not show any noticeable
differences in SPR intensity from that of fully matched duplex.
These analyses showed that the sensor we reported here would
be effective 1o detect G-A mismatches in eight flanking
sequences, covering 50% of all G-A mismatches.

A sequence-dependent binding of Npt-Azq to the G-A
mismatches implies that Npt—Azq not only binds to the G-A
mismatches, but also interacts to the bases flanking to the
mismatch. SPR analyses showed that the binding kinetics for
the G-A mismatch in TGC/AAG are markedly different from
those of other G-A mismatches. The association of TGC/
AAG to the Npt-Azq immobilized surface and the dis-
sociation from the surface was quite slow, These observations
are particularly important for the molecular design of the
improved version of Npt—Azq that is aiming to detect the rest
of the eight G-A mismatches.
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Conclusion

The new molecule Npt-Azq was discovered to be the ligand
strongly stabilizing the G-A mismatch. The SPR sensor
surface on which Npt-Azq was immobilized was the first
sensor detecting the G-A mismatch in duplex DNA. The G-A
mismatch is produced by a heteroduplex formation from a pair
of duplex DNAs containing a G-C to T-A mutation. The Gto T
transversion is high in frequency because the oxidation of
guanine leading to a formation of 8-oxoguanine eventually
resulted in the mutation (25). Oxidation of guanine is known
to be sensitively affected by the base 3’ side to the guanine
(26). The 5-G(G-3’ is most easily oxidizable and the 5'-GA-3
is second in 5-GX-3° sequences. The G in the G-A
mismatches that are detectable by the SPR surface are mostly
flanked by 3’ side G and A, suggesting that the oxidation at
those Gs is high in frequency. Thus, the Npt-Azq immobil-
ized sensor surface reported here would be a useful and
important tool for the discovery of a G to T mutation by
detecting the G-A mismatches.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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Abstract—Naphthyridine dimer is a unique molecule that strongly, and selectively, binds 1o the guanine-guanine mismatch in
duplex DNA. We have synthesized naphthyridine dimers possessing a different length of poly{ethylene oxide) (PEQ) linker, and
immobilized them to CM5 sensor chip to carry out a surface plasmon resonance (SPR) assay of DNA duplexes containing 2 single
base mismatch. The sensitivity of the sensor remarkably increased with increasing numbers of PEO units incorporated into
the linker. With the sensor surface immobilized naphthyridine dimer for 1.5x10% respense unit (RU) through three PEO units, the
distinct SPR signal was observed at a concentration of 1 nM of the 27-mer G-G mismatch.

© 2004 Elsevier Ltd. All rights reserved.

Discrimination of base mismatches from normal Wat-
son—Crick base pairs in duplex DNA constitutes a key
technology for the detection of single nucleotide poly-
morphisms (SNPs). To detect SNPs, a number of high
throughput methods have been developed.'=® Most of
these technologies use the difference in thermodynamic
stability between mismatched and fully matched
duplexes. We,*!° and others,''~!? have pursued an
alternative approach to SNPs detection by using small
molecular ligands that can selectively bind to the mis-
matched base pairs. This is 2 modified method of het-
eroduplex analyses, which determines the presence of
SNPs in testing sample DNAs by detecting the mis-
matched base pairs in heteroduplex produced between
sample and the standard DNAs.!%!5 We have developed
a novel sensor for a surface plasmon resonance (SPR)
assay to detect the G—G mismatch duplexes by employ-
ing the surface where naphthyridine dimer 1 was
immobilized.* Naphthyridine dimer 1 {Fig. 1) consisting
of two 2-amino-7-methyl-1,8-naphthyridines having
complementary surface of hydrogen bonding to a gua-
nine and a linker connecting two chromophores binds
selectively to the guanine—guanine (G—G) mismatch in
duplex DNA.4* In previous studies,* the sensor surface

Keywords: Mismatch; SPR; PEC.
* Corresponding author. Tel.: +81-75-383-2736; fax: +81-75-383-
2759; e-mail: nakatani@sbchem.kyoto-u-ac.jp

0960-894X/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bme).2003.12.079

was synthesized by immobilizing 2 on a dextran matrix
pre-coated on the gold surface of a Biacore CM5 sensor
chip.!6 The SPR signals obtained by the sensor surface
were much weaker than those expected from the mole-
cular mass of the analyte DNA. It was anticipated that
naphthyridine dimers immobilized with a short alkyl
linker (e.g., 2) would not be exposed on the surface, but
would be folded back into the matrix. We have inserted
hydrophilic poly(ethylene oxide) (PEO) units between 1
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Figure 1. Structures of naphthyridine dimers with a different
poly(ethylene oxide) linker length.



1106 K. Nakatani et al. { Bioorg. Med. Chem. Lett. 14 (2004) 1105-1108

and the dextran matrix with the expectation that it
would suppress undesirable folding, and so increase the
fraction of ligand exposed on the surface. We here
report that a new sensor surface of naphthyridine dimer
having a_long PEQ spacer in the linker remarkably
increased the sensitivity to the G—G mismatch 13 times
that of the prototype. With the sensor surface immobi-
lized naphthyridine dimer for 1.5x10® response unit
(RU) through three PEQ units, the distinct SPR signal
was observed at a concentration of 1 nM of the 27-mer
G-G mismatch.

Naphthyridine dimers tethered to a PEQ linker were
synthesized as shown in Scheme 1. First, an activated
amino acid of a PEO unit 10 was synthesized from tet-
racthylene glycol. Though the PEO unit related to 10
had been synthesized from triethylene glycol,'7-1® it was
conveniently obtained by oxidation of mono-protected
tetracthylene glycol. Mono mesylation of tetra(ethylene
glycol) and a subsequent reaction with sodium azide
produced w-azide alcohol 6, which was oxidized with
Jones’ reagent to carboxylic acid 7. Hydrogenation of
the azide 7 followed by protection of the resulting pri-
mary amino group in 8 produced N-Boc-amino acid 9.
The carboxylic acid of 9 was activated as a form of
pentafluoro phenyl ester, giving the PEO unit 10.
Naphthyridine dimer tethered to an amino alkyl linker
2% was reacted with 10. The N-Boc group on the amino
termini of the resulting 11 was deprotected to afford the
naphthyridine dimer 3 having one PEQ unit. The pri-
mary amine 3 was coupled with 10 giving 12, which was
deprotected to form 4 having two PEO units. Repetition
of the coupling—deprotection sequence provided 5 hav-
ing three PEO units.

Naphthyridine dimers tethered to a different length of
PEO linker were immobilized on an activated carboxyl

o]

HO’\’(O\/}OH b, HO’\‘(O‘/}N, L HOJJ\‘(O\/}N,
3 ) N 3

o] [+]
d 4
- HOJK{O\/} NHR —# C,F,0 Jk«(o\/)‘ NHEoc
k] k]
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( B:R=H
e
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Scheme 1. Synthesis of naphthyridine dimers tethered to a’ different
PEO linker. Reagents and conditions: {a) MsCl, NEt;, dry diethyl-
ether; {(b) NaN;, EtOH, reflux, for 2 steps 46%; (¢) Jones' reagent,
acetone, 80%: (d) Pd~C, H,, EtOH, quantitative; (¢) (Boc).0, 2M,
NaOH, THF, 36%:; (f) pentaflucrophenol, EDCI, DMF, 80%; (g} 10,
Et;N, THF, 90% for 11, 78% for 12, 74% for 13; (h) HCl, AcOEt,
CHCl;, quantitative.

terminal attached to the dextran surface according to
the procedure recommended by Biacore (Scheme 2).16:1%
We synthesized two S-immobilized sensor surfaces
(Sensors 1 and 2), which differed in their ligand densities
on the surface, one 4-immobilized sensor surface (Sen-
sor 3), and one 3-immobilized sensor surface (Sensor 4).
SPR detects changes in the refractive index on the sur-
face layer 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 response
units (RU), is directly related to the change in surface
concentration of biomoelecules. SPR response of 1000
RU is equivalent to the change in surface concentration
of 1 ng/mm?2. Thus, the density of immobilized ligands
and analyte bound on the surface could be calculated by
the difference in SPR response before and after the
analysis.'é Sensor 1 was prepared by immobilizing 5 for
5.5x102 RU (1 RU=1 pg-mm™2, and it had a ligand
density on the sensor surface of 4.7x1071° fmol-nm~2.
Sensor 2 was prepared by immobilizing 5 for 1.5x103
RU. The density of 5 on the surface was about
1.3x107° fmol-nm™2. Sensors 3 and 4 were prepared by
immobilizing 4 and 3 for 4.6x10% and 5.4x10% RU,
respectively. The ligand density of Sensors 3 and 4 were
48x10-'% and 7.0x107'° fmolnm~2, respectively,
which are similar to the ligand density of Sensor 1.

The DNA oligomers used for the SPR studies were 27-
mer duplex 5-d(GTT ACA GAA TCT XYZ AAG
CCT AAT ACG)-¥/3-d(CAA TGT CTT AGA X'Y'Z
TTC GGA TTA TGC)-5 (1 uM) containing a G-G
mismatch (XYZ/X'Y'Z'=CGG/GGC represented a
DNA duplex having the trinucleotide block) in the
middle of the sequence. The eflect of the linker length
on the SPR intensity was assessed by measuring the
specific binding of CGG/GGC to Sensors 1, 3, and 4, on

o
3.4,0r5 + °
l §§§ : dextran matrix
cad - | o)
NTTN HJKL
n—" N

—CMS sensor chip

Senosr1:5(n=3), LD =4.7 x 10°1°
Sensor 2: 5(n=3),LD=1.3x 10"

Sensor3:4(n=2),D=48x10"0
Sensor4:3(n=1),LD=7.0x 10"

Scheme 2. Immobilization of naphthyridine dimers having different
ligand density (LD, fmol-nm~2) and lengths of a PEO linker on to the
dextran coated gold surface.



