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Abstract: We have synthesized the first surface plasmon resonance (SPR) sensor that detects cytosine—
cytosine (C—C) mismatches in duplex DNA by immobilizing aminonaphthyridine dimer on the gold surface.
The ligand consisting of two 2-aminonaphthyridine chromophores and an alkyl linker connecting them
strongly stabilized the C—C mismatches regardless 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-3'/3'-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 proportional to the concentration of the C—C mismatch 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 106 M~1. 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 a sample DNA is identical to the standard DNA in base

Surface plasmon resonance (SPR) detects changes in th&€dUences, cross-hybridization of two DNAs _pr_oduces_a fully
refractive index caused by variation of the mass on the sensorMatched duplex but not a heteroduplex containing a mismatch
chip surface, e.g., when the analyte binds to the immobilized site. Therefore, the heteroduplex analyses need analytical
ligand on the surfackln most SPR studies, macromolecules methods that discriminate the mismatch-containing duplexes
such as proteins and DNAs are immobilized on the sensor from the fully matched duplexes. Conventional low-throughput
surface to detect proteirproteir?-3 and proteir-DNA*S interac- methods for the detection of mismatched base pairs in hetero-
tions. We have studied the SPR detection of mismatched basedUPIex analyses were enzymatic and Ch_eTgiC"’“ cleavage at the
pairs by using the sensor surface where a small molecular weightMismatched site&® gel _electrophor?s%?,v and selective
ligand that specifically binds to the mismatched base pairs was c@Pture by mismatch-binding prote#?sz.. Heteroduplex analy-
immobilized®~1° This technique would be useful for the high- SeS are applicable to both SNP discovery (mapping) and
throughput heteroduplex analyses of single nucleotide poly- detection (typing). In the SNP mapping, mismatched base pairs
morphisms (SNP). Heteroduplex analyd€d detect the mis- produced in a heteroduplex will be identified by the subsequent
matched base pairs in heteroduplexes produced by cross-Seqguencing. In contrast, a predetermined mismatched base pair

hybridization of a sample and the standard DNAZ5 When is produced in SNP detection because the sequence of the
standard DNA, the site of mutation, and the type of mutation
IEREtSLQ Jap_fgl Science and Technology Agency. have been identified. We report here the first SPR sensor
yoto University. . . . .
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Scheme 1. Synthesis of Aminonaphthyridine Derivatives?
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a Reagents and conditions: (a) 3,3-diethoxypropylamine, 81%; (b)
diaminopropane, 95%; (c) (i) 80% AcOH, 8C, 30 min, (i) NaBHCN,
EtN, MeOH, 5 h, 12%; (d) 3,3-iminobis(pentafluorophenyl propionate),
67%; (§ 4 N HCl/ethyl acetate, 80%.

mismatches regardless of the flanking sequences as determined

by the increase in melting temperaturég)( The 1-immobilized
sensor detected 27-mer duplex containing-aGmismatch at

Scheme 2. Preparation of Aminonaphthyridine Dimer-Immobilized
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a8 Reagents and conditions: (a) 4e(t-butoxy)carbonylamino)N-(3-
oxopropyl)butanamide, NaBJEN, AcOH, MeOH, 1 h, 95%; (b) (i) 4 N

the 10 nM concentration. Most genetic diseases are caused byHCl/ethyl acetate, 30 min, (i) amine coupling kit.

the interaction of many genetic factors (polygenic) but not

caused by a single genetic disorder (monogenic). It is anticipatedN-(3-oxopropyl)butanamide to giv& Following the deprotec-
that a large number of SNP sites must be determined for tion of the Boc group oB with 4 N HCI, the resulting amine
diagnoses of genetic diseases in the future. While G to C (or C was coupled to the activated carboxylic acid of the CM5 sensor

to G) mutation producing a €C mismatch in heteroduplex

chip using a standard procedure of an amine coupling méthod.

analyses is not high in frequency, under such situations, typing The degree of immobilization of the ligands was monitored by

of G to C (or C to G) mutation would be indispensable.

Synthesis of Aminonaphthyridine Derivatives.A series of
aminonaphthyridine derivatives-3 were synthesized as shown
in Scheme 1. Substitution of chloride in 2-chloro-7-methyl-1,8-
naphthyridine %)?? with diaminobutane and 3,3-diethoxy-
propylamine leads to amirzand diethylacetab, respectively.
Aminonaphthyridine dimeg, having the same linker length as
that of acylaminonaphthyridine dimdy®” was obtained by a
reductive coupling o8 and6. Thus, the aldehyde derived from
6 by acid hydrolysis was treated withunder conditions of a
reductive amination. Condensation of 3,3-iminobis(pentafluoro-
phenyl propionate) witt3 afforded Boc-protected aminonaph-
thyridine dimer7. Finally, the amine-protecting Boc group of
7 was removed wit 4 N HCI to givel.
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Preparation of Aminonaphthyridine Dimer-Immobilized
Sensor. A synthetic scheme of-immobilized sensor surface
was shown in Scheme 2. Aminoalkyl linker was attached to
by a reductive amination with 44frt-butoxy)carbonylamino)-
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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 amine.

Melting Temperature of Mismatches in the Presence of
Aminonaphthyridine Derivatives. Aminonaphthyridine dimer
1 consisted of two chromophores 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 increasegobf
the mismatch-containing duplex DNA as an index. The UV
melting curves of 11-mer duplexes ofF-&CTA AGX CAA
TG)-3/3-d(GAT TCY GTT AC)-5, where X=Y are any
nucleotide combinations, were measured in the presende of
in sodium phosphate buffer (10 mM, p# 7.0). The difference
in the melting temperatureA(T,) in the absence and presence
of 1 (100 uM) was summarized in Table 1.

The remarkable increase ®f, by 18.0°C was observed for
the C-C mismatch, whereas thg, values of fully matched
duplexes were not increased at all under the same conditions.
Increases iy by 11.3, 7.2, and 4.0C were observed for €T,
T—T, and G-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 dimerl strongly stabilized the €C mismatch and
the mismatches containing a cytosine or thymine with a reduced
efficiency. The extraordinary high selectivity dto pyrimidine-
containing mismatches was remarkable.

(22) Brown, E. V.J. Org. Chem 1965 30, 1607-1610.
(23) Lofas, S Johnson, Bl. Chem. Soc., Chem. Commu®9Q 21, 1526-
1528.
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Table 1. ATy Values for the 11-mer Duplexes Containing a
Mismatch?
5-CTAAGXCAATG-3'
3-GATTCYGTTAC-5
ATy,
X=-Y Ta? 1¢ 2 3¢
c-C 18.0 (0.4) 18.0 (0.4) 14.0 (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) 3.6(1.2)
C-A 27.6(0.4) 4.0(0.1) 1.6(0.2) 1.4 (0.6)
A-A 24.2 (0.4) 1.8(0.8) 2.0(0.5) 0.9 (0.3)
G-T 29.8(0.2) 0.5(0.7) 1.4(0.2) 0.3(0.0)
G—A 32.6 (0.6) 0.3(0.8) 0.8(0.7) 0.1(1.1)
G-G 36.1(0.5) —0.1(1.0) 0.3(0.4) —0.2(1.0)
A-T 37.0(0.3) —0.1(0.1) 0.0 (0.4) 0.0 (0.3)
C-G 43.1(0.2) —0.3(0.5) 0.3(0.3) 0.2 (0.4)

a8 Tm values of duplexes (4.a6M) 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 Tm values of oligomersS The concentration of and2 was 100uM.¢
The concentration 08 was 200uM.

Table 2. ATm Values for the 13-mer Duplexes Containing a C—C
Mismatch in Different Flanking Sequences?

5-GCTAAXCZAATGA-3'
3'-CGATTYyCwWTTACT-5'

5/-xCz-3'/3-yCw-5' Tn ATn,
gCcl/cCg 25.4 (0.3) 17.9 (0.6)
gCt/cCa 23.9(0.3) 15.7 (0.2)
cCclgCg 22.3(0.3) 15.3(0.7)
gCalcCt 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)
cCalgCt 29.0 (0.1) 11.2 (0.3)
cCglgCc 32.6 (0.2) 10.4 (0.2)

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

Aminonaphthyridine dimeg, where two naphthyridine chro-
mophores were connected with a short alkyl linker compared
with that in 1, and monome3 were examined as reference
molecules. The\T, values obtained for the-©€C mismatch in
the presence o2 (100 uM) and 3 (200 uM) were 14.0 and
12.4°C, respectively. A decreasexl, by 4.0°C showed the
significance of the linker structure on the stabilization of the
mismatch. A much-reduced stabilization of the C mismatch
by 3 showed that a covalent connection of two amino-
naphthyridines is in fact effective.

Effects of sequences flanking to the-C mismatch on the
1-binding were examined with 13-mer duplexdfGCTAA xCz
AATGA)-3'/3-d(CGATT yCw TTACT)-5' containing a G-C
mismatch in the sequence oF¥Cz-3'/3'-yCw-5', wherex—y
andz—w were any combination of WatsetCrick base pairs.
The AT, values obtained for all sequences were overCQ
indicating thatl could stabilize the €C mismatches regardless
of the flanking sequences (Table 2). Rather &, values of
10.4 and 11.2C recorded focCg/gCc andcCa/gCt were due
to the highTy, values of the dupleX’

Evaluation of Aminonaphthyridine-lmmobilized Sensor.
Having discovered thatl strongly stabilized the €C mis-

(24) For discussions on the relationship betw&dh, and the binding affinity,
see: (a) Nakatani, K.; Horie, S.; Saito,Bioorg. Med. Chem2003 19,
51-55. (b) Peyret, N.; Seneviratne, P. A.; Allawi, H. T.; SantalLucia, J.,
Jr. Biochemistry1999 38, 3468-3477.
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Figure 1. (a) and (b) SPR assay of 27-mer dupl&XC/CYG) (0.2uM)
containing C-C (GCC/CCG) (red), C-T (GCC/CTG) (blue), C-A
(GCCICAG) (purple), and FT (GTC/CTG) (yellow) mismatches and
CG (GCC/CGG) match (black) with thel-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 €G match (black) at 10 nM. (d) Concentration
dependency for the SPR response of theGOmismatch (6-200 nM). The
response after 100 s of association time was plotted against the DNA
concentration. Experimental data obtained with the surface whevas
immobilized 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 theGCmismatch
detection by immobilizind. on the sensor surface. SPR analyses
of mismatch-containing 27-mer'-8(GTT ACA GAA TCT
GXC AAG CCT AAT ACG)-3/3-d(CAA TGT TTC AGA
CYG TTC GGA TTA TGC)-3 were performed withl-
immobilized sensor surface (for 810 response units (RU)) at
pH 7.0. A marked SPR response was obtained for the duplex
containing the €& 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 TC
mismatch produced an intermediate response (80 RU). As shown
in Figure 1b, SPR responses of the & 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
ATp, of the mismatches in the presencelofcf. 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 whevas
immobilized for 955 RU successfully detected the-C
mismatch at the 10 nM concentration (Figure 1c). Further
lowering the concentration of the-@€C mismatch resulted in a
loss of signals. By using aminonaphthyridine diniesind 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 mismatch would be

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 559
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250 Table 3. Association Constants for 1-Binding to C—C
Mismatches?
5'-XCZ-3'3'-YCW-5' Ka (106 M)
300
GCC/CCG 7.8
GCT/CCA 6.9
250 CCCI/GCG 7.3
CCT/GCA 6.1
CCG/GCC 5.3
S 00 GCA/CCT 5.0
= ACT/TCA 45
5 CCA/GCT 3.0
E 150 1 TCT/ACA 1.7
2 TCA/ACT 15
g 3
4 a8 Association constants for the binding bto 27-mer 5-d(GTT ACA
100 5 GAA TCT XCZ AAG CCT AAT ACG)-3/3-d(CAA TGT CTT AGA
g YCW TTC GGA TTA TGC)-8 were estimated by fitting the sensorgrams
(Figure 2) to a 1:1 Langmuir model with BlAevaluation software, version
50 3.
8
9
. @) (b)
0 =1 800 0.1[-
o 100 200 300 S 200] @
time: (s) % ; g
Qo
Figure 2. SPR sensorgrams were obtained by analyzing 27-rre{GT T 3100 ) §
ACA GAATCT XCZ AAG CCT AAT ACG)-3/3-d(CAATGT CTT AGA T <
YCW TTC GGA TTA TGC)-5 containing all kinds of flanking sequences. 3
Binding to 1-immobilized sensor wher& was immobilized for 380 RU o= 0 . . .
was measured in a phosphate buffer (200 mM, pH 7.0) containing NaCl 0 100 200 300 400 5.0 6.0 7.0 8.0
(150 mM). Key: (1)GCC/CCG, (2) GCT/CCA, (3) CCCI/GCG, (4)CCT/ time (s) pH
GCA, (5) CCG/GCC, (6) GCA/TCA, (7) ACT/TCA, (8) CCA/GCT, (9) Figure 3. (a) SPR sensorgrams for the binding of 27-mer dupegC/
TCT/ACA, (10) TCA/ACT, and (11)GCC/CGG. CCG) (1.0 u4M) containing a G-C mismatch to thd-immobilized sensor

surface. Binding was measured in a phosphate buffer (200 mM) containing
below 10 nM. SPR responses of the-C mismatch obtained  NaCl (150 mM) at (1) pH 6.0, (2) pH 7.0, and (3) pH 8.0. (b) pH dependency

i ; ; o of a UV absorbance a8 at 370 nm. UV absorbance was measured in 10
by three Sensors containing dlﬁerent amounts of I.mmOblhzed mM sodium phosphate buffer in the presence ¢10 xM) at various pH
1 are proportional to the concentration of the-C mismatch conditions.
in a range up to 200 nM (Figure 1d). These observations validate

that the observed SPR responses are in fact due to the interactimaawe reported that the structurally closely related compaiind
betweenl on the surface and the-€C mismatched DNA. P . . Y yrel P
where exocyclic amino groups in two 2-amino-7-methyl-1,8-

Thermodynamics for the binding of the-€ mismatches 0 ahhihyridines were connected by an amide linkage, strongly
the aminonaphthyridine dimer-immobilized surface were in- giapilized the G-G mismatch but not the €C mismatch at
vestigated with regard to the effect of the flanking sequence to 4| 6.7.27 gince both?2 and 4 have the same hydrogen-bonding
the mismatch. Sensorgrams of 27-medfSTT ACA GAA surface complementary to guanine but not to cytosine, the
TCT XCZ AAG CCT AAT ACG)‘3'/3"d(9AA TGT CTT striking differences in base selectivity betwe2mand 4 need
AGA YCW TTC GGA TTA TGC)-8 containing all kinds of  rational explanations. It was found that SPR response of the
flanking sequences (XCZ-3/3-YCW-5)) were clearly dis- 1. immobilized surface was sensitive to the pH of the buffer. A
tinguishable from that of the fully matched duplex (Figure 2). strong binding of 27-mer duplex (14M) containing a G-C
The response obtained fGCC/CCG where the mismatchwas  pismatch with thel-immobilized sensor surface was observed
flanked by two G-C base pairs was 323 RU at 180 s. A 7-fold 5t pH 6.0 and 7.0, whereas little binding was detected at pH
decrease in response was observed by replacing the M0 G g 0 (Figure 3a). The responses at pH 6.0, 7.0, and 8.0 at 180 s
base pairs with two AT base pairs iMTCA/ACT (44.2 RU). after injection of 27-mer were 287, 216, and 2.7 RU, respec-
However, the response TCA/ACT was about 10-fold larger  tjvely. These results showed that the binding of aminonaph-
than that to the fully matched duplex. The order of magnitude thyridine to a cytosine is dramatically suppressed at pH 8.0.
in SPR response was consistent with thaAify, with different The pH dependency of the UV absorbance3akvealed that
flanking sequences (cf. Table 2). Association constafpdf the K, of the protonated is about 6.8, showing that about
1 to the C-C mismatches were estimated by fitting the 409 of the 2-aminonaphthyridine chromophoreljr2, and3
sensorgrams to a 1:1 Langmuir model with BlAevaluation in a free state would be protonated at pH 7.0 (Figure 3b).
software (version 3) (Table 3). The largéstof 7.8 x 10° M1 Protonation of the chromophore at the N1 position modulates
was obtained foGCC/CCG, whereas the smalleit of 1.5 x from the hydrogen-bonding surface complementary to guanine
10° M~* was obtained foTCA/ACT . These data demonstrated to that to cytosine (Figure 4a). It is reasonable to estimate that
that the binding ofL to the C-C mismatches was stronger for
those flanking G-C base pairs than those flanking-A base (25) ssspgger, J.; Leszezynski, J.; Hobza, JPPhys. Chem1996 100, 5591~
pairs. This is rationalized by an improved stacking stabilization (26) Alhambra, C.; Lugue, F. J.; Gago, F.: Orozco, MPhys. Chem1997
of the complex by the flanking 6C base pairs compared to 101, 3846-3853.

. (27) Murray, T. J.; Zimmerman, S. Q. Am. Chem. Sod 992 114, 4010~
that by the A-T base pairg>26 4011.

Model of Base Pairing between Aminonaphthyridine We
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@) X B) N © X complex by Jorgensen et al. predicted that the base pair of ADA/
m R /m R /(@D\/j\ R DAD (e.g., T/N8-protonate@) is 11.3 kcal/mol less stable than
Ne E1 z Ne N\s E EB N z that of DDA/AAD (e.g., C/N1-protonate8).34-37
Ho Ho LR s
H'N /N\fo H'N /NYO o NYO Conclusion
K/N\ KN\ \]LN\ A SPR sensor where a dimeric form of 2-amino-1,8-naph-
DNA DNA DNA

thyridine was immobilized was found to detect the-C
mismatch. The SPR intensity was affected by the sequence
' - . flanking to the mismatch, but clearly distinguished from that
Figure 4. Proposed models of base-pairing between (a) cytosine and N1- of the fully matched duplex, indicating that the sensor is
protonateds, (b) cytosine and, and (c) thymine and N8-protonat&d . o

potentially useful for the SNP typing in heteroduplex analyses.

the protonation of N1 in a bound state of 2-aminonaphthyridine A modest SPR intensity anl, increase observed for the-0

to cytosine at neutral pH would be more facile than the Mismatch byl are important clues for the molecular design of
protonation in a free state. While hydrogen bonding between drugs selectively binding to the thymine-containing mismatch.
nonprotonated aminonaphthyridine and cytosine is feasible
through two hydrogen bonds (Figure 4b), energy gain by the
hydrogen bonding calculated at the B3LYP/6-31G** level was Thermal Denaturation Profiles. All UV melting experiments were
6.9 kcal/mol smaller than that between 1-methylcytosine and carried out with a duplex containing an=¥' mismatch (4.5M strand)
N1-protonated 2-methylamino-7-methylnaphthyridi&e? On in a sodium phosphate buffer (10 mM, pH 7.0) containing NaCl (100

the basis of these arguments, the remarkably high selectivity ™) Using @ SHIMADZU UV-2550 UV-vis spectrometer linked to a

f 1 to the G-C mismatch is most likely due to a facile Peltier temperature controller. The absorbance of the sample was
0 . monitored at 260 nm from 4 to 7 with a heating rate of 1C/min
protonation of the chromophore under neutral pH.

. . in the absence and presence of a ligand.

The_presenge of a carb(_)n_yl group next _to the exocyclic amino N-(7-Methyl-[1,8]naphthyridin-2-yl)-propane-1,3-diamine (3).
group in 2-aminonaphthyridine is responsible for the remarkable 3.chioro-7-methyl-1,8-naphthyridir&(168 mg, 0.94 mmol) was added
difference in binding selectivity to the mismatch. The strength to 1,3-diaminopropane (1.5 mL, 9.4 mmol) and stirred Soh at 80
of a hydrogen bond is related to the hydrogen-bonding acidity °C. The solvent was evaporated, and the residue was suspended in
of the donor group involved’-3'Beijer et al. have reported that  CHCls. The organic layer was washed Wil M NaOH, dried over
the association constant of the complex of 2,6-diaminopyridine MgSQO;, and evaporated to dryness to g&/€196 mg, 95%) as yellow
with N-propylthymine increases approximately 10-fold upon 9um.*H NMR (CD;OD, 400 MHz): 6 = 7.83 (d, 1H,J = 8.0 Hz),
acylation of the amino groupg@2 It is highly likely that an 771 (d, 1HJ=19.2 Hz), 7.01 (d, 1H) = 8.0 Hz), 6.71 (d, 1H) =
acylation of the exocyclic amino group of 2-aminonaphthyridine -2 H2): 361 (t, 2HJ = 6.8 Hz), 2.78 (t, 2HJ = 6.8 Hz), 2.55 (s,

T . . . . 3H), 1.84 (tt, 2H,J = 6.8 HzJ = 6.8 Hz).3C NMR (CDCk, 75
significantly improves the stability of the hydrogen-bonding pair MHz): 6 = 161.8, 161.5, 157.4, 138.3, 137.9, 116.6, 114.4, 39.1, 38.6,

to a gugnine. Since the ac_ylated aminonaphthyriding is |e3332.5, 24.6. ESI-TOFMS calcd for:@hiNs [(M + H)'], 217.1453;
susceptible to the protonation at N1 and N8, the dimer of ¢, nq 217.1487.
acylated naphthyridine showed negligible binding to the (3,3-Diethoxy-propyl)-(7-methyl-[1,8]naphthyridin-2-yl)-amine (6).
mismatch. 2-Chloro-7-methyl-1,8-naphthyridir®(673 mg, 3.8 mmol) was added

Protonation of 2-amino-1,8-naphthyridine is feasible both at to 3,3-diethoxypropylamine (6.0 mL, 37.6 mmol) and stirred3d at
N1 and N8 positions. While N1 protonation produces the 80 °C. The solvent was evaporated, and the residue was suspended in
hydrogen-bonding surface that is complementary to that of CHCk. The organic layer was washed with NaHg@ried over
cytosine as discussed above, N8 protonation produces a surfac#19SQs, and evaporated to dryness. The residue was purified by column
complementary to that of thymine (Figure 4c). This is most chromatography on silica gel to 6882 mg, 81%) as pale as yellow
likely the molecular basis for the binding df to the G-T gum: *H NMR (CDs0D, 400 MHz): 6 = 7.90 (d, 1H.J = 9.0 Hz),

. - . 7.78 (d, 1H,J = 8.4 Hz), 7.06 (d, 1H) = 7.6 Hz), 6.72 (d, 2H,) =
mismatch. The decreased binding to the-TC mismatch ~ 7

d he bindi he<@ mi h . lized 9.0 Hz), 4.68 (t, 1HJ = 5.6 Hz), 3.69 (q, 4HJ = 8.8 Hz), 3.59 (t,

compared to the binding to the-C mismatch was rationalize 4H, 3= 6.9 Hz), 3.52 (q, 4HJ = 8.8 Hz), 2.59 (s, 3H), 1.97 (dt, 2H,
by an unfavorable secondary interaction in the hydrogen-bonded; = 5 ¢ Hz 3 = 5.6 Hz), 1.18 (t, 6H = 6.9 Hz).2*C NMR (CDCk,

complex with alternating donor (D) and acceptor (A) groups. 75 MHz): 6 = 161.8, 161.3, 157.7, 138.3, 137.8, 118.9, 116.6, 114.3,
Studies on secondary interaction in a triple hydrogen-bonded 103.2, 62.9, 38.2, 34.5, 24.5, 15.7. HRABMS calcd for GeH24N30»
[(M + H)*], 290.1869; found, 290.1872.

(28) Calculations at the B3LYP/6-31G** level revealed that the energy gain (7. R -2l N'-[2-(7- N _
for the formation of a hydrogen-bonding pair between 1-methylcytosine N (_7 Methyl .[1,8]naphthyrld|n 2-y)-N ,[3 (_7 methyl [1,8]naph
and N1-protonated 2-methylamino-7-methyl-1,8-naphthyridine is 10.9 kcal/ thyridin-2-ylamino)-propyl]-propane-1,3-diamine (2). To a solution
mol, whereas that between 1-methylcytosine and nonprotonated 2-methyl- of 8096 AcOH-H,O (0.5 mL) was adde8 (10 mg, 34.6umol). After
amino-7-methyl-1,8-naphthyridine is 4.0 kcal/mol. ) . . . ’

(29) Binding of 2-amino-7-methyl-1,8-naphthyridine selective to the cytosine P€ing stirred at 60C for 0.5 h, triethylamine (0.9 mLB (10 mg, 46.3

opposite the abasic site in duplex was recently reported: Yoshimoto, K.; umol), and sodium cyanotrihydroborate (2.2 mg36ol) were added.

Nishizawa, S.; Minagawa, M.; Teramae, N.Am. Chem. So003 125, : ; : ; ; ;
8982-8983. These authors prefer the rationalization involving two hydrogen After being stirred for 1 h, the reaction mixture was diluted with Ck{Cl

bonds between the ligand and the cytosine. Since the N-acylated naph- washed with saturated NaHGCand dried over MgS© The solvent

thyridine showed striking preference to guanine (ref 6), they assumed an \yas evaporated to dryness, and the residue was purified by column
additional stacking interaction that modulates the binding selectivity from

R : CH,CHoCH,NH;*

Experimental Section

Gto C.
(30) Abraham, M. HJ. Phys Org. Chem 1993 6, 660-684. (34) Jorgensen, W. L.; Pranata,JJAm Chem Soc 199Q 112 2008-2010.
(31) Abraham, M. HChem Soc Rev. 1993 22, 73—83. (35) Pranata, J. Wierschke, S. G.; Jorgensen, Wl. Am Chem Soc 1991,
(32) Beijer, F. H.; Sijbesma, R. P.; Vekemans, J. J. M.; Meijer, E. W.; Kooijman, 113 2810-28109.
H.; Spek, A. L.J. Org. Chem 1996 61, 6371-6380. (36) Sartorius, J.; Schneider, H.Qhem—Eur. J. 1996 2, 1446-1452.
(33) Beijer, F. H.; Kooijman, H.; Spek, A. L.; Sijbesma, R. P.; Meijer, E. W.  (37) Murray, T. J.; Zimmerman, S. @. Am Chem Soc 1992 114, 4010~
Angew Chem, Int. Ed. Engl. 1988 37, 75-78. 4011.
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chromatography on silica gel to gi&(14.3 mg, 12%) as pale yellow tert-Butyl Ester (8). To a solution ofl (11.7 mg, 0.021 mmol) and

gum.*H NMR (CDCl;, 400 MHz): 6 = 7.73 (d, 2H,J = 8.8 Hz), 4-((tert-butoxy)carbonylaminoN-(3-oxopropyl)butanamide (11 mg,
7.63 (d, 2H,J = 8.8 Hz), 6.98 (d, 2HJ = 8.0 Hz), 6.61 (d, 2H) = 0.042 mmol) in CHOH (1 mL) was added sodium cyanotrihydroborate
8.8 Hz), 3.72 (dt, 4H) = 5.6 Hz,J = 5.6 Hz), 2.78 (t, 4H) = 6.4 (3.3 mg, 0.05 mmol) at room temperature. The reaction mixture was
Hz), 2.65 (s, 6H), 1.91 (tt, 4H] = 6.4 Hz,J = 6.4 Hz).1°C NMR kept at pH 6 with acetic acid for 1 h. The reaction mixture was diluted
(CDCls, 75 MHz): 6 = 161.5, 159.3, 156.7, 136.8, 136.1, 118.0, 115.0, with CHCls;, washed with saturated NaHGQiried over MgS@Q, and
112.2, 40.1, 39.7, 32.4, 25.3. ESI-TOFMS calcd fesHzN; [(M + evaporated to dryness. The residue was purified by column chroma-
H)*], 416.2563; found, 416.2546. tography on silica gel to give (14.3 mg, 95%) as pale yellow solids.
Bis{ 2-[3-(7-methyl-[1,8]naphthyridin-2-ylamino)-propylcarbam- IH NMR (CDsOD, 400 MHz): 6 = 7.85 (d, 2HJ = 8.0 Hz), 7.73 (d,

oyl]-ethyl}-carbamic Acid tert-Butyl Ester (7). To a solution of 2H,J = 8.4 Hz), 7.04 (d, 2HJ) = 7.6 Hz), 6.70 (d, 2HJ = 8.8 Hz),
N-(tert-butoxycarbonyl)imino-3,3bis(pentafluorophenyl propionate)  3.54 (t, 4H,J = 6.0 Hz), 3.26 (t, 4H) = 6.4 Hz), 3.11 (t, 2H,) = 6.8
(198 mg, 0.33 mmol) in dry CHGI(2 mL) were added (144 mg, Hz), 3.01 (t, 2H,J = 6.8 Hz), 2.74 (t, 4H,) = 6.0 Hz), 2.58 (s, 6H),
0.67 mmol) and triethylamine (138, 1.0 mmol). The reaction mixture 2.45 (t, 2H,J=6.4 Hz), 2.37 (t, 2H) = 6.4 Hz), 2.14 (t, 2H) = 7.6
was stirred at room temperature for 15 h. The solvent was evaporatedHz), 1.81 (m, 4H), 1.70 (m, 2H), 1.60 (m, 2H), 1.40 (s, 6K NMR

to dryness, and the residue was purified by column chromatography (CDCl;, 100 MHz): 6 = 175.1, 169.3, 161.9, 161.3, 157.6, 138.3,

on silica gel to give7 (148 mg, 67%) as pale yellow solid$d NMR 137.9, 133.6, 132.4, 129.9, 118.9, 116.6, 114.5, 79.9, 69.1, 52.0, 51.1,
(CDsOD, 300 MHz): 6 = 7.88 (d, 2H,J = 7.8 Hz), 7.76 (d, 2H) = 40.3, 40.2, 39.3, 38.6, 34.7, 34.4, 31.6, 30.2, 28.8, 27.4, 24.9, 24.0,
8.7 Hz), 7.05 (d, 2HJ = 7.8 Hz), 6.71 (d, 2HJ = 9.0 Hz), 3.55 (t,  14.4. ESI-TOFMS calcd for GHs:NwOs [(M + H)*], 800.4935; found,
4H,J = 6.9 Hz), 3.51 (t, 4H] = 6.9 Hz), 3.26 (t, 4H] = 6.9 Hz),  800.4884.

2.59 (s, 6H), 2.47 (t, 4HJ = 6.9 Hz), 1.83 (tt, 4HJ) = 6.9 Hz,J = 1-Immobilized Sensor Surface To a solution of8 (1.0 mg, 1.25

6.9 Hz), 1.40 (s, 9H)*C NMR (CDCk, 75 MHz): 6 = 174.3, 162.3, umol) in CHCE (0.5 mL) was added ethyl acetate contagnihM HCI
161.8,158.1,157.4,138.7, 138.3, 119.4, 117.0, 114.9, 81.7, 77.9, 48.61 mL), and the reaction mixture was stirred at room temperature for

46.0, 39.6, 38.4, 36.9, 36.4. ESI-TOFMS calcd faghGaNoO4 [(M + 0.5 h. After evaporation of the solvent, the residue was dissolved in
H)], 658.3829; found, 658.3813. borate buffer (1 mL, pH 9.2) and immobilized on a sensor chip CM5
N-[3-(7-Methyl-[1,8]naphthyridin-2-ylamino)-propyl]-3- {2-[3-(7- (carboxymethylated dextran surface) using amine coupling kit with a
methyl-[1,8]naphthyridin-2-ylamino)-propylcarbamoyl]-ethylamino } - BlAcore 2000 system (BlAcore, Uppsala, Sweden). The amoufit of
propionamide (1). To a solution of7 (76 mg, 0.133 mmol) in CHGI immobilized on the surface was monitored as an increase of SPR signal.

(1 mL) was added ethyl acetate contagni4 M HCI (2 mL), and the The change in SPR signal, termed the SPR response presented in
reaction mixture was stirred at room temperature for 0.5 h. The solvent response units (RU), is directly related to the change in surface

was evaporated to dryness to gi¢51 mg, 80%) as white solid$H concentration of hiomolecules. SPR response of 1000 RU is equivalent
NMR (CDsOD, 300 MHz): 6 = 7.88 (d, 2H,J = 7.8 Hz), 7.75 (d, to the change in surface concentration of 1 ngfrifinus, the density
2H,J = 8.7 Hz), 7.05 (d, 2HJ = 7.8 Hz), 6.71 (d, 2H) = 9.0 Hz), of immobilized ligands on the surface could be calculated by the

3.51 (t, 4H,0 = 6.9 Hz), 3.27 (t, 4H) = 6.9 Hz), 2.86 (t, 4H) = 6.9 difference in SPR response before and after the immobilization.
Hz), 2.47 (s, 6H), 2.43 (t, 4H] = 6.9 Hz), 1.82 (tt, 4H,) = 6.9 Hz,

J = 6.9 Hz).3C NMR (CDCk, 75 MHz): 6 = 175.1, 162.3, 161.8, Acknowledgment. This work was supported by a Grant-in-
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