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Abstract: The binding of a dimeric form of the 2-amino-1,8-naphthyridine derivative (naphthyridine dimer)
to a human telomeric sequence, TTAGGG, was investigated by UV melting, CD spectra, and CSI-MS
measurements. Both the 9-mer d(TTAGGGTTA) and the 15-mer d(TTAGGGTTAGGGTTA) showed
apparent melting temperatures (T) of 45.6 and 63.6 °C, respectively, in the presence of naphthyridine
dimer (30 «M) in sodium cacodylate buffer (50 mM, pH 7.0) containing 100 mM NaCl. The CD spectra at
235 and 255 nm of the 9-mer increased in intensity accompanied with strong induced CDs at 285 and 340
nm upon complex formation with naphthyridine dimer. UV titration of the binding of naphthyridine dimer to
the 9-mer at 320 nm showed a hypochromism of the spectra. A Scatchard plot of the data showed the
presence of multiple binding sites with different association constants. Cold spray ionization mass
spectrometry of the complex between naphthyridine dimer and the 9-mer clearly showed that one to three
molecules of the ligand bound to the dimer duplex of the 9-mer. Telomeric repeat elongation assay showed
that the binding of naphthyridine dimer to the telomeric sequence inhibits the elongation of the sequence
by telomerase.

Introduction naphthyridine derivativé (naphthyridine dimer) strongly binds

H ds of h h the tel ‘ fI a G-G mismatch in duplex DNA-19 NMR analysis of the
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forms a variety of higher-order structures, including the “two naphthyridine rings (Figure 1&)Each naphthyridine group
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Figure 1. lllustrations of (a) a zigzag intercalation dfinto a duplex 18 A‘,,,---""" S

containing a single G-G mismatch and (b) a proposed binding tof a ’ / e :

pair of a single-stranded overhang of a human telomeric sequence. /
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telo15 +1 Figure 3. Thermal denaturation profiles of the duplestol5telo15-cin
i the absence and presencelp®, 3, andTMPyP4 (30 uM). Absorbance at
260 nm @Age0) of the oligomer (5uM) was plotted against temperatufe
(°C). Key: duplex (black), duplex 1 (red), duplex+ 2 (green), duplex
+ 3 (orange), and duplext TMPyP4 (blue). The apparent melting

10 80 80 100 temperatures are shown on the right.
Figure 2. Thermal-denaturation profiles ¢€l09 (red) andtelo15 (blue) the realT,, values. A small structural change frointo the
in the presence df (filled circle) and2 (open circle) (3Q:M). Absorbance 2-aminoquinoline-naphthyridine hybrid?2° resulted in a dra-

at 260 nm Asg) of the oligomer (5uM, strand concentration) in sodium - .
cacodylate buffer (pH 7.0) and NaCl (100 mM) was measured from 0O to matic decrease in the appardiij of telo9 andtelo15to 13.1

100 °C with a heating rate of 2C/min. TheAgg ratio, defined asigo and 33.7C, respectively. The monomeric 2-aminonaphthyridine
(T)/A2s0 (100 °C), was plotted against temperatufg°C). Only parts of derivative3?!induced only a weak change in the UV absorbance
the plots are shown for clarity. of telo15, producing an appareff, of 19.2°C (Figure S1 in

. . . . . the Supporting Information). We have previously shown that
and the resulting naphthyridirguanine pairs stacked with each the binding of2 to a G-G mismatch is much weaker than the

other within a duplexr-stack. Because of the guanine-rich binding of 1.2 The Tr, of the duplex formed betweetelo15
nature of the telomeric sequence, we predicted thsihould and its complement d(TAACCCTAACCCTAA}€l015-9 did
act as abmg_le(cj:_ular ?Iue Iln tth%aésemblytorf] two t(tariomenctﬁe?- not increase at all in the presencelpfindicating thatl binds
uences by binding strongly to ©>- mismatches in the nypotheti- specifically to the single-stranded overhang of a telomeric repeat

cal duplex of a telomeric dimer (Figure 1b). We here report Figure 3). 5.10.15. 20-Tetis¢methvi-4-pvridvporohine TMP-
that1 binds strongly to the single-stranded overhang of a human ( Pi),ﬂlovz)élzéwr;icﬁ binds tﬁ) theyG-(gjL)J/ad?lu)gleE str(-)(ngly in-

telomeric sequence, regardless of the initial secondary structur

of the sequence. Telomeric repeat elongation assay showed that >~ 0O 0 ANF

1 binding to the telomeric repeat inhibits the elongation of the MemNJK/\N/\)tNmY

sequence by the telomerase. B H B

Results and Discussion TIXENYEMe: 20X =CH Y =R
Thermal Denaturation Study of the Telomeric Sequence

in the Presence of 1The binding ofl to a human telomeric

sequence was studied by measuring the thermal-denaturation

profile in the absence and presence of the drug. We monitored

a change of the absorption at 260 nm, which is a typical index

for the conformational change from single- to double-stranded

DNA (Figure 2). Both the 9-mer d(TTAGGGTTAJ}€lo9) and

the 15-mer d(TTAGGGTTAGGGTTA)Eélo15 showed a linear

increase in UV absorption at 260 nm upon heating in sodium

cacodylate buffer (50 mM, pH 7.0) containing 100 mM NaCl.

In marked contrast, sigmoidal denaturation curves indicative of

a transition between two secondary structures were produced TMPyP4
for both oligomers in the presence b{30 uM). The apparent
melting temperaturesTf,) of the secondary structures @flo9 creased th&, of thetelo15/telo15-aduplex, but did not produce

andtelo15in the presence df were 45.6 and 63.8C, respec-
tively. Because the amide bond 1Iris gradually hydrolyzed at
a high temperature in an aqueous solution, we did not Sart  (22) Wheelhouse, R. T.; Sun, D.; Han, H.; Han, F. X.; Hurley, L.JHAm.
measurements from the high temperature. Therefore, the reported, ; Chem. Soc1998 120 32613262,

N X ) Han, F. X.; Wheelhouse, R. T.; Hurley, L. H. Am. Chem. Sod.999
meltlng temperatures may be overestimated to some extent from 121, 3561-3570.

(21) Nakatani, K.; Sando, S.; Saito,J. Am. Chem. SoQ00Q 122 2172
2177
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Figure 4. CD spectra otelo9 andtelo15in the absence and presence of wave length {nm)
1 (30 uM). CD measurements were carried out withu8 DNA in 100 . .
; o . Figure 5. CD spectrum oftelo15 in the presence and absencelo30
mM NaCl and 10 mM sodium cacodylate buffer (pH 7.0) at°25 Key:
telo9 (black), telo9 + 1 (red), telo15 (orange) telol5 + 1 (blue). #M). The CD spectrum oelo15(d(TTA GGG TTA GGG TTA)-3) (5uM,

strand concentration) was measured at@5n a sodium cacodylate buffer
. . . . . (10 mM, pH 7.0) containing NaCl (100 mM) or KCI (50 mM). Keyelo15
a sigmoidal denaturation curve regarding an absorption changein Nacl (black), KCI (green), NaG# 1 (red), and KCI+ 1 (blue).

at 260 nm when binding ttelo15 (Figure S2 in the Supporting
Information). This suggests thatand TMPyP4 use different 2 x10*
mechanisms to stabilize telomeric sequences.

Circular Dichroism Spectra of the Complex of the Telo-
meric Sequence and 1Significant circular dichroism (CD)
spectral changes were observedt@o9 and telol5 in the
presence ol (Figure 4). In sodium cacodylate buffer (10 mM,
pH 7.0) containing NaCl (100 mM) at 2%, the CD spectra
of bothtelo9 andtelo15were uncharacteristic, indicating that
the structures of both oligomers are random coils under these
conditions. Upon the addition df (30 xM), the CD spectra at _3 x10°
235 and 255 nm increased in intensity accompanied with strong 0 350
induced CDs at 285 and 340 nm, indicating that these oligomers wave fength (nm)
formed distinct secondary structures upon binding Witihe Figure 6. CD spectral change of the antiparallel G-quadruplexets22
remarkable CD changes felod were specifically induced with %ngggg;ﬁ%?gfﬁﬁ ;QGSSA)\ lijrﬁ’ol%gdrg'&oﬂ :éf;&nigsf;,\eﬂ'
1 at 25°C. Neither2 nor 3 had such effects on the CD spectra  sodium phosphate buffer (pH 7.0) af@. The concentration of was 0,
at this temperature. These observations are fully consistent with5, 10, 15, 20, 25, and 30M.
the results of thermal denaturation studies, because the melting

1 x10?

[e] (deg-cmz-dmol‘1)

-1 x10*

-2 x10*

temperatures of the secondary structureetf9 induced by the The DNA 22-mer d(AGGGTTAGGGTTAGGGTTAGGG) |
binding of 2 and 3 were much lower than 25C. Similar CD (telo22), consisting of four tandem repeats of a human telomeric
profiles were observed fdelol5in the absence and presence Sequence, forms an antiparallel G-quadruffiethat shows

of 1. typical CD spectra with positive and negative CDs at 290 and

Short oligomers of a telomeric sequence tend to form a 265 nm, respectivel§” Upon the addition ofl to an antiparallel
parallel G-quadruplex in the presence of the potassium cation. G-quadruplex, dramatic changes in the CD spectra were induced
The parallel G-quadruplex shows strong positive CD values at (Figure 6). The CD spectrum a@élo22in the presence of 30
270 nm and negative CD values at 240 i the presence uM 1 was indistinguishable from that @élo15 measured in
of 50 mM KCI, the CD spectrum faelo15changed its positive ~ the presence dt. These results suggest tHabinds to a human
maximum to 265 nm from 255 nm in 100 mM NaCl (Figure telomeric sequence regardless of the initial secondary structure
5). The weak but distinct spectral changeteib15depending ~ ©F length of the sequence, and produces a unique structure.
on the presence of potassium cation indicated a transition of UV Titration for the Binding of 1 to the Telomeric
the secondary structure from a random coil to a parallel G-quad- S€duenceThe binding ofl to a telomeric sequence was further
ruplex. Under the conditions containing 50 mM KCI, the CD @nalyzed by UV titration to gain some insights into thkind-
spectral change itelo15induced byl is not as large as those ~ INg- UV titration was performed by addiriglo9 (0—17.5:M)
observed in 100 mM NaCl. The stabilization of the G- 0 1while keeping thel concentration constant (20M) at 20
quadruplex by potassium cation resulted in a lowering of the ~C (Figure 7). In the absence @09, characteristic UV absorp-

molar fraction of the secondary structure induced.tpinding, tions of 1 were observed at 320 and 335 nm. By increasing the
suggesting that theelo15—1 complex is in equilibrium with concentration otelo9, the intensity of the unique absorption
the parallel G-quadruplex under the conditions. decreased, whereas the absorption over 340 nm increased. These

spectral changes suggested the intercalative bindirigupion

(24) Wang, Y.; Patel, D. Biochemistry1l992 31, 8112-8119.
(25) Williamson, J. RCurr. Opin. Struct. Biol.1993 3, 357—362. (26) Wang, Y.; Patel, D. $tructure1993 1, 263-282.
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05 ionization (CSl) developed by Yamaguchi, which is suitable
for the ionization of the noncovalent complexes (Figuré®9j3
/ CSI-MS oftelo9 (18 uM in 40% v/v methanol containing 100
04 o\ mM ammonium acetate) showed two iong/Z = 921.6 and

1383.3) corresponding teglo9]3~ and felo9)2~. In the presence
of 1 (85 uM), three distinct ions{2[telo9] + [1]}* (m/z =
1494.4) {2[telo9] + 2[1]}*~ (m/z = 1604.7), and 2[telo9] +
3[1]}* (m/z = 1717.9), were detected. These results showed
thattelo9 forms a dimer duplex by the binding of one to three
molecules ofl under these conditions and are consistent with
the results obtained by the UV titration experiments.
Inhibitory Effects of 1 Binding on the Telomeric Repeat
Elongation. The ligands stabilizing the G-quadruplex exhibit
inhibitory effects on the telomeric elongation by telomerase in
a concentration-dependent manner. As discussed abbveds
0 I — to a telomeric repeat and forms unique structures that are differ-
300 320 340 360 380 400 ent from the G-quadruplex. To know the effect of the induced
wavelangth (nem) structure in a telomeric repeat Hybinding on the telomere
Figure 7. UV abstogpgor%ﬁpectra af (20t/4M) in the P:jesetnge_f’f Vafiod‘%s elongation, telomerase activity was evaluated by a modified telo-
ggggggfﬁg%ﬁ; ?1% hMyepﬁxg%)"zgﬂtZi:‘iﬁ;eNg%} (li%g mﬂ)itfé’n'”m meric repeat elongation (TRE) assay as previously des_cribed
The concentration ofelo9 was 0, 1.25, 2.5, 5, 7.5, 10, 12.5, 15, and 17.5 Dy Maesawa et & The TRE assay is a new method for direct
uM from the top to bottom. measurement of telomerase activity using surface plasmon reso-
nance (SPR). It is a non-PCR-based method and, therefore, is
o : | able to measure telomerase activity as the elongation rate without
PCR-related artifacts and troublesome post-PCR procedures in
1.5 x 10° various biological samples. In the TRE assay, telomere extracts
(total cell extracts, 0.1 mg/mL) were injected onto the sensor
surface where the biotinylated oligomer biotisi-d(TCC GTC
° GAG CAG AGT TAG GGT TAG GGT TAG GGT
TAG GGT TAG GG)-3 (telo44) (0.125ug/mL) containing five
0.5 X 108 [emsemememedienseensennca. S ® oo e e telomeric repeats was immobilized. During the period of the
| | injection, telomerase elongate=o44 by incorporating dNTPs
‘ in the TRE buffer. The elongation of the oligomer immobilized
1 2 3 4 5 6 on the SPR sensor resulted in an increase of the SPR signal re-
r ported in response units (RUs). The difference of SPR signals
Figure 8. A Scatchard plot of the data at 320 nm shown in Figure 7. before the injection of telomere extracts and after regeneration
of the sensor surface termed as ¢healue was 115 RUs (Figure
complex formation withtelo9. A Scatchard plot of the data 10). In the presence df (1 xM) in TRE buffer, thee-value
points obtained_ at 320 nm _showed a concave-up curve with anyag only 22 RUs, that is, one-fifth of that obtained by the
x-asymptote (Figure 8). This type of curve in a Scatchard plot jpjection of telomerase extracts withdutinjection of1 without
suggests the presence of nonspecific binding in addition to the g|gmerase extracts produced an increasing SPR signal during
multiple classes of binding sites with differir¢y values and the injection, showing a binding dfto the immobilizedelo44,
cooperativity for the binding. Due to the cooperativity and the pt resulted in no change of the SPR intensity after washing
expected allosterism from the large conformational change of 5, conditioning. We have separately confirmed the binding
telo9 by 1 binding, the precise stoichiometry for the binding o 1 to telo9 in TRE buffer by UV spectral measurements. On
and, thus, the binding constants could not be determined fromhe hasis of these results, it is concluded thanhibits the
the plots. The continuous variation method (Job’s plot) is often elongation of a telomeric repeat by the telomerase by the for-
used for determining the stoichiometry of the binding. However, mation of a complex.
it is not applicable for the analysis of the bindinglofo telo9,
because the method assumes that all the sites for the ligandconclusions

binding are equivalent and independéhtThe number of The data presented here constitute strong evidence for the

molecules ofl bound totelo9 at saturation was very roughly  tormation of a complex between the naphthyridine difhand
estimated to be between three and four because the curve almost

Absorbance

2.0x10°

ric o
1.0 x 10°

reaches a plateau over the range @xceeding 3. (29) Sakamoto, S.; Fujita, M.; Kim, K.; Yamaguchi, Ketrahedror200Q 56,
i ati i} 955-964.
Cold Spray lonization Mass SpeCtrometry for the Com (30) Kunimura, M.; Sakamoto, S.; Yamaguchi, ®rg. Lett. 2002 4, 347—
plex of 1 and the Telomeric SequencédNA—drug complexes 350. ]
could be directly determined by electrospray ionization mass (31) Yamanoi, ¥.; Sakamoto, S.; Kusukawa, T. Fujita, M.; Sakamoto, S.;

Yamaguchi, K.J. Am. Chem. So@001, 123 980-981.
spectrometry (ESI-MS¥ We have analyzed a complex pro- (32) Sakamoto, S.; Yoshizawa, M.; Kusukawa, T.; Fujita, M.; Yamaguchi, K.

; ; : Org. Lett 2001, 3, 1601-1604.
duced frontelo9 and1 by an innovative technique of cold spray 33) S;%(an?oto, Sl imamoto, T.. Yamaguchi, @rg. Lett 2001, 3, 1793~
1795

(27) Ingham, K. CAnal. Biochem1975 14, 660-663. (34) Maeéawa, C.; Inaba, T.; Sato, H.; lijima, S.; Ishida, K.; Terashima, M.;
(28) Beck, J. L.; Colgrave, M. L.; Ralph, S. F.; Sheil, M. Mass Spectrom. Sato, R.; Suzuki, M.; Yashima, A.; Ogasawara, S.; Oikawa, H.; Sato, N.;
Rev. 2001, 20, 61—-87. Saito, K.; Masuda, TNucleic Acids Resin press
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Figure 9. CSI-MS spectrum for the complex télo9 and1. The solution otelo9 (18 uM) and 1 (85 M) containing NHOAc (100 mM) in aqueous MeOH
(40% v/v) was measured by CSI-MS. The sample solution was cooled@tduring the injection with a flow rate of 0.5 mL/h.
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Figure 10. Sensorgrams obtained in the TRE assay for the inhibitory effects
of 1 on telomeric repeat elongatioevalues of 115, 22, and 2 RUs were
obtained for the injection of telomerase extracts (0.1 mg/mL) (black),
telomerase extracts with (1 «M) (blue), and onlyl (red), respectively.

was monitored at 260 nm from 0 to 10C with a heating rate of
1 °C/min. TheT,, value was determined by an average method.

Measurements of UV Absorption Spectra. 1(20 uM) was
dissolved in a sodium cacodylate buffer (10 mM, pH 7.0) containing
NacCl (100 mM) and various concentrationstefo9 (0—35 uM, final
strand concentration). The UV absorption spectrum was recorded on a
SHIMADZU UV-2550 spectrophotometer equipped with a Peltier
temperature controller ugina 1 cmpath length cell at 20C.

Telomeric Repeat Elongation AssayTRE assay was performed
on a Biacore apparatus with the streptavidin-coated sensor chip (SA
chip). B-Biotinylated oligomer biotir-5'-d(TCC GTC GAG CAG AGT-
TAG GGT TAG GGT TAG GGT TAG GGT TAG GG)-3 (telo44)
(0.125ug/mL) containing five telomeric repeats in 7& of HEPES
buffer (10 mM HEPES, 150 mM NaCl, 10 mM Mgg£IpH 7.4) was
injected onto the SA chip at a flow rate ofi&/min at 37°C. After
1500 RUs of oligomers had been immobilized, the chip surface was
washed three times with 100L of 1% SDS in 10 mM HEPES to
remove excess oligomers. Telomerase extractsy@ihL) diluted in
TRE buffer (10 mM HEPES, 150 mM NaCl, 10 mM MgCR.5 mM
dNTP, 10 mM EGTA, pH 7.4) were then injected across the sensor
surface at a flow rate of sL/min for 5 min in the absence and presence
of 1 (1 uM). Subsequently, regeneration of the sensor surface was
performed by washing with 1% SDS in 10 mM HEPES (100 at a

the human telomeric sequence. Whereas the formation of aflow rate of 100uL/min to remove all bound proteins. The baseline

dimer duplex oftelo9, d(TTAGGGTTA)/d(TTAGGGTTA),
containing three G-G and two T-T mismatches is energetically
unfeasible, strong stabilization of the G-G mismatchllgyro-
motes the assembly of the sequence into a complexWitiRE
assay clearly showed that the complex inducedLiyinding
inhibits the elongation of the telomeric repeat by telomerase.
Experimental Section
Measurements of CD Spectra. 130uM) was dissolved in a sodium

cacodylate buffer (10 mM, pH 7.0) containing NaCl (100 mM) and
telo9 (5 uM). The CD spectrum of the solution was recorded on a

level was measured after the surface was conditioned with HEPES
buffer for 3 min. SPR signals were expressed in response units
(1 RU= 1 pg/mnd), and real-time results were represented as a sensor-
gram. The amount of oligomer elongation was defined asthalue
(RUs), that is, the difference between the baseline level before injection
of telomerase extracts and after the conditioning phase. The increased
value (RUs) following immobilization was used to determine the
number of moles of DNA at the chip surface, using an empirical rela-
tionship in which 1500 RUs was equivalent to 1.8 ng of DNA (1.276
x 10713 mol of telo44). An extension of one base on all of thelo44
would thus result in an increase of approximately 33.8 RUs. The rate

JASCO J-805 spectrophotometer equipped with a temperature controllerof telomeric repeat elongation was calculated usingethalue.

using a 1 cmpath length cell at 25C.
Thermal Denaturation Profiles. 1 (30 uM) was dissolved in a
sodium cacodylate buffer (10 mM, pH 7.0) containitedo9 (5 uM,
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