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Abstract: 2-Acylamino-1,8-naphthyridinelf, which possesses hydrogen bonding groups fully complementary

to guanine (G), selectively binds to a single G bulge of duplex DNA. The melting temperaigref(the

duplex containing a G bulge was increased by the presentevdiereas no increase of, was observed for

the duplexes containing adenine (A) and thymine (T) bulges as well as for normal duplex. Riboflavin-sensitized
photooxidation of DNA containing GG steps opposite to G and A bulges was selectively inhibited by the
presence of at the G bulge. DNase | footprinting titration indicated a selective bindingtofthe G bulge

with an association constant of 341 x 10* M~1. In the presence df, CD spectra of the G bulge-containing
duplex noticeably changed, being accompanied by the induced CD at3500nm, whereas no CD spectral
change was observed for the duplex containing A bulge. Both the hydrogen bonding groups complementary
to G and the planar bicyclic ring system are essential for the complex formation between G bulge and

Unpaired or bulged bases in duplex DNA can arise from In view of the importance of bulges in biological systehis,
replication error or from recombination of single stranded DNAs numerous molecular probes that bind to bulges and induce strand
that are not fully complementary to each other. These irregular cleavage nearby have been repofted. However, structural
DNA sites containing bulges are considered to play an important diversities of bulges make it difficult to design a bulge specific
role in frame-shift mutagenesi€. DNA repair proteins Mut® probe. Furthermore, specific recognition of a bulged base that
and RecA bind to bulge structures much more tightly than to is indispensable for sensitive detection and accurate read-out
regular duplex, and MutS can differentiate DNA structures by of genetic defects still remains to be investigated. To develop
the recognition of a single nucleotide bufj&he structures of ~ a molecular device for detecting specific bulges with high
DNA containing single nucleotide bulges have been studied by sensitivity and accuracy, we attempted to design a bulge-
NMR? and X-ray crystallograph§showing that bulged bases recognition molecule that can differentiate the type of bulged
are looped-out into the solution or stacked into the helix ™ (7)(a)wang, Y.-H.; Griffith, J. DBiochemistry1991, 30, 1358-1363.
depending upon the typg of base, temperaturg, flanking se-(b) Bhattache_irﬁy% AH; _|_i(|3|e¥f,_t|:h>. g/l Daggcleiﬁl AﬂcidAs RC(jeSLS989, L:JWS i%sla
quence, and other conditions. Gel electrophoretic studies haveggflgéé‘é)_'zg'387.v(dj Rié:e,r.I].IA.’; éroihg(r:é, S migihém?gtrﬂgég e
also indicated that bulges introduce kinks into the DNA hélix. 4512 4516.

(8) (a) Pearson, N. D.; Prescott, C. Dhem. Biol 1997, 4, 409-414.

(1) Friedberg, E. C.; Walker, G. C.; Siede, VDNA Repair and (b) Chow, C. S.; Bogdan, F. MChem. Re. 1997, 97, 1489-1513.
MutagenesisASM Press: Washington, 1995. (9) For recent reports of bulge specific probes, see: (a) Chen, C.-C;
(2) (a) lonov, Y.; Peinado, M. A.; Malkhosyan, S.; Shibata, D.; Perucho, Kuo, Y.-N.; Chuang, K.-S.; Luo, C.-F.; Wang, W. Angew. Chem., Int.

M. Nature1993 363,558—-561. (b) Streisinger, G.; Okada, Y.; Emrich, J.;  Ed. Engl.1999 38, 1255-1257. (b) Shih, H.-C.; Tang, N.; Burrows, C. J.;
Newton, J.; Tsugita, A.; Terzaghi, E.; Inouye, ®old Spring Harbor Symp. Rokita, S. EJ. Am. Chem. S0d998 120, 3284-3288. (c) Kappen, L. S;

Quantum Biol.1966 31, 77—84. Goldberg, |. H.Biochemistry1997 36, 14861-14867. (d) Ross, S. A;;
(3) (a) Malkov, V. A.; Biswas, |.; Camerini-Otero, D.; Hsieh, P Biol. Burrows, C. JNucleic Acids Resl996 24, 5062-5063. (e) Kappen, L.
Chem1997 272 23811-23817. (b) For a review, see: Moldrich, P.; Lahue, S.; Goldberg, |I. HBiochemistryl995 34, 5997-6002. (f) Kappen, L. S;
R. Annu. Re. Biochem.1996 65, 101—133. Goldberg, |. H.Biochemistry1993 32, 13138-13145. (g) Williams, L.
(4) Wang, Y.-H.; Bortner, C. D.; Griffith, JJ. Biol. Chem.1993 268 D.; Goldberg, I. H.Biochemistry1988 27, 3004-3031.
1757+17577. (10) For guanine alkylation opposite to the single thymine bulge, see:

(5) For G bulges, see: (a) Woodson, S. A.; Crothers, DBMchemistry Nakatani, K.; Okamoto, A.; Saito, Angew. Chem., Int. EA999 38, 3378~
1988 27, 3130-3141. (b) Woodson, S. A.; Crothers, D. Biochemistry 3381.
1988 27, 436-445. For A bulges, see: (c) Zacharias, M.; Slkenar, H. (11) For recent reports on synthetic ligands that selectively bind to RNA
Biophys. J1997 73, 2990-3003. (d) Rosen, M. A.; Live, D.; Patel, D. J. bulges, see: (a) Hamy, F.; Brondani, V.; Ebeimer, A.; Stark, W.;
Biochemistryl992 31, 4004-4014. (e) Nikonowicz, E.; Meadows, R. P.; Blommers, M. J. J.; Klimkait, TBiochemistry 1998 37, 5086-5095. (b)
Gorenstein, D. GBiochemistry199Q 29, 4193-4204. For T bulges, see: Hamy, F.; Felder, E. R.; Heizmann, G.; Lazdines, J.; Aboul-ela, F.; Varani,

(f) Morden, K. M.; Gunn, B. M.; Maskos, KBiochemistry199Q 29, 8835- G.; Karn, J.; Klimkait, T.Proc. Natl. Acad. Sci. U.S.A997, 94, 3548~
8845. (g) Kalnik, M. W.; Norman, D. G.; Li, B. F.; Swann, P. F.; Patel, D. =~ 3553.

J.J. Biol. Chem199Q 265, 636-647. For C bulges, see: (h) Kalnik, M. (12) (a) Corbin, P. S.; Zimmerman, S. &.Am. Chem. Sod.998 120,

W.; Norman, D. G.; Zagorski, M. G.; Swann, P. F.; Patel, Bidchemistry 9710-9711. (b) Murray, T. J.; Zimmerman, S. €.Am. Chem. S04992
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Figure 1. Proposed structure of the complex between G bulgelamdolecular modeling simulations of the complex of d(TCCAGCAAC)/
d(GTTGGGCTGGA) containing G bulge witll were carried out with MacroModel (version 6.0) with Amber* force field. Initial structure of the
complex was obtained by manually insertibgnto the G bulge of duplex d(TCCAGGCAAC)/d(GTTGCGCTGGA). Energy minimization was

done for the initial structure of the complex with GB-SA treatment of water. Complexes viewed from the a) major goove and the b) minor groove
are shown. Bulged G and flanking Gs are colored purple and light green, respectively. Naphthyiglzwored red.

bases. We herein report a specific recognition of a single guanineTable 1. Melting TemperatureT) of Bulge-Containing Duplexes

(G) bulge in the d(G.G)/(CGC) sequence by 2-acylamino-1,8-
naphthyridine {),*? which was elaborated by the concept of
thermodynamic stabilization of a single bule.

It is well documented that intercalating agents bind selectively
to bulges compared to regular dupfe®:*NMR studies also
showed that hydrogen bonding sites of bulged bases mostly
remain unoccupie#l.These facts suggest that thermodynamic
stabilization of a single bulge by a small ligand may be
accomplished by a complex formation wherein the bulged base
is captured by the ligand through multiple hydrogen bonds and
the resulting ligand-base pair is incorporated into the helix

stack. Intercalating agents possessing hydrogen bonding groups 3-AGGTCTCGTTG-5'

fully complementary to the target bulged base seem to be ideal
for such purpose. 2-Acylamino-1,8-naphthyridines have been
shown to form hydrogen bonds to guanine in organic solvents
with an association constant comparable to GC base pdffing.
Molecular modeling studies indicated that the formation of such
1-G hydrogen bonded complex is feasible (Figure 1).

Base selective bulge stabilization was first examined by
measuring the melting temperatur@n,) of four oligomer
duplexes d(TCCAG.GCAAC)/d(GTTGONCTGGA) containing
a single nucleotide bulgeN(= A, C, G, or T) in the presence
of 1 (Table 1). GC base pairs were used for flanking bdth 5
and 3 sides of the bulge not only to stabilize bulged structite
but also to gain a strong stacking stabilization foby both
side Gs in the comple¥ Duplexes containing the bulge showed
much lowerT,, compared to the fully complementary 10-mer
duplex under these conditiohsln the presence df (100uM),

Tm was increased by 5.0C for the G bulge duplex and by 1.9

(14) (a) Woodson, S. A.; Crothers, D. Miochemistryl988 27, 8904~
8914. (b) White, S. A.; Draper, D. Bucleic Acids Resl987, 15, 4049
4064. (c) Nelson, J. W.; Tinoco, |., Biochemistryl985 24, 6416-6421.

(15) (a) Ke, S.-H.; Wartell, R. MBiochemistryl995 34, 4593-4600.

(b) LeBlanc, D. A.; Mordenm, K. MBiochemistryl991, 30, 4042-4047.
(c) Kalnik, M. W.; Norman, D. G.; Swann, P. F.; Patel, DJJBiol. Chem.
1989 264, 3702-3712.

(16) Preferential formation of an intercalated complex at the GG step,
see: Nakatani, K.; Okamoto, A.; Matsuno, T.; Saita].IAm. Chem. Soc.
1998 120, 11219-11225.

in the Presence and Absence of Drug

duplex® Tm  drug® T ATm
5'-TCCAG_GCAAC-3' 32.3 1 37.3 (41 _5)" 5.0 (9.2)d
3-AGGTCGCGTTG-5'
2 3323359 09(1.2)¢
3 3303419 07(1.8)¢
5'-TCCAG_GCAAC-3'
3 AGGTOCCGTTG s 332 1 35.1 19
5'.-TCCAG_GCAAC-3'
3-AGGTCACGTTG-s 326 1 325 -0.1
5-TCCAG_GCAAC-3' .., 1.0 oz
5-TCCAGGCAAC-3 453 1 453 0.0

3-AGGTCCGTTG-5'

2 The UV—melting curve was measured at a total base concentration
of 100 M in 10 mM sodium cacodylate buffer (pH 7.0) containing
0.1 M NaCl. Melting temperature in the absendg () or presence
(Tm) of the drug was calculated as the maximum in a plakAbsed
AT vs temperature. Temperature was increased at a rate©friin.

b Bulge bases are shown in boldfaé®rug concentration was 1QM
unless otherwise notedT, shown in the parentheses was measured
with 300 uM of the drug.

°C for the C bulge duplex. However, no increaseTgf was
observed for A and T bulge duplexes as well as for the fully
complementary duplex. To get more information on the
structural requirement for stabilizing the G buldg, measure-
ments were examined in the presence of reference compounds
2 and 3. 2-Aminoquinoline derivative2 has only two of the
three hydrogen bonding groups bfand cytosine derivativ8
possesses hydrogen bonding groups fully complementary to G

(17) Among the four duplexes, the C bulge-containing duplex was the
highest inTy,. This suggests an extra stabilization of the C bulge in the
d(G_G)/d(CCC) sequence by bulge migratién.

(18) (a) Saito, I.; Nakamura T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi,
K.; Sugiyama, H.J. Am. Chem. Socl1998 120, 12686-12687. (b)
Sugiyama, H.; Saito, 0. Am. Chem. Sod996 118 7063-7068. (c) Saito,

I.; Takayama, M.; Sugiyama, H.; Nakatani, K.; Tsuchida, A.; Yamamoto,
M. J. Am. Chem. S0d.995 117, 6406-6407.
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presence of these reference compounds (@@Pwere 1.2 and
1.8°C for 2 and3, respectively, in drastic contrast to them Figure 2. Cleavage of a duplex containing both G and A bulges by
of 9.2°C in the presence df (300uM). These results indicated  photoexcited riboflavin (Rf) in the presence of various concentrations
that both the bicyclic ring system and the hydrogen bonding of 1. Lane 1, Maxam Gilbert A + G sequencing reaction; lanes 2,
groups are indispensable fbrto stabilize the G bulge duplex. 0.0, 3.9, 7.8, 16, 31, and 3\ of 1, respectively. Sequences of three
Having established that naphthyridibetabilizes the G bulge ~ GG steps are shown on the left side.
duplex, we have examined the photoinduced cleavage of DNA
containing GG steps opposite to the G and A bulges using A
riboflavin (Rf) as a photosensitizer in the presence lof E
Photoinduced cleavage of regular duplex DNA by Rf occurred 4
selectively at the '5G of the BGG3 step via a single electron
transfert® We anticipated that Rf-induced photocleavage of the
bulge-containing duplex is inhibited site selectively at the GG
step opposite to the G bulge, sinteinds to the G bulge much
more strongly than Rf. A single stranded 52-mer w&a$?B-
end labeled and annealed with a 54-mer complementary strand
to produce the duplex containing GG steps opposite to both G
and A bulges in the d(AGGC)/d(GAONCT) sequenceN = G
and A). The duplex also contains a GG step in the d(AGGC)/
d(GCCT) sequence as an internal standard. The duplex was
photoirradiated at 366 nm in the presence of Rf (M) under
various concentrations of (0—63 uM) (Figure 2). Molar
absorption coefficients of Rf antl at 366 nm are 8870 and
280, respectively, indicating that more than 96% of the incident
light is absorbed by Rf under the experimental conditions. G
Without 1 (lane 2), strand cleavage after hot piperidine treatment
occurred selectively at GG steps opposite to both G and A
bulges. The normal GG step in the regular duplex region was
not oxidized under these conditions, suggesting that Rf selec-Figure 3. DNase | footprinting analysis of §?P-end labeled 52-mer
tively binds to both G and A bulges and oxidized the DNA containing both G and A bulges with naphthyridifieLane 1,
neighboring Gs upon photoirradiatiéhWith an increase inthe ~ Maxam-Gilbert A+ G sequencing reaction; lanes 22, 0.0, 1.0, 2.0,
concentration of. (lanes 3-5), the intensities of the cleavage 3:2 7-8 16, 31, 63, 125, 250, and 50M of 1, respectively. Bulge
bands decreased at the GG step opposite to the G bulge. ThEes are shown on the left side.
cleavage at the stacked Gs opposite to the G bulge was almostvere observed at the A bulge. Formation of a stable complex
completely (ca. 95%) inhibited at the concentration ofi\6 (MW = 6625) betweerl and a G bulge-containing duplex
of 1 (lane 5), whereas the cleavage at the GG step opposite tod(TCCAG_GCAAC)/d(GTTGGSCTGGA) in a 1:1 stoichi-

the A bulge was not inhibited even in the presence ofi58 ometry was also supported by electrospray ionization mass
of 1 (lane 7). spectrometry (ESI-MS) (Figure %):22

The results of Rf sensitized photooxidation were further 20y @) Parks, M. E.: Baird, E. E.; Dervan, P. & Am. Chem. Soc
supported by quantitative DNase | footprinting titration (Figure 1996 118, 61476152. (b) Trauger, J. W.; Baird, E. E.; Mrksich, M.;

3).19 An apparent association constant for the bindindg. o6 De(r\Zli)nbzie?:j(‘)nArCT)]f. acgfufgbsu?&?g éiacg#%?;flb?séy VS, see: Gao

the G bulge was detgrmlned as 34 x 10'M~*by an averag_e Q.; Cheng, X.; Smith, R. D.; Yang, C. F.; Goldberg, |.-YMass Spectrom.

of three data sets (Figure #)whereas no measurable footprints 1996 31, 31—36.

(22) For the study of noncovalently bound complexes of DNA with drugs
(19) Brenowitz, M.; Senear, D. F.; Shea, M. A.; Ackers, G Methods by ESI-MS, see: Gale, D. C.; Goodlett, D. R.; Light-Wahl, K. J.; Smith,

Enzymol.1986 130, 132-181. R. D.J. Am. Chem. S0d.994 116, 6027-6028.
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Figure 4. Data for the quantitative DNase | footpronting titration _g
experiment forl with the G bulge site of SCAG_GCC-3/3'- 5000 -
GTCGCGG-8. The ©4pp points were obtained using autoradiography %
shown in Figure 3. The solid line is the best-fit Langmuir binding 2
titration isotherm obtained from a nonlinear least-squares algorithm as 2 01
reporteck? g
- - -5000
i (TCCAGGCAAC—2H)*~ \
- -10000 -
. 1988~ | (cuplex—samy* o
1594.5 T T T

(TCCAGGCAAC-3H)* 250 300 350 400
f - 998.0 (complex—4H)* nm
» . 3~ . ..
i (GTTGC?%T??A %) 16558 Figure 6. CD spectra of DNA duplexes containing (a) A and (b) G

bulges in the absence (shown in a dotted line) and presence (a solid

/ 1 line) of 1 (100 uM). CD spectra of duplex d(TCCAGGCAAC)/
. L d(GTTGANCTGGA) (N = A or G) (100uM base concentration) were
‘ L measured in 10 mM sodium cacodylate buffer (pH 7.0) and 100 mM

L]

= ol T —— - - NacCl.
Figure 5. ESI-TOF MS spectra obtained from a mixture of duplex N
d(TCCAG_GCAAC)/d(GTTGAECTGGA) (225:M) and1 (225uM). was used for silica gel flash chromatography.and**C NMR spectra

were measured on a JEOL JN®4400 (H spectra at 400 MHZC

. - spectra at 100 MHz) spectrometer. Coupling constahtsalues) are
complex, CD spectra of duplexes containing either G or A bulge represented in hertz. ELI and FAB mass spectra were recorded on a

were measured in the presence and absent€(eifyure 6_)' In JEOL JMS HX-110 spectrometer. ESI-MS spectra were recorded on a
the presence df, CD spectra of the G bulge duplex noticeably  pgrseptive Mariner ESI-TOF mass spectrometer. The CD spectrum of
changed being accompanied by the induced CD in the regionthe oligomer was recorded on a Jasco J-720 instrument 3€26 a
of 300—350 nm, whereas virtually no CD spectral change was buffer of 10 mM sodium cacodylate (pH 7.0) and 100 mM NacCl.
observed for the A bulge duplex under the same conditions. Photoirradiation at 366 nm was carried out using a Funakoshi TEL-33
These are fully consistent with the results obtained ffm transilluminator. Gel electrophoresis was carried out on a Gibco BRL
measurements, Rf sensitized photooxidation, and DNase |Model S2 apparatus. All enzymes used in the studies were from
footprinting. commercial sourcesyf*?P]JATP (6000 Ci/mmol) was obtained from
Effects of sequences flanking the G bulge on the stabilization égeri?c?m' All DNA oligomers were purchased from Greiner Japan
of the complex withl were examined by DNase | footprinting Synthesis of 1, 2, and 3: 4-(ért-Butoxy)carbonylamino)-N-(7-
analysis. A duplex ODN used for these experiments contains

: methylpyridino[3,2-e]pyridin-2-yl)butanamide (Boc-Protected 1).To
G bulges at four different sequences, d(C)/d(GGG), d(T_T)/ a solution of 2-amino-7-methylnaphthyrid#€260 mg, 1.63 mmol)

d(AGA), and d(A_A)/d(TGT) in addition to the standard  in dry CHCE (15 mL) was addedN-Boc-4-aminobutyric acid succin-
d(G_G)/d(GGC) sequence (Figure 7). As is apparent from the imidyl ester (736 mg, 2.45 mmol) and the mixture was stirred at ambient
figure, detectable footprints were observed only at the sequencetemperature for 12 h. Solvent was evaporated to dryness and the crude
of d(G_G)/d(CGC) under these conditions. These results residue was purified by silica gel column chromatography (GHCI
strongly suggested that-stacking ofl by both 3 and 3 side MeOH = 50/1) to give Boc-protected (299 mg, 53%) as a white
bases is important for stabilization of the complex. solid: 'H NMR (CDCls, 400 MHz)d 8.58 (s, 1 H), 8.43 (d, 1 H] =

In summary, we disclosed for the first time that naphthyridine 8.8 Hz), 8.12 (d, 1 H) = 8.8 Hz), 7.99 (d, 1 HJ) = 8.4 H2), 7.26 (d,

. ; g 1H,J=8.4Hz), 472 (s, 1 H), 3.23 (m, 2 H), 2.74 (s, 3 H), 2.51 (¢,
1 produces a stable complex Wita G bulge with high 2 H.J=17.6 Hz), 1.93 (m, 2 H), 1.42 (s, 9 HFC NMR (CDCh, 100

selectivity. The hydrogen bonding groups complementary 0 G 1) 5 1722, 163.4, 156.1, 154.1, 153.4, 139.2, 136.5, 121.7, 118.5,

and the planar bicyclic ring system are essential for the 1143 793 39.8, 34.9, 28.4, 25.6, 25.5: FABMS (NBe (%) 345

formation of thermodynamically stable complex. This strategy [(v + H)*], (100), 261 (40); HRMS calcd for §H250:N4 [(M + H)*]

for G bulge recognition may be applicable to the recognition 345.1925, found 345.1924.

of other single nucleotide bulges. 4-Amino-N-(7-methylpyridino[3,2-e]pyridin-2-yl)butanamide (1).

. . To a CHC} (5 mL) solution of Boc-protected (100 mg, 0.29 mmol)

Experimental Section was added ethyl acetate contaigii M HCI (1.5 mL) and the mixture
General. Reagents and solvents were purchased from standard was stirred at room temperature for 3 h. Solvent was evaporated to

suppliers without further purification. Reactions were monitored with  dryness to givel (quantitative yield) as a white solidH NMR (CDs-

TLC plates precoated with Merck silica gel 6@s& Wakogel C-200 OD, 400 MHz)6 8.92 (d, 1 HJ = 8.4 Hz), 8.70 (d, 1 H) = 8.8 Hz),

To gain further insight into the structure of tie-G bulge
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= 4-Amino-N-(7-methyl(2-qunolyl))butanamide (3).*H NMR (CDs-

OD, 400 MHz)6 8.91 (m, 1 H), 8.18 (m, 1 H), 8.16 (m, 1 H), 8.05
(m, 1 H), 7.83 (m, 1 H), 7.58 (m, 1 H), 3.11 (t, 2 BI= 7.6 Hz), 2.89

(t, 2 H,J = 6.8 Hz), 2.13 (m, 2 H)#3C NMR (CD;OD, 100 MHz)é
176.9, 150.8, 148.3, 136.4, 135.6, 130.2, 129.6, 126.2, 121.2, 114.8,
39.9, 34.5, 23.0; FABMS (NBA)m/e (%) 230 [(M + H)*] (60), 154
(100); HRMS calcd for @H;60:Ns [(M + H)*] 230.1293, found
230.1289.

Measurements of the Melting Temperature of Bulge-Containing
Duplex. Compoundd—3 (1004M) were taken in a solution containing
bulge duplex (10@M, base concentration), sodium cacodylate (10 mM,
pH 7.0), and NaCl (100 mM). The mixture was heated for 5 min at 70
°C and cooled slowly to make sure that the starting oligodeoxynucle-
otide is in a duplex state. The thermal denaturation profile was obtained
with a Jasco V-550 spectrometer equipped with a Peltier temperature
controller. The absorbance of the sample was monitored at 260 nm
from 2 to 70°C with a heating rate of 2C/min. TheT,, value was
determined from a plot of absorbanc&dy) versus temperature and
assigned as the temperature at AR4s0).

Riboflavin Footprinting Experiments. All reactions were executed
in a total volume of 5QcL with final concentrations of each species as
indicated. 5%2P-end-labeled 52-mer ODN-8(GTC GTA GAA TCA
GGC AGA ACT AAT AGG CTT AAC ATT CAG GCT TAC CAG
TGT C)-3 (10 x 10 cpm, 1uM, strand concentration) was annealed
with 54-mer ODN 5-d(GAC ACT GGT AAG CCT GAA TGT TAA
GCA CTA TTA GTT CTG CGC TGA TTC TAC GAC)-3(1 uM,

Cg— strand concentration) in a sodium cacodylate buffer (10 mM, pH 7.0)
“‘" containing NaCl (100 mM). Naphthyridiné (0—63 uM) was added
g
- B L -

g
5
[=]
o
7

0}

—H>P0 —HOOH

7]
>—-H0 >Q0>»

7]
P—->
-

0]
mleleln]
000

to the solution and the mixture was kept at@ for 12 h. Riboflavin
(100 uM) was added to the resulting solution and the mixture was
- irradiated with a transilluminator (366 nm) at a distance of 5 cm at 0

Figure 7. DNase | footprinting analysis of §2P-end labeled 52-mer °C for 40 min. After irradiation, the reaction mixture was ethanol
DNA containing four G bulges with different flanking sequence in the ~ Precipitated with 90@.L of ethanol. The precipitated DNA was washed
presence of naphthyridinkg Lanes 5, 31, 63, 125, 250, and 500 with 100u«L of 80% cold ethanol and dried in vacuo. The precipitated
uM of 1, respectively; lane 6, MaxarGilbert A + G sequencing DNA was dissolved in 10@L of 10% piperidine (v/v) and heated at

reaction; lane 7, DNase | only. Bulge sites are shown on the left side 90 “C for 30 min. The solution was concentrated to dryness using a
of the gel. vacuum rotary evaporator and resuspended inl16f 80% formamide

loading buffer (a solution of 80% v/v formamide, 1 mM ETD, 0.1%
8.63 (d, 1 H,J = 8.8 Hz), 7.83 (d, 1 HJ) = 8.4 Hz), 3.06 (t, 2 H,J xylene cyanol, and 0.1% bromophenol blue). All DNA samples and

=8.0Hz),2.97 (s, 3 H), 2.78 (t, 2 H,= 6.8 Hz), 2.06 (m, 2 H);*C the Maxam-Gilbert G+ A sequencing marker were heat denatured at
NMR (CDs;OD, 100 MHz)6 174.2, 161.2, 158.6, 148.7, 147.4, 141.4, 90°C for 1 min and quick-chilled on ice. The samplesl, 1 x 10°

123.5,121.4, 118.8, 40.2, 34.6, 23.5, 20.7; FABMS (NBwe (%) cpm) were loaded onto 12% (19:1) polyacrylamided ah M urea

245 [(M + H)'], (100); HRMS caled for GHiONa [(M + H)'] sequencing gel and electrophoresed at 1500 V for approximately 2.5

245.1401, found 245.1411. . L h. The gel was dried and exposed to X-ray film with an intensifying
4-((tert-Butoxy)carbonylamino)-N-(4-methyl-3-oxo(2,4-diazinyl))- sheet at—70 °C.

butanamide (Boc-Protected 2)Cytosine derivativ® was synthesized
from 1-methylcytosiné* 'H NMR (CDCl;, 400 MHz) 6 10.46 (s, 1
H), 7.58 (d, 1HJ=7.2 Hz), 7.41 (d, 1 H) = 7.2 Hz), 5.16 (s, 1 H),
3.52 (s, 3 H), 2.55 (m, 2 H), 2.26 (t, 2 H,= 6.8 Hz), 1.84 (m, 2 H),
1.39 (s, 9 H);*®C NMR (CDCk, 100 MHz) 6 173.7, 162.9, 156.3,
155.8, 149.1, 96.8, 78.8, 39.8, 38.5, 34.5, 28.5, 25.1; FABMS (NBA),
m/e (%) 311 [(M + H)™], (100); HRMS calcd for GyH230:N4 [(M +
H)*] 311.1718, found 311.1727.
4-Amino-N-(4-methyl-3-0x0(2,4-diazinyl))butanamide (2)*H NMR
(CDsOD, 400 MHz)¢ 8.48 (d, 1L HJ= 7.2 Hz), 6.58 (d, L HJ=7.2
Hz), 3.61 (s, 3 H), 3.08 (t, 2 Hl = 7.6 Hz), 2.81 (t, 2 HJ) = 7.2 Hz),
2.04 (m, 2 H);*3C NMR (CDsOD, 100 MHz)6 176.5, 159.6, 157.8,
148.6, 94.9, 39.8, 38.9, 34.8, 22.7; FABMS (NBAYe (%) 211 [(M
+ H)*] (50), 154 (100); HRMS calcd for §1150.N4 [(M + H)*]
211.1194, found 211.1189.
4-((tert-Butoxy)carbonylamino)-N-(7-methyl(2-qunolyl))butana-
mide (Boc-Protected 3)H NMR (CDClz, 400 MHz)6 8.62 (s, 1 H),
8.37 (m, 1 H), 8.13 (m, 1 H), 7.76 (m, 1 H), 7.63 (m, 1 H), 7.42 (m,
1H),4.75 (s, 1 H), 3.21 (m, 2 H), 2.47 (t, 2 8= 6.8 Hz), 1.92 (m,
2 H), 1.40 (s, 9 H)¥*C NMR (CDCk, 100 MHz)6 171.6, 156.0, 150.8,
146.2,138.4,129.8, 127.4,127.1,126.1, 125.0, 114.2, 79.2, 39.9, 34.9
28.5, 25.8; FABMS (NBA)me (%) 330 [(M + H)*] (90), 274 (40),

DNase | Footprinting Experiments. 5'-32P-end-labeled 52-mer
ODN 5-d(GTC GTA GAA TCA GGC AGA ACT AAT AGG CTT
AAC ATT CAG GCT TAC CAG TGT C)-3 (20 pmol) was annealed
to a 2-fold excess of 54-mer ODN-8(GAC ACT GGT AAG CCT
GAA TGT TAA GCA CTA TTA GTT CTG CGC TGA TTC TAC
GAC)-3 in a Tris—HCI buffer (10 mM, pH 7.6) containing NaCl (100
mM). The duplex was purified by nondenaturing polyacrylamide gel
electrophoresis. All reactions were executed in a total volume of 50
uL with final concentrations of each species as indicated. THé™
end-labeled DNA duplex (4 nM, 1& 10° cpm) was incubated with
various concentrations of naphthyriditg€0—500xM) at 4 °C for 12
h in a Tris=HCI buffer (10 mM, pH 7.6) containing NaCl (100 mM)
and MgC}t (5 mM). The mixture was incubated with DNase | (0.2 U)
for 8 min at 25°C. The reaction was quenched by addition of a:1L0
solution containing EDTA (70 mM), NaOAc (0.6 M), and calf thymus
DNA (5 uM). After quenching, the reaction mixture was ethanol
precipitated with 90@L of ethanol. The precipitated DNA was washed
with 100uL of 80% cold ethanol, dried in vacuo, and resuspended in
10 uL of 80% formamide loading buffer (a solution of 80% v/v
formamide, 1 mM EDTA, 0.1% xylene cyanol, and 0.1% bromophenol
blue). All DNA samples obtained above and the Max&a@ilbert G+
) A sequencing marker were heat denatured &®fr 1 min and quick-
égg (1180102) HRMS calcd for (H2404Ns [(M + H)*] 330.1816, found chilled on ice. The samples (AL, 1 x 10° cpm) were loaded onto

) ) 12% (19:1) polyacrylamide @7 M urea sequencing gel and electro-

(23) Brown, E. V.J. Org. Chem1965 30, 1607-1610. phoresed at 1500 V for approximately 2.5 h. The gel was dried and

(24) Hosmane, R. S.; Leonard, N.Synthesis1 981, 2, 118-119. exposed to X-ray film with an intensifying sheet-a¥0 °C.
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The sequences of ODNSs used for experiments described in Figure 7 Measurements of CD SpectraNaphthyridinel (100xM) was taken

are as follows: 52-mer, ODN'§GTC GTA GAA TCA GGC AGA in a sodium cacodylate (10 mM, pH 7.0) buffer containing bulge duplex

ACT AAT AGG CTT AAC ATT CAG GCT TAC CAG TGT C)-3, (100 uM, base concentration) and NaCl (100 mM). The mixture was

and 56-mer, ODN B5(GAC ACT GGG TAA GCC TGA GAT GTT heated for 5 min at 70C and cooled slowly to make sure that the

AAG CCT ATG TAG TTC TGC GCT GAT TCT ACG AC)-3 starting oligodeoxynucleotide is in a duplex state. CD spectra of the
Analysis of Quantitative DNase | Footprinting Experiments.The solution was recorded at 2% usirg a 1 cmpath length cell.

equilibrium association constant was determined as previously de- ESI-MS Measurements.ESI-MS spectra were obtained from a
scribed?® The goodness-of-fit of the binding curve to the data points mixture of duplex d(TCCAG GCAAC)/d(GTTGGSCTGGA) contain-
is evaluated by the correlation coefficient, Wi~ 0.97 as the criterion ing guanine bulge (22aM) and naphthyridinel (225 uM).

for an acceptable fit. The apparent association constahttofthe G

bulge was determined as an average of three data sets. JA992956J



