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Abstract: The novel bridged nucleic-acid analogue 2',4'-BNANC (2'-0,4'-C-aminomethylene bridged nucleic
acid), containing a six-membered bridged structure with an N—O linkage, was designed and synthesized
efficiently, demonstrating a one-pot intramolecular NC bond-forming key reaction to construct a perhydro-
1,2-oxazine ring (11 and 12). Three monomers of 2',4'-BNANC (2',4'-BNANC[NH], [NMe], and [NBn]) were
synthesized and incorporated into oligonucleotides, and their properties were investigated and compared
with those of 2',4'-BNA (LNA)-modified oligonucleotides. Compared to 2',4'-BNA (LNA)-modified oligo-
nucleotides, 2',4'-BNANC congeners were found to possess: (i) equal or higher binding affinity against an
RNA complement with excellent single-mismatch discriminating power, (i) much better RNA selective
binding, (iii) stronger and more sequence selective triplex-forming characters, and (iv) immensely higher
nuclease resistance, even higher than the Sp,-phosphorthioate analogue. 2',4’-BNAN®-modified oligonucle-
otides with these excellent profiles show great promise for applications in antisense and antigene

technologies.

Introduction

Recently, the regulation of gene expression by chemically

modified nucleic acids has attracted a great deal of attention

from both chemists and biologists, and the use of chemically
modified oligonucleotides in various gene silencing technologies
such as antisendantigene’ and RNA interferencéis growing
steadily?4° The first antisense drug, phosphorothioate (PS)
oligonucleotide Vitravene (ISIS-2922), was approved by the
FDA and appeared on the market in 1998 for the treatment of
cytomegalovirus-induced retinitfs’ currently phase IlI clinical
trails are being conducted with several nucleic-acid analogues.
Apart from their use in therapy, modified oligonucleotides are
also increasingly utilized in nucleic-acid nanotechnol8dy,
oligonucleotide-based diagnostidsgene-function determina-
tion, and drug-target validatio®.

T Osaka University.
*PRESTO, JST.
§On leave from Faculty of Pharmacy, University of Dhaka.

(1) Crooke, S. TAnnu. Re. Med.2004 55, 61.

(2) Buchini, S.; Leumann, C. Lurr. Opin. Chem. Biol2003 7, 717.

(3) Novina, C. D.; Sharp, P. ANature2004 430, 161.

(4) Kurreck, J.Eur. J. Biochem2003 270, 1628.

(5) Xia, J.; Noronha, A.; Toudjarska, I.; Li, F.; Akinc, A.; Braich, R.; Frank-
Kamenetsky, M.; Rajeev, K. G.; Manaharan, MCS Chem. BioR006 1,
176.

(6) Stein, C. A.; Cheng, Y. CSciencel993 261, 1004.

(7) Uhlmann, EChem. Ztg1998 32, 150.

(8) Chen, H. X.Methods Mol. Med2003 75, 621.

(9) Yan, H.Science2004 306, 2048.

(10) Wengel, JOrg. Biomol. Chem2004 2, 277.
(11) Rastogi, S.; Mishra, N.; Winterrowd, P.; Nelson, R.; Maki, Manotech-
nology 2007, 2, 443.
(12) Taylor, M. F.; Wiederholt, K.; Sverdrup, Brug Discaery Today1999
62.

4886 = J. AM. CHEM. SOC. 2008, 130, 4886—4896

Despite the large number of chemically modified oligonucle-
otides developed over the last few decati€si*the search for
new molecules continues because most oligonucleotides devel-
oped to date have failed to give the desired response. A dramatic
improvement in this area was achieved by including bridged
nucleic acids (BNASP (often represented as locked nucleic
acids®1), in which the sugar conformation of the nucleotide-
(s) is locked by bridging. Among the structural analogues and
configurational isomers of BNA developed to daté/ 3!
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Figure 1. Structures of 24'-linkage bridged nucleic acids.

2'-0,4-C-methylene bridged nucleic acid'(2-BNA,81%also
called LNA1617.29 (NA-1, Figure 1), independently developed

In spite of these drawbacks),Z-BNA (LNA) remains the
most promising bridged nucleic-acid derivative to date, although
several similar modifications such as ENAA-2),46:50 Aza-

ENA (NA-3),31 and NA-451 have been reported. We recently
reported another BNA modification,’,2-BNACCC (NA-5),
which dramatically improved nuclease resistance at the expense
of decreased hybridizing abilii2z Our continued efforts to
engineer the BNA structure has resulted in the development of
a novel BNA analogue,’'2'-BNANC (NA-6), which is more
potent than 24'-BNA (LNA).53 Three structural analogues of
2',4-BNANC, namely, 2,4-BNANCINH], [NMe], and [NBn],
have been synthesized, and their biophysical properties and
nuclease resistance were investigated. We recently communi-
cated preliminary results regarding highly stable triplex forma-
tion by 2,4-BNANC[NH]>® and RNA-selective hybridization
with the 2,4-BNANC[NMe] analogué* Herein, we report full
details regarding the development of all of the42BNANC

acid-based technologié€%.*® The utility of this compound is

2 4-BNA (LNA).

due to its unprecedented hybridizing affinity for complementary Results and Discussion

strands (RNA and DNA), its sequence selectivity, its aqueous

solubility, and its improved biostability compared to that of
natural oligonucleotides. Because of its utility42BNA (LNA)

is now commercially available, and,Z-BNA (LNA)-modified
antisense oligonucleotides are entering human clinical tdks.

1. Design of 24-BNANC. As described above, 2-BNA
(LNA) having a five-membered bridged structure is insuf-
ficiently resistant to nucleaséd?6and fully modified 2,4-BNA
(LNA) oligonucleotides do not have the flexibility required for

Although genomics investigations using this molecule are efficient triplex formatiort’#8 To overcome these problems,

vigorously expanding in a wide range of molecular biological

BNA analogues with increased steric bulk and less conforma-

technologies, it is clear that there is need for further developmenttional restriction were developed:,2-BNA®°C has a seven-

because: (i) the nuclease resistance Qf#'-BNA (LNA),
although somewhat better than that of natural DNA, is signifi-
cantly lower than that obtained by the PS oligonuclectid§,
(ii) oligonucleotides either with consecutive£2-BNA (LNA)
units or fully modified by this analogue are very riditte
resulting in inefficient (or total failure of) triplex formation, and
(iii) a kind of 2',4-BNA (LNA)-modified antisense oligonucle-
otides is shown to be hepatotoxit.
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membered bridged structure and exhibits dramatically improved
nuclease resistanéé.However, this modification conversely
affects duplex stability (i.e., duplexes formed with this nucleic-
acid analogue are less stable than those formed ByEBNA
(LNA)). On the other hand, ENA, which has a six-membered
bridged structure, has slightly lower duplex-forming ability and
significantly higher nuclease resistance tha#i-BNA (LNA). 46:50
Triplex formation with ENA provided variable results compared
to that of 2,4-BNA (LNA). 3355 Taking into account the effect

of the length of the bridged moiety, we designed a novel BNA,
2',4-BNANC, which has a six-membered bridged structure with
'a unique structural feature (ND bond) in the sugar moiety.
The bridged moiety was designed to have a nitrogen atom,
which has proven importance in DNA chemistry such as: (i)
acting as a conjugation s¥#eand (ii) improvement of duplex
and triplex stability by lowering repulsions between the
negatively charged backbone phosphdt€8:5760 Being a

(49) Swayze, E. E.; Siwkowski, A. M.; Wancewicz, E. V.; Migawa, M. T.;
Wyrzykiewicz, T. K.; Hung, G.; Monia, B. P.; Bennett, C.Rucleic Acids
Res.2007, 35, 687.

(50) Morita, K.; Hasegawa, C.; Kaneko, M.; Tsutsumi, S.; Sone, J.; Ishikawa,
T.; Imanishi, T.; Koizumi, M.Bioorg. Med. Chem. Let2002 12, 73.

(51) Albaek, N.; Petersen, M.; Nielsen, #.0rg. Chem200§ 71, 7731.

(52) Hari, Y.; Obika, S.; Ohnishi, R.; Eguchi, K.; Osaki, T.; Ohishi, H.; Imanishi,
T. Bioorg. Med. Chem2006 14, 1029.

(53) Rahman, S. M. A;; Seki, S.; Obika, S.; Haitani, S.; Miyashita, K.; Imanishi,
T. Angew. Chem., Int. E®007, 46, 4306.

(54) Miyashita, K.; Rahman, S. M. A.; Seki, S.; Obika, S.; ImanishiChiem.
Commun2007, 3765.

(55) Koizumi, M.; Morita, K.; Daigo, M.; Tsutsumi, S.; Abe, K.; Obika, S.;
Imanishi, T.Nucleic Acids Re2003 31, 3267.

(56) Maag, H.; Schmidt, B.; Rose, S.Tetrahedron Lett1994 35, 6449.

(57) Cuenoud, B.; Casset, F.;’sken, D.; Natt, F.; Wolf, R. M.; Altmann, K.
H.; Martin, P.; Moser, H. EAngew. Chem., Int. EA.998 37, 1288.

(58) Rhee, S.; Han, Z,; Liu, K.; Miles, H. T.; Davis, D. Biochemistry1999

38, 16810.

(59) Prakash, T. P.;'Rahi, A.; Lesnik, E.; Mohan, V.; Tereshko, V.; Egli, M.;
Manoharan, MOrg. Lett.2004 6, 1971.

(60) Mayer, A.; Hderli, A.; Leumann, C. JOrg. Biomol. Chem2005 3, 1653.

J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008 4887



ARTICLES Abdur Rahman et al.
Scheme 12 Scheme 2 @
Bno— . T Bno—® T \k 03 T
ab © OH a,b st 30 OH
TsO 2 —_— \
OBn OH 70~ ben 7 oTiOSi/o
1 2 (98%) /( \V10(67%)

lc,d

BnO T BnO T
g g
\o TsO OBn O_Nm

OBn
A71%) 3(64%) O
e g
BnO T
n o h BnO o1
TsO
BnO ‘H/O OBn O-NHCbz
6 (70%)

\T{ 5 (82%)

HO N—0
R 8; R=H
9; R=Me

BnO N—O
Me
7 (96%)
aReaction Conditions: (a) MsCI, pyridine, room temperature, 1 h; (b)
1M NaOH, EtOH, room temperature, 1 h; (c)Of DMAP, pyridine, room
temperature, 4 h; (dN-hydroxyphthalimide, DBU, MeCN, room temper-
ature, 4 h; (e) bENNH2-H20, EtOH, 10 min; (f) 60% NaH, THF, 3 h; (g)
Chz-Cl, sat. NaHCg CHCl,, 30 min; (h) 60% NaH, THF, 18 h; (i) PPTS,
MeOH, HCHO, NaBHCN, 1 h; (j) Pd(OH)-C, cyclohexene, EtOH, reflux,
33 h; (k) 1M BCk/hexane, CHCl,, —78 °C; (1) 2,3-dichloro-5,6-dicyanob-
ezoquinone (DDQ), CkCly, reflux, 24 h. T= thymin-1-yl.

conjugation site, the nitrogen atom on the bridge can be
functionalized by hydrophobic and hydrophilic groups, by steric
bulk, or by appropriate functional moieties to: (i) control affinity

T
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aReaction Conditions: (a) 20% Pd(OHF, cyclohexene, EtOH,
reflux, 22 h; (b) TIPDSGJ, imidazole, DMF, room temperature, 5.5 h; (c)
Tf,0, DMAP, pyridine, room temperature, 7.5 h; (dhydroxyphthalimide,
DBU, MeCN, room temperature, 12 h; (ep®NH,, DABCO, pyridine,
40 h.

hand, the crude amine obtained fr@wvas initially converted
to the benzyl carbamate derivatige which was then treated
with NaH to furnish the desired cyclized prod&tDebenzy-
lation of 6 and its N-Me congener7 (obtained by reductive
methylation from6) under various conditions (i. Pd(OHL,
cyclohexene, EtOH; ii. BG|] CH,Cl,, MeOH#2iii. DDQ, CH,-
Clo—H,089) resulted in the failure to produce the desired
respective monomers§, and 9.

On the basis of these negative results, @benzyl groups
at the 3 and B positions of2 were replaced by the tetraiso-
propyldisiloxy group 10 in Scheme 2). This was achieved by
removing the benzyl groups by catalytic hydrogenolysis over
Pd(OH)}-C and silylating the C5and C3 hydroxyls of the
resultant triol selectively to givelO in good vyield. The
2'-hydroxyl of 10 was converted to a triflate by J®, pyridine,
and DMAP, and subsequently transformed to phthalimide
derivativell by the 2 reaction. Previously, we described the

toward complementary strands, (i) regulate resistance againstSynthesis of 24-BNANCINH] and 2,4-BNA"[NMe] mono-

nuclease degradation, and (iii) allow synthesis of functional
molecules designed for specific applications in genomics. In
addition to the above possibilities, the bond could be

cleaved under appropriate reductive conditions to modulate the

hybridizing properties of '24'-BNANC,

2. Synthesis of 24-BNANC, 2.1. Synthesis of 24 -BNANC
Monomers and Phosphoroamidites.Our initial attempt to
synthesize 24'-BNAN® monomers8 and9 through diO-benzyl
intermediateb was shown in Scheme 1. Nucleoside derivative
1, synthesized by a modification of reported metfédSup-
porting Information), was converted to a methyl sulfonic acid
derivative, which was treated with an alkali to give alcoRol
with an inverted stereochemical configuration in excellent yield.
Alcohol 2 was reacted with trifluoromethanesulphonic anhydride
(Tf20) in the presence of pyridine and dimethylaminopyridine
(DMAP) to afford a triflate, which without purification, was
subjected to @ reaction withN-hydroxyphthalimide in the
presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) to afford
3. Reaction of3 with hydrazine monohydrate in ethanol gave
free amine, the cyclization of which with 60% NaH unexpect-
edly yielded 2,4'-BNA (LNA) nucleoside4 exclusively instead
of the desired perhydro-1,2-oxazine ring formation. On the other

(61) Koshkin, A. A.; Rajwanshi, V. K.; Wengel, Jetrahedron Lett1998 39,
4381.
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mers by deprotecting1to give the free aming?5464cyclization
of which could not be achieved directly to furnidl2, and,
therefore, we had to demonstrate different routes for the

(62) Willams, D. R.; Brown, D. L.; Benbow, J. WI. Am. Chem. Sod.989
111, 1923.

(63) Sviridov, A. F.; Ermolenko, M. S.; Yashunsky, D. V.; Borodkin, V. S.;
Kochetkov, N. K.Tetrahedron Lett1987 28, 3839.

(64) Our initial synthetic routes for 2'-BNANC[NH] 33 and [NMeP* analogues
are shown here. Treatment ol with hydrazine monohydrate delivered
the aminoxy derivativeA, which was transformed to',2’-BNANC[NH]
intermediateB by a one-pot acylation/cyclization method or to benzyl
carbamate derivativ€ for the synthesis of '2'-BNANC[NMe] analogue.
Reaction conditions: (i) INNH,-H,O, EtOH, rt, 15 min; (ii) PhOCKCOCI
(PacCl), EiN, CH,Cl,, t, 2 h; (iiiy BhnOCOCI(CbzCl), sat. NaHC{aq.),
CH.Cl,, 0 °C; (iv) 60% NaH, THF, rt, 5 h; (v) BGlI CHCl,, 0 °C, 1 h.
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synthesis of 24'-BNANC[NH]%2 and [NMe] derivative$+64
Whereas the synthesis df£-BNANC[NH] intermediate (struc-
tureB in ref 64) was achieved in moderate yield by simultaneous
acylation/cyclization using triethylamine and phenoxyacetyl
chloride (PacCl), the synthesis of£2-BNANC[NMe] required

a longer route via a benzyl carbamate derivatt®.Gratify-
ingly, when11 was treated with hydrazine monohydrate for a
longer time, deprotection and cyclization occurred simulta-
neously to provide the desiret? in low yield (Supporting
Information). This one-pot reaction was further optimized by
the addition of 1,4-diazabicyclo[2.2.2]octane (DABCO) and
pyridine to givel2 from 11 directly in 78% vyield (Scheme 2,
and also see the Supporting Information for the optimized
reaction conditions). It is noteworthy that this one-pot methodol-
ogy greatly simplifies the synthesis of,Z-BNANC, allowing

its preparation on the multigram scale.

The synthesis of '24'-BNANC[NH], [NMe], and [NBn]
monomers and phosphoroamidites is shown in Scheme 3.
For the successful incorporation into oligonucleotides, the-2
BNANCINH] monomer was synthesized with the easily remov-
able phenoxyacetyl (Pac) protecting grodj3)( Monomer13 Figure 2. X-ray structure of.
was synthesized in excellent yield frof® by trapping the
secondary nitrogen with PacCl and removing the silyl groups Phosphoroamidites), respectively, by the treatment of 1,2,4-
with tetrabutylammonium fluoride (TBAF). On the other {riazole in the presence of triethylamine and phosphoryl
hand, methylation of the nitrogen iA2 under reductive  chloride®
alkylation conditions and the same desilylation procedure ~2-2. Conformational Analysis of 2,4-BNANC. The confor-
furnished 2,4-BNANC[NMe] monomer9 in quantitative yields. mation of the sugar in'2¢-BNANC can be ascertained from
The structure of9 was confirmed by!H NMR spectro- theH NMR spectra ofl2—17, as well as théH NMR spectrum

scopy and X-ray crystallography (Figure 2 and Experimental @nd crystal structure of 2-BNANC[NMe] monomer (Figure
Section). 24-BNANCNBn] monomerl4was synthesized from 2, see also the Experimental Section). Non-observable coupling

12via benzylation and desilylation. Because reductive alkylation P&tween the hydrogens at the’@hnd C2 positions {2 = 0)

1 _
and benzylation proceeded smoothly, it was anticipated that all the*H NMR spectra o and12-17 strongly suggested the

wide range ofN-substitution could be possible. To incorporate North-t%;pe (N-type) sugar pucker, as obsg rved i BNA
these synthetic'2'-BNANC monomers 13, 9, and 14) into (LNA).18 The pseudorotation phase angR®S in the crystal
oligonucleotides, the primary hydroxylsl d'f3 9 and 14 structure o was calculated to be 23, which is close to those

. r_ CcOoC
were selectively protected with the 4dimethoxytrityl group 3229;4 BNA (tl,‘N'?‘)j’wE’:é' and 2,4 Bl\(le - (;rﬂi %I'Shl and .
to give the trityl derivativesl5, 16, and 17, respectively, in -~ FeSpectively); as compared in 1ap’e L. 1nis resu

- . , NG arctes
very good yields. The remaining secondary hydroxyls were indicates that the sugar puckering 6f42-BNANC exists in the

then phosphitylated with 2-cyanoethi,N,N,N'-tetraisopro- m-iﬁgf%r;] 2232 22%2:?;3:;6322?6t?ltéoxle_;’:g ?r:;ic:ﬁ;zll
pylphosphordiamidite to afford the ',2-BNANC[NH]-, g X

[NMe]-and [NBn]-thymine phosphoroamidite$8, 19, and ;—g i;ogﬂgge?;glza%? goé ghj r7n5a >(<)|)m:m tgi'g%?n\?vlﬁi;: erjé of
20, respectively, each as a mixture of two stereoisomers. A me e -

portion of thymine phosphoroamiditds8 and 19 were con- (65) Scherr, M.; Klebba, C.; Her, A.; Ganser, A.; Engels, J. \Biorg. Med.
; At Chem. Lett1997 7, 1791.

verted to the triazole derivativezl and 22 (the precurs_ors (66) Saenger, WPrinciples of Nucleic Acid StructuréSpringer-Verlag: New

of the 2,4-BNANC[NH]- and [NMe]-5-methylcytosine York, 1984.
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Table 1. Pseudorotaion Phase Angles (P) and Torsion Angles
(6 and vmax) of Different Bicyclic Nucleosides with 2',4'-Linkage
and Natural RNA

nucleosides P o Vimax
2',4-BNA (LNA) (NA-1) 17.4 66.2 56.6°
ENA (NA-2) 15.1° 75.7 47.7
2',4-BNACOCC (NA-5) 16.9 7.7 38.0°
2',4-BNANC[NMe] (9) 23.1 75.00 48.6°
A-type RNA 1€ 83° 38°

5-d(GCGTTTTTTGCT)-3' (23)
5-d(GCGTTTTTTGCT)-3' (24a -24d)
5-d(GCGITITTTGCT)-3' (25a -25d)
5-d(GCGTTTTTTGCT)-3' (26a -26d)
5-d(GCGITTTTTGCT)-3' (27a 27d)
5-d(TTTTT"CTTT"CT"CT"CT)-3' (28)
5-d(TTTTT"CTIT"CT"CT"CT)-3' (29a - 29d)
5-d(TTTTT"CTTT"CI"CT"CT)-3' (30a - 30d)
5-d(TTTTT"CITT"CT"CT"CT)-3' (31a - 31d)
5.d(TTTTI"CTTT"CT"CI"CT)-3' (32a, 32b, 32d)
5-d(TTTTI"CTIT"CT"CT"CT)-3' (33a, 33b, 33d)
5-d(TTITT"CTTT"CT"CT"CT)-3' (34a, 34b, 34d)
5-d(TTTTT"CTTT"CT"CT™CT)-3' (35a, 35b, 35d)
5-d(TTTTTTTTIT)-3' (36a —36d)

Figure 3. Sequences of oligonucleotides used in this study. Underlined
bold characters indicate the modified residues. Seribsc, andd represent
2',4-BNANCINH]-, 2',4-BNANC[NMe]-, 2',4-BNANCINBN]-, and 2,4'-
BNA (LNA)-modified oligonucleotides, respectively.

known to affect the helical structure of the duplex formed by
oligonucleotides, are in the range of those #2BNA (LNA)

(0 = 66.2, Vmax= 56.6"),'8 ENA (0 = 75.7, Vmax= 47.7°),*8
and 2,4-BNACCC (9 = 77.7, vmax =38.0°).52 These values
further indicate that the conformation 8fis restricted to the
N-form seen in typical A-type RNA duplexe® & 14°, 6 =
83°, vmax= 38°).%6 The observed variations éfandvmay, Which
indirectly indicate the degree of conformational restriction, are
clearly related to the length of the bridged moiety.

2.3. Synthesis of Oligonucleotides 2336d. Following a
conventional phosphoroamidite protocol, a variety of modified
oligonucleotides were synthesized usingf2BNANC-phospho-
roamidites18—22 and natural DNA amidite building blocks in
an automated DNA synthesizer. A set df422BNA (LNA)-
oligonucleotides with sequences identical to those ‘of-2
BNANC-modified oligonucleotides was synthesized to allow

3. Properties of 2,4-BNANC, 3.1. Duplex Formation and
Thermal Stability of the Duplex Formed by 2',4-BNANC,
Formation of stable duplexes with complementary single-
stranded RNA (ssRNA) and single-stranded DNA (ssDNA) is
essential for antisense and diagnostic applications. Duplex
formation and the stability of duplexes formed ByA2BNANC-
modified oligonucleotide®4a—c to 27a—c against comple-
mentary ssRNA37 and ssDNA38 (Tables 2 and 3) were
examined by UV melting experiment$,{ measurement), and
the results were compared with those obtained with natural and
2',4-BNA (LNA)-modified oligonucleotide4d-27d. The T,
values of the duplex formed between the complementary 12-
mer ssRNA target37) and oligonucleotides containing a single
2',4-BNANCINH], [NMe] or [NBn] modification increased by
6 °C (2,4-BNANCINH]) or 5 °C (2,4-BNANC[NMe] and
[NBn]; Table 1) compared to that of natural oligonucleotide
23. Further incremental increasesTip were observed upon an
increasing the number of modifications (oligonucleotidba—c
to 27a—c). The increase iy per modification AT/mod.) of
2',4-BNANCINH], [NMe], and [NBn] ranges from 5.3 to 6.3,

4.7 to 6.0°C, and 4.7 to 6.0C, respectively, which is similar

to that of 2,4-BNA (LNA) (AT,/mod.= +5.0 to+7.0 °C).
Interestingly, thelr, values of duplexes formed by,Z-BNANC-
[NH] oligonucleotides containing three or more modifications
(25ato 279 are higher than those exhibited by the correspond-
ing 2,4-BNA (LNA)-modified oligonucleotidesZ5d—27d). In
addition, theT,, values of the duplexes formed witH,2-
BNANC[NMe] and [NBn] oligonucleotides, which have sterically
hindered methyl or benzyl substituen®5b,c to 27b,c), are
similar to those obtained with' ,2'-BNA (LNA). These results
indicate that further modification of oligonucleotides with42
BNANC should produce very stable duplexes with ssRNA and
that oligonucleotides fully modified with'2'-BNANC[NH]
might form duplexes more stable than those obtained with fully
modified 2,4-BNA (LNA) oligonucleotidesté-”

Affinity to the complementary 12-mer ssDNA targ88f was
also investigated; th&,, values are summarized in Table 3. A
single modification with 24'-BNANC[NH] (244 increased
affinity to ssDNA only slightly AT, = +1 °C), whereas a
single modification with 24'-BNANC[NMe] and [NBn] (oli-
gonucleotide4b and 24¢ respectively) decreaséd, by 1.0
and 2.0°C, respectively, indicating that,2'-BNANC is highly
RNA-selective. By increasing the number of modifications to
two 2,4'-BNANC[NMe] units > or three 2.4 -BNANC[NMe] or
[NBn] units (oligonucleotide25b,c and 26b,c), affinity to

direct comparison of their properties. The oligonucleotide SSDNA fur'ther decreasgg or remain unchanged,wheregs modi-
sequences synthesized for the present study are provided ification with Z,4-BNANY[NH] and Z,4-BNA (LNA) units

Figure 3. The coupling time for the modified oligonucleotides
was 5-6 min, and H-terazole and activator-42 (purchased from
Proligo) were used as activators. Coupling efficiency was
determined by trityl monitors and was found to be 95 to 100%.

(oligonucleotide25b,d and26b,d) increasedr, compared to
that of natural oligonucleotid23. The oligonucleotide with six
2',4-BNANCINH] units (278) showed a substantially increased
Tm value Tm = 73°C; ATymod.= +3.8 °C) presumably due

Typ|ca| ammonia treatment cleaved the 0|igonuc|e0tides from to additional factors such as the effect of NH on StabIIIZIng the

the solid support and removed the phenoxyacetyl gro24a—<
363d). Simultaneously, the triazole group &3ab and35ab)
was converted to an amino group to give42BNANC-mC-
modified oligonucleotides. The oligonucleotides were purified

duplex57-60

The RNA selective binding affinity of'2'-BNANC analogues
was calculated from Tables 2 and 3, and the results are
summarized in Table 4. The duplex formed by natural oligo-

by reverse phase HPLC (RP-HPLC) and characterized by nucleotide23 with the complementary ssRNA hadTg, value
MALDI-TOF mass spectroscopy (mass spectral data and yields5 °C lower than that obtained with the sSDNA complement. In

of the oligonucleotides are provided in the Supporting Informa-
tion).
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Table 2. Tm Values of Duplexes Formed by 2',4'-BNANC- and 2',4'-BNA (LNA)-Modified Oligonucleotides with Complementary ssSRNA&?
T (ATw/mod.) (°C)

oligonucleotides T= 2' 4'-BNANNH] 2' 4'-BNANNMe] 2' 4'-BNANNBn] 2' 4'-BNA (LNA)
d(GCGTTTTTTGCT) 23) 45 45 45 45
d(GCGTTTTTTGCT)4a—24d) 51 (+6.0) 50 ¢+5.0) 50 (+5.0) 52 (+7.0)
d(GCGTTTTTTGCT) (25a-25d) 64 (+6.3) 63 (+6.0) 60 &-5.0) 62 (+5.7)
d(GCGTTTTT TGCT)(26a—260) 61 (+5.3) 59 (+4.7) 59 (+4.7) 60 (+5.0)
d(GCGITTTTT GCT) 27a—27d) 83 (+6.3) 80 (+5.8) 78 (+5.5) 80 (+5.8)

aTarget sSRNA: 5r(AGCAAAAAACGC)-3' (37). P Conditions: 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl; strand concentration
=4 uM.

Table 3. Tm Values of Duplexes Formed by 2',4'-BNANC- and 2',4'-BNA (LNA)-Modified Oligonucleotides with Complementary ssDNA&?
Ty (AT, Imod.) (°C)

oligonucleotides T= 2' 4'-BNANINH] 2' 4'-BNANC[NMe] 2' 4'-BNAV[NBn] 2' 4-BNA (LNA)
d(GCGTTTTTTGCT) £3) 50 50 50 50
d(GCGTTTTTTGCT)(24a-24d) 51 (+1.0) 49 1.0) 48 (-2.0) 53 (-3.0)
d(GCGTTTTTTGCT) (25a-25d) 55 (+1.7) 51 (+0.3) 44 (-2.0) 56 (+2.0)
d(GCGTTITT TGCT)(26a -264 57 (+2.3) 50 (-0.0) 45 (1.3) 54 (+1.3)
d(GCGTTTTTT GCT) (27a-27d) 73 (+3.8) 61 (-1.8) 58 (+1.3) 67 (-2.8)

aTarget ssDNA: 5d(AGCAAAAAACGC)-3' (38). P Conditions: 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NacCl; strand concentration
=4 uM.

Table 4. Selective Binding Affinity to RNA by 2',4'-BNANC- and 2',4'-BNA (LNA)-Modified Oligonucleotidesa?

ATo=Ty (ssRNA) — T (ssDNA) (°C)

oligonucleotides T= 2' 4'-BNANINH] 2' 4-BNAV[NMe] 2' 4'-BNAY[NBn] 2' 4'-BNA (LNA)
d(GCGTTTTTTGCT) 23) -5 -5 -5 -5
d(GCGTTTTTTGCT)(24a-24d) +0 +1 +2 -1
d(GCGTTTTTTGCT) (25a-25d) +9 +12 +16 +6
d(GCGTTTTT TGCT)(26a -269 +4 +9 +14 +6
d(GCGTTTTTT GCT) 27a-27d) +10 +19 420 +13

aTarget strands= RNA 37 and DNA 38. P Conditions: 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NacCl; strand concentradion
uM.

- it _ Table 5. Ty Values of Duplexes Formed by 2',4'-BNANC- and
values (dlﬁerenc,:e bet\/\'\ﬁgen affinities to RNA and DNA Comple 2',4'-BNA (LNA)-Modified Oligonucleotides with Complementary
_ments)- Both 24_ 'BNA _[NMe] _a!"d [NBn] Q'Splayed Promis-  ssRNA Containing a Single-Mismatch Base#?
ing RNA selective binding affinity, superior to that of,2-

BNA (LNA). Interestingly, the most prominent RNA selectivity

Tn (A To=Tn (mismatch) ~ T (match)) (OC)

was achieved with the'2'-BNANC[NBn] analogue (RNA T (oligonucieoide) X= Afmach) U ¢ ¢

selectivity of 2,4-BNANC[NBn] is even higher than that of 2 - gﬁzygl:ugﬁc[NH] (249 gi g? E:ii; ig g:gg gg E:i%
B'N,'ANC[NMe]E"‘). Thus, _modification with ste_ri_cally h_indered 2.4-BNANCNMe] (24b) 50 37(13) 48(2) 34(-16)
2, 4-BNANC analogues improves RNA selectivity, which could 2 4-BNANSNBn] (249 50 36(14) 46 (4) 33(17)
be very useful in antisense applicatidrighis increased affinity 2 ,4-BNA (LNA) (24d) 52 39(-13) 47(5) 35(17)

for RNA over DNA by 2,4-BNANC results from restrictin
Y 9 a8 Modified oligonucleotides, s3d(GCGTTTTTTGCT)-3; Target SSRNA

the sugar confqrmation t.o the .N-for}ﬁ,as well as from strand, 3r(CGCAAXAAACGA)-5'. P Conditions: 10 mM sodium phos-
unfavorable steric interactions with DNA strands. phate buffer (pH 7.2) containing 100 mM NaCl; strand concentratich

3.2. Mismatch Discrimination Studies with 2,4'-BNANC- uM.
Modified Oligonucleotides. Because 24'-BNANC-modified
oligonucleotides exhibited high-affinity sequence selective also similar to that of 24'-BNA (LNA), except in the case of
hybridization with ssRNA, their ability to discriminate bases the TG arrangement for the’' 2-BNANC[NMe] derivative,
was evaluated using single-mismatch ssRNA strands (Table 5).as shown in Table 5. Thus, it appears tHa¢ ZBNANC not only
As indicated by theAT,, values in Table 5, any mismatched exhibits high-affinity RNA selective hybridization, but is also
base in the target RNA strand resulted in a substantial decreasénighly selective in recognizing bases.
in the T, of duplexes formed with '2'-BNANC-modified 3.3. Helical Structure of 2,4-BNANC-Modified Oligo-
oligonucleotides. For example, th&T,, values of duplexes  nucleotide Duplex. To understand the helical structure of
formed with 2,4-BNANC[NH]-modified oligonucleotide24a duplexes formed by '2'-BNANC-modified oligonucleotides,
having T-U, T—G, and 7-C arrangements are-14, —5, duplexes containing' 2'-BNANC[NMe] and 2,4-BNANCINBN]
—17 °C, respectively, which are lower than those of the (Supporting Information) oligonucleotides were analyzed by CD
corresponding natural DNARNA duplexes AT, = —12,—3, spectroscopy and the spectra were compared with those of
and —15 °C, respectively) and similar to those exhibited by natural RNA/RNA 8937), DNA/RNA (23/37), RNA/DNA (39
duplexes formed with '24'-BNA (LNA) oligonucleotide 24d 38), and DNA/DNA (23/38) duplexes (Figure 4 and Figure SI-1
(AT = —13, =5, and—17 °C, respectively). The mismatch in the Supporting Information). Generally, natural RNA/RNA
discrimination profiles of 24'-BNANC[NMe] and [NBn] were duplexes are A-form duplexes exhibiting a positive cotton effect

J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008 4891
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Figure 4. CD Spectra of duplexes formed by2-BNANC[NMe]-modified oligonucleotide€5b and27b with complementary RNA37, part A) and DNA
(38, part B). The spectra were compared with those of natural RNA du@g@ (GCGUUUUUUGCT-3)/37), DNA/RNA duplex 3/37), RNA/DNA
duplex B9/38), and DNA duplex 23/38). Duplex concentration,:/M in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NacCl.

Table 6. Tm Values of Triplexes Formed by 2',4'-BNANC- and 2',4'-BNA (LNA)-Modified Oligonucleotides with Complementary dsDNA (in
the Absence of Mg2+)ab

T (AT, Imod.) (°C)

oligonucleotides = 2' 4'-BNANC 2' 4'-BNA (LNA)
[NH] [NMe] [NBn]

d(TTTTT"CTTT™CT"CT™CT) (28) 33 33 33 33
d(TTTTT"CTTT"CT"CT"CT) (29a- 29d) 44 (+11.0§ 38 (+5.0) 33 (+0.0) 44 (+11.0¥
d(TTTTT™CTTT™CT™CT™CT) (30a- 30d) 60 (+9.0F 47 (+4.6) 32 (-0.3) 59 (+8.7f
d(TTTTT"CTTT "CT"CT™CT) (31a- 31d) 59 (+8.7F 42 (+3.0) 31¢0.7) 52 (-6.3Y
d(TTTTT"CTTTM™CT"CT™CT) (323 32b, 32d) 58 (+6.3f 45 (+3.0) 57 (+6.0F
d(TTTTT™CTTT"CT™CT™CT) (333 33b, 33d) 64 (+6.2f 50 (+3.4) 65 (+6.4)F
AdTTTTTMCTTTMCTMCT™CT) (34a 34b, 34d) 78 (+6.4F 59 (+3.7) 67 (+4.9F
d(TTTTT "CTTT™CT™CT™CT) (354 35b, 350) 80 (+3.1F <5(<—-2) <5 (<—2)

aTarget dsDNA: 5d(GCTAAAAAGAAAGAGAGATCG)-3'/3-d(CGATTTTTCTTTCTCTCTAGC)-5 underlined portion indicates the target site for
triplex formation.P Conditions:” 7 mM sodium phosphate buffer (pH 7.0) containing 140 mM KCI; strand concentratlofuM. ¢ Data from ref 53.

between 260 and 280 nm and a negative cotton band aroundof 2',4-BNANC modifications change a typical B-form helical
210 nm® In contrast, natural DNA/DNA duplexes have a structure of DNA/DNA @3/38) duplex to an A-form helix, that
B-form helix with positive cotton bands around 280 and 220 is, the A-form helical character is strengthened by the introduc-
nm and a negative cotton band around 240 nm. As describedtion of 2,4-BNANC-modified oligonucleotides. This change in
above, a control RNA/RNA duplex showed a typical A-form helical conformation is similar to that obtained with2-BNA
spectrum (part A of Figure 4) and a DNA/DNA duplex provided (LNA),° which results from the conformational restriction of
a B-form spectrum (part B of Figure 4). Minimal spectral the sugar moiety to the N-form. The tendency G#2BNANC

changes were observed in the duplex formed §-BNANC- duplexes to adopt the A-form is the primary reason for the high
[NMe]-modified oligonucleotide®5b and 27b with RNA 37 affinity of 2',4-BNANC oligonucleotides for RNA over DNA.
compared with a natural RNA/RNA3®/37) duplex. Both25b 3.4. Triplex Formation and Triplex Stability. Applications

and27b produced similar spectra, although the intensity of the in antigen@ and gene repair technolog?$&® require the
cotton band at 220 nm was a little lower than that of the RNA/ formation of stable triplexes at physiological pH. In our
RNA duplex. Compared with DNA/RNA duple23/37, the preliminary report® we showed that '24'-BNANC[NH] has
cotton bands near 220 and 240 nm were slightly decreased insuperior triplex-forming characteristics compared to those of
intensity, similar to that observed for the A-form RNA duplex 2',4-BNA (LNA) and ENA. We here disclose full details of
(3937). triplex formation by the three'2'-BNANC analogues (24'-

In contrast, there is a remarkable spectral change in duplexesBNANC[NH], [NMe], and [NBn]) in the absence and presence
formed with DNA complement (part B of Figure 4). The of divalent metal (M§"). The triplex-forming ability of the 24'-
intensity of the cotton band at 220 nm was decreased, wheread8BNANC analogues against a 21 bp double-stranded DNA
that of the 280 nm band was increased, similar to that observed(dsDNA) in the absence of divalent metal is summarized in
for natural RNA/DNA duplex 8938). A larger effect was Table 6. A single modification of the triplex-forming oligo-
observed with oligonucleotid27b containing six 24'-BNANC- nucleotide (TFO)28 with 2',4-BNANCINH] (TFO 299 in-
[NMe] units. These observations indicate that the introduction creased thd@, of the triplex by 11°C, which is equal to that

(68) Soyfer, V. N.; Potaman, V. NTriple-Helical Nucleic Acids Springer-

(67) Gray, D. M.; Hung, S.-H.; Johnson, K. Methods Enzymoll995 246, Verlag: New York, 1996.
19. (69) Seidman, M. M.; Glazer, P. M. Clin. Invest.2003 112 487.
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Table 7. Tm Values of Triplexes Formed by 2',4'-BNANC- and 2',4'-BNA (LNA)-Modified Oligonucleotides with Complementary dsDNA in the

Presence of Mg2+ab

T (AT, Imod.) (°C)

oligonucleotides = 2' 4'-BNANC 2' 4'-BNA (LNA)
[NH] [NMe] [NBn]
d(TTTTT"CTTT"CT"CT™CT) (28) 43 43 43 43
d(TTTTT"CTTT"CT"CT™CT) (29a- 29d) 55 (+12.0) 49 (+6.0) 44 (+1.0) 55 (+12.0)
d(TTTTT™CTTT™CT™CT™CT) (30a- 30d) 73 (+10.0) 61 (-6.0) 45 (+0.7) 72 4-9.7)
d(TTTTT"CTTT "CT"CT™CT) (31a- 31d) 71 (+9.3) 54 (+3.6) 44 ¢-0.3) 64 (+7.0)

aTarget dsDNA: 5d(GCTAAAAAGAAAGAGAGIECG)-3/3-d(CGATTTTTCTTTCTCTCTAGC)-5 underlined portion indicates the target site for triplex
formation.? Conditions: 7 mM sodium phosphate buffer (pH 7.0) containing 140 mM KCI and 10 mM ¥lg&€and concentratiorr 1.5 uM.

exhibited by the triplex of 24'-BNA (LNA)-modified TFO 29d.
The T, of the triplex formed by the corresponding2-BNANC-
[NMe]-TFO 29b is 5 °C higher than that of natural-TF@8,
and that of 24'-BNANC[NBN]-TFO 29cis equal to that of the
natural oligonucleotide. In the case of,2-BNANC[NH],
increasing the number of modifications (TF8Ba—344) greatly
enhanced triplex thermal stabilitAT/mod.= +6.2 to+9 °C),
which is similar to or even higher than that of the corresponding
2, 4-BNA (LNA)-TFOs (30d—34d, ATp/mod. = +4.9 to
+8.7 °C). The thermal stability of the triplex formed by the
corresponding ‘24 -BNANC[NMe]-TFOs (@0b—34b), although
significantly higher than that obtained with natural DNA-TFO
28, is lower than that of 24'-BNANC[NH]- and 2,4-BNA
(LNA)-TFOs (31ad—35ad). Modification with 2,4'-BNANC-
[NBN] units (29¢—310 did not affect the thermal stability of
the triplex; that is, the thermal stability was similar to that of
natural DNA-TFO,28. The lower stability of the 24'-BNANC-
[NMe] and [NBn] triplexes might be due to unfavorable steric
interaction with dsDNA, induced by the methyl or benzyl
groups. Although this steric bulk is well tolerated in duplex
formation, it appears to be unsuitable in the triplex, where the

seven with 24'-BNANC[NH] residue (compard, values of
TFOs33aand344a). Most interestingly, a fully modified"24'-
BNANC[NH]-TFO (35a) formed a stable triplex with &, value

as high as 80C, whereas the correspondingd-BNA (LNA)-
and 2,4-BNANC[NMe]-TFOs 35d and35h, respectively) were
unable to interact with the dsDNA. The same negative result
was obtained previously with fully modified,Z-BNA (LNA)
oligonucleotideg’”.7® The inability of fully modified 2,4'-
BNANC[NMe] to form a stable triplex is probably due to steric
factors, and in the case of,Z-BNA (LNA) it is possibly due

to the over-rigidity of its overall structur:#870lt is therefore
noteworthy that modifications with' 2'-BNANC[NH] eliminate
the limitations of placing alternating DNA monomers (using
one 2,4-BNA (LNA) for every two or three DNA nucleotide¥)
for optimum triplex stability.

As it is well-known that the triplex is stabilized by multivalent
metal cations (such as Mp),%® and T, values in the presence
of physiological concentrations of Mgwere measured (Table
7). Further incremental increasesTr values were observed,
as shown in Table 7. As expected, a similar variation in triplex
stability was observed in triplexes formed by TF®%ka and

combined structural features are more complex and the accom-31d with three consecutive’' 2Z'-BNANC[NH] and 2,4-BNA

modation of steric bulk is difficulé® The most striking behavior
shown by 24'-BNANC[NH] is that consecutive modification
(as in TFO314) with 2',4-BNANC[NH] does not affect triplex
stability, as shown by th&, of the triplex formed by3la(Tn,
value 59°C, which is as high as that obtained with TRBDa
containing interrupted modifications). In contrast, there is
significant reduction in th&,, value of the triplex of 24'-BNA
(LNA)-modified TFO31d compared to the triplex of TFG0d,
which has modifications separated by natural DNA units. A
previous report described the more drastic reductichyimalue

of a 2,4-BNA (LNA)-TFO having four consecutive’' 2'-BNA
(LNA) modifications AT/mod.= +1 °C only) compared to
that obtained by alternating’,2-BNA (LNA)-substitutions
(AT/mod.= +4.5°C).7% Not only the consecutively modified
TFO 31abut also the extensively modified,2-BNANC[NH]-
TFO 34a showed aTy value 11°C higher than that of the
corresponding '24'-BNA (LNA)-TFO 34d. In fact, in the case
of 2',4-BNA (LNA), increasing the number of modifications
from five (TFO33d) to seven (TFG4d) did not improve triplex
stability significantly ', = 65 and 67°C for TFOs33d and
34d, respectively), consistent with our previous observations
with 2',4-BNA (LNA).* In contrast, T, improved markedly
(14 °C) by increasing the number of modifications from five to

(70) Sun, B-W.; Babu, B. R.; Sgrensen, M. D.; Zakrzewska, K.; Wengel, J.;
Sun, J-SBiochemistry2004 43, 4160.

(LNA) residues, respectively.

The extraordinarily high triplex stability exhibited by,Z-
BNANCINH]-TFOs prompted us to find out possible reasons
for its improved hybridization. Stabilization of the duplex and
triplex structures by modified oligonucleotides containing amino
nitrogen was reported to be accomplished by forming positively
charged nitrogen atoms via protonatit. 60 This positively
charged nitrogen can stabilize duplexes and triplexes either by
electrostatic interactions with the negatively charged phosphate
strands or by reducing the repulsion between the phosphate
backbone. To understand whether protonation of the amino
nitrogen of 2,4-BNANC[NH] is possible or not at the experi-
mental pH (pH 7.6-7.2), we conducted pH titration experiments
for measuring the pKa of' 2'-BNANC[NH] monomer with a
free N—H group on the bridged moief{. The pKa was found
to be less than 3.0 (Supporting Information for pH titration
curves), which is even lower than that reported for the simple
methylhydroxylamineg? This means that protonation of the

(71) In our previous investigation, TFOs modified with five or seved ZBNA
(LNA) residues showed essentially simil@x, values. See, for example,
Torigoe, H.; Hari, Y.; Sekiguchi, M.; Obika, S.; Imanishi, X..Biol. Chem.
2001, 276, 2354.

(72) The 2,4-BNANCINH] monomer with the free NH group (not the
monomer 13 containing a Pac group, used for oligomerization) was
synthesized froni2 by desilylation with 46% HF in acetonitrile.

(73) For usual pKa values of amines, hydroxylamines, and methylhydroxy-
lamines, see, for example, Bissot, T. C.; Parry, R. W.; Campbell, . H.
Am. Chem Socl957, 79, 796.
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Figure 5. Molecular modeling of a parallel-motif triplex formed by,2-BNANC[NH]-TFO 31awith dsDNA. (A) Overall view of the triplex: the dsDNA
is shown as a gray CPK model with the phosphate backbone of the purine strand colored red and purfleiSFEbown as a colored tube model with
three 2,4-BNANC nitrogens represented in green. (B) Expanded view of the area of the triplex containing three consgduBMANC[NH] residues,
showing that the '24'-BNANC nitrogens are very close to the phosphate moiety of the purine strand.

Table 8. Sequence-Specific Triplex Formation by 2',4'-BNANC- matched dsDNAs having G:C, C:G, and T:A arrangements
Modified TFOs*® decreased significantly compared to matched DNA (A:T ar-
T (AT = T rismatct) ~ Trn atcry) (°C) rangement). For example, against a dsDNA target having G:C
T (oligonucleotide) XY =AT (match)  G:C cG TG arrangement at the center of the target, Thevalue decreased
natural @8) 43 21 (-22) 25(-18) 18 (-25) by 25°C for both 2,4-BNANCINH] and [NMe] oligonucleotides
g,j:-gmzzmu]egz(gg)b) ig gg Fggg gg E—gg ilsl E—ggg 29a anld 29b, resp:ctivelly. Tth is Iahr%er (tjhgn the decrease by
4 . - - natural-TFO28 and similar to that exhibited by 2'-BNA-TFO
2 4-BNA(LNA) (299 55 31 (24) 35(20) 16 (39) 29d. To the mismatched targets with C:G and T:A arrangements,
aModified TFO: B-d(TTTTTCTTTCTCTCT)-3; target dsDNA: 5 again a very large decreaseTip value was observed compared
d(GCTAAAAAGAXAGAGAGATCG)-3; 3-d(CGATTTTTCTYTCTCTC- to matched (A:T) base\[, = —27 °C for both 2,4'-BNANC-

TAGC)-5. b Conditions: 7 mM sodium phosphate buffer (pH 7.0) contain- ; . _
ing 140 mM KCI and 10 mM MgGt strand concentratiosr 1.5 uM. [NH] and [NMe] against C:G arrangement andi0 a_nd 35
°C, respectively, for 24-BNANC[NH] and [NMe] against T:A
amino nitrogen of 24-BNANCNH] is unlikely at the experi- arrangement). These values are significantly larger than that
mental pH, and, hence, enhanced stabilization of the triplexesCbtained with natural-TFQ8 (AT = —18 and—25 °C for
might not be happening via protonation. We speculate that C:Gand T:A aérangements, respectively). These results show
h N . . ;
stabilization of the triplexes might be governed by different that2,4-BNAT=-TFOs form triplexes with very high sequNeCnce
reasons such as additional hydrogen bonding between-ti¢ N SPecificity. The mismatch discriminating power 6j2-BNA
hydrogen and the phosphate oxygen of dsDNA and/or confor- 2nalogues to C:G arrangements Is even higher than thaelof 2
mational bias of the six-membered bridged structure, as seenBNA (LNA) (ATm = —20 °C), whereas its discrimination for
in the case of EN/&S5.70 T:A arrangements is similar to that of,Z-BNA (LNA).
. o . - NG

To see the possibility of additional hydrogen bonding between Because of its _IOW triplex f_ormmg ability,’ 2-BNATNBn] .

nitrogen of the bridged moiety and the phosphate of the dsDNA may not be suitable for triplex approaches, and therefore its

strand, molecular modeling of a triplex formed by dsDNA and sequence specn‘lcny'would be meanmglesg. .
2',4-BNANCINH]-TFO with three consecutive’2-BNANC- 3.5. Nuclease Resistance of,2-BNANC Oligonucleotides.

[NH] residues (TFO31a was performed (Figure 5). The The rapid degradation of oligonucleotides by nucleases must

structure was based on the A-form triplex geometry, and energy P& Overcome if oligonucleotides are to be used in in vivo
minimization was accomplished after the incorporation of three 2PPlications. Although the backbone of PS oligonucleotides has

2 4-BNANCINH] residues. It was found that the nitrogens improved resistance to nuclease degradation, their nuclease
(g,reen atoms) and\-hydrogens of the '%'-BNANC-bridged resistance is still suboptim&.”* Additional nuclease resistance

structure are very close to the phosphodiester linkage (red and'S therefore required. We examined the resistance of oligo-

purple atoms in the purine strand), implying that there could Nucleotides modified with a single’,#-BNANC unit (oligo-
be hydrogen bonding betweeN-hydrogens and phosphate nucleotides36a—c) toward 3-exonucleaseGrotalus adaman-
oxygens of the purine strarid. teusvenom phosphodiesterase, CAVP, Pharmacia) degradation

o . L .__and compared it with natural oligonucleotid®, 2',4-BNA
Next, sequence specificity or mismatch discrimination studies LNA)- and PS-modified oligonucleotid@sd and4l. respec
were performed using’2'-BNANC-TFOs 29a and 29b; the ( ) i “ 'gonu ! » [espec-

results are summarized in Table 8. It was found thatThe
values of triplexes formed by’ 2'-BNANC-TFOs with mis-

(74) Geary, R. S.; Yu, R. Z.; Levin, A. ACurr. Opin. Irnvest. Drugs2001, 2,
562.
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Figure 6. Nuclease resistance ofXT oligonucleotides against CAVP;
X = natural-T @0) (green), phosphorthioate-%1) (black), 2,4-BNA-T
(36d) (orange), 24'-BNANCINH]-T (368 (blue), 2,4-BNANCINMe]-T
(36b) (red), 2,4-BNANC[NBnN]-T (360 (magenta). Hydrolysis of the
oligonucleotides (1Qug) was carried out at 37C in buffer (200uL)
containing 50 mM Tris-HCI (pH 8.0), 10 mM Mggland CAVP (0.25

ug). Curve fitting equation:y = 100 x e~ (for parameters and errors,

Experimental Section).

tively (Figure 6). Our preliminary repdt showed that 24'-

Conclusion

We have synthesized threg£2-BNANC nucleotides (24'-
BNANC[NH], [NMe], and [NBn]) with a six-membered bridged
structure containing an amino nitrogen. The synthesis of the
nucleotides was greatly simplified and improved, as demon-
strated by the one-pot conversionldfto 12 in very good yield.
The nitrogen on the bridge was easily functionalized with alkyl
or benzyl groups, suggesting that a wide range of functional
molecules can be synthesized by appropriate functionalization.
The nucleotides were successfully incorporated into a variety
of oligonucleotides for various studies.

2 ,4-BNANC-modified oligonucleotides show very high target
affinity, similar to or even higher than that of Z-BNA (LNA).
Following hybridization to a complementary RNA, the increase
in T, per modification was very high, that is, 5 t66, similar
to that observed with "2'-BNA (LNA). The T, values of
oligonucleotides with an increased number o#2BNANC[NH]
modifications exceed that of,Z-BNA (LNA). In addition, 2,4'-
BNANC[NMe] and [NBn] along with their high RNA affinity
comparable to that of' 2'-BNA (LNA), showed better RNA
selectivity than 24'-BNA (LNA). Triplex formation is greatly
enhanced by '2'-BNANC[NH] modifications. The triplex
stability of 2,4-BNANC[NH]-modified oligonucleotides with

BNANC[NMe]-modified oligonucleotides are much more resis- consecutive or extensive modifications are consistently higher
tant to degradation by snake venom phosphodiesterase (SVPDEthan those of 24-BNA (LNA) and ENA,> and a fully modified

Boehringer Mannheim) than are€,2-BNA (LNA)-modified

2',4-BNANCINH]-TFO formed a highly stable triplex at neutral

oligonucleotides and are even more resistant than the more stabl@H. 2,4-BNANC modifications dramatically improve resistance

S-isomer of PS oligonucleotid®. In the present study, we

examined the nuclease resistance of all of thd-BNANC
analogues (24'-BNANC[NH], [NMe], and [NBn] analogues)

to nuclease degradation, which is far higher than that @f-2
BNA (LNA). The nuclease resistance df2-BNANC[NMe] is
even slightly higher than that of PS oligonucleotide. These

using CAVP and compared the results with those obtained for characteristics indicate that all of the2-BNANC[NH], [NMe]
2',4-BNA (LNA) and PS oligonucleotides. Nuclease resistance and [NBn] analogues have significant potential for antisense
was evaluated by incubating the specified oligonucleotides with applications. 24-BNANS[NMe] and [NBn] will be particularly
CAVP and analyzing the percentage of intact oligonucleotides Suitable for antisense approaches, wheréas-BNANCINH]

at several time points by RP-HPLC (Experimental Section). The might be more useful in antigene applications, but also for

results are shown in Figure 6. The natural ahd-BNA (LNA)-
modified oligothymidylates 40 and 36d, respectively) were

antisense approaches.
In summary, because of its pronounced affinity for target

completely digested within 3 and 15 min, respectively. In Strands and extraordinarily high nuclease resistantd;- 2

marked contrast, 2'-BNANC-modified oligothymidylates were

stable under identical reaction conditions,42BNANC[NH]-

BNANC is clearly a highly suitable BNA analogue for powerful
applications in genomics. Moreover, instead of the common

modified oligonucleotide6ais remarkably stable under these ~practice of functionalizing at the base (which might decrease
conditions: about 40% survived after 40 min of exposure. the hybridizing affinity of a nucleic acid), appropriate func-

Among the 24-BNANC analogues, '24'-BNANC[NMe] was

tionalization of the nitrogen on the bridged structure might be

found to be the more stable analogue, with 82% of the possible without hampering hybridizing affinit§ allowing the

oligonucleotides remaining intact after 40 min exposure a37

generation of a wide range of molecules with improved nuclease

and 77% survived even after 90 min (data not shown). The resistance or cellular uptaké; or with characteristics appropri-

overall nuclease resistance 6f2-BNANC[NMe] is higher than

ate for a variety of applications such as fluorescence prébes,

that of S-PS oligonucleotide, consistent with our previous DNA cleavage activator®, etc.). In addition, cleavage of the

observatior?* Unexpectedly, the nuclease resistance 'of 2
BNANCINBnN] (oligonucleotide36d) is similar to that of 24'-

N—O bond might modulate the hybridizing properties §#2
BNANC oligonucleotides, enabling their possible use in DNA

BNANCNH], showing that benzyl substitution does not improve nanotechnology®

nuclease resistance in comparison to that' @f-BNANC[NH].
The excellent resistance of Z-BNANC[NMe] oligonucleotide

36b to CAVP is probably due to steric hindrance of the
phosphodiester linkage exerted by the methyl-substituted six-

Experimental Section

Synthesis and Characterization of Compounds: General Aspects
and Instrumentation. Melting points are uncorrected. All of the

membered bridged moiety. From these results, it can be antic-(76) Hrdlicka, P. J.; Babu, B. R.; Sgrensen, M. D.; Harrit, N.; Wengel, J.

ipated that oligonucleotides with multiplé,Z-BNANC sub-

stitutions will be largely resistant toward nuclease degradation.

(75) Burgers, P. M. J.; Sathyanarayana, B. K.; Saenger, W.; EckstelfyrF.
J. Biochem1979 100, 585.

Am. Chem. So005 127, 13293.

(77) Ueno, Y.; Tomino, K.; Sugimoto, |.; Matsuda, Aetrahedron200Q 56,
7903; and references therein.

(78) Ranasinghe, R.; Brown, Them. Commur2005 5487.

(79) Bales, B. C.; Kodama, T.; Weledji, Y. N.; Pitikl.; Meunier, B.; Greeberg,
M. M. Nucleic Acids Re2005 33, 5371.

(80) Kalek, M.; Madsen, A. S.; Wengel,J.Am. Chem. So2007, 129, 9392.
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moisture-sensitive reactions were carried out in well-dried glassware samples were then annealed by heating at®@@or 5 min, followed

under a N atmosphere. Dichloromethane, ethanol, triethylamine, and by slow cooling to room temperature. The samples were then stored at

pyridine were distilled from Cald Dry MeCN was used as purchased. 4 °C for 1 h prior to T, measurements. The melting profiles were

IH NMR (270, 300, or 500 MHz)}C NMR (67, 75, and 125 MHz) recorded at 260 nm from 10 to 9C at a scan rate of 0.8C/min. T,

and P NMR spectra (202 MHz) were recorded on JEOL EX-270, was calculated as the temperature at which the duplexes were half

JEOL-AL-300, and JEOL GX-500 spectrometers, respectively. Chemi- dissociated, determined by taking the first derivative of the melting

cal shifts are reported in parts per million downfield from internal curve.

tetramethylsilane fofH, CHCk (0 = 77.0) for **C NMR, and 85% CD Spectra. CD spectra were recorded on a JASCO J-720W

HsPQ, (0 = 0) for 3P spectra. IR spectra were recorded on a JASCO spectropolarimeter. A solution of the duplex:(¥) in 10 mM sodium

FTIR-200 spectrometer. Optical rotations were recorded on a JASCO phosphate buffer (pH 7.2) containing 100 mM NaCl was placed in the

DIP-370 instrument. Mass spectra were measured on JEOL JMS-600cell and the spectra were measured from 350 to 200 nm &€C20

or JMS-700 mass spectrometers. For column chromatography, silica Nuclease Resistance StudyCAVP (0.25 ug) was added to a

gel FL 100D was used. Full experimental details and characterization solution of oligonucleotides (1.5 nmo86a—36d, 40, and 41 in 50

data for all of the new compounds are described in the Supporting mm Tris-HCI buffer (pH 8.0) containing 10 mM Mgl The cleavage

Information. reaction was carried out at 3C. At several time points, a portion of
X-ray Crystallography. Crystallographic data fo® have been each reaction mixture was removed and heated t6Cfbr 2 min to

deposited at the Cambridge Crystallographic Data Center. CCDC- inactivate the nuclease. The amount of intact oligonucleotide remaining

647092 contains the supplementary crystallographic dat&.faihis was evaluated by RP-HPLC. The percentages of intact oligonucleotides

data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/were then plotted against the time of exposure to get the oligo-

retrieving.html (or from the Cambridge Crystallographic Data Centre, nucleotide degradation curve with time. The fitted line for each

12 Union Road, Cambridge CB2 1EZ, U.K.; fax:44 1223 336033;  oligonucleotide degradation was obtained by the model equatien,

or deposit@ccdc.cam.ac.uk). 100 x e The parametersa] and the errorsR?) of the fitting curve
Oligonucleotide SynthesisSynthesis of oligonucleotide&3—36d of each oligonucleotide are as follow86a a = 2.81 x 102 min%,

was performed on a 0.2mol scale using an Expedite (TM) 8909 R2=0.974:36b, a=5.12x 103 min~!, R2 = 0.986:36¢ a = 2.72

Nucleic Acid Synthesis System according to a standard phosphoroa- x 10-2 min-%, R2 = 0.984:36d, a = 2.97 x 10~ min~%, R2 = 1.000;

midite protocol with 1H tetrazole and activator-42 as the activators. 40, a = 2.75 mim?, R2 = 1.000;41, a = 6.84 x 103 min"!, Rz =

All of the reagents were assembled, and the oligonucleotides were 0.866.

synthesized according to the standard synthesis cycle (trityl off mode)

with the exception of a prolonged coupling time-(& min) for 2,4'- Acknowledgment. This work was partially supported by

BNANC monomers. For fully modified oligonucleotid&§a, 35b, and PRESTO and the Creation and Support Program for Start-ups

35d, and the universal solid support (Glen Research) was used, whereagrom the Universities of the Japan Science and Technology

for all other oligonucleotides the standard CPG-solid supports from Agency (JST). Generous help from Dr. Takuya Yoshida

Glen Research were used. After synthesis, the solid supported Oligo'(Graduate School of Pharmaceutical Sciences, Osaka University)
nucleotides were treated with concentrated ammonium hydroxide for measuring the pKa of '2'-BNANC[NH] monomer is

solution (1 mL) at room temperature for 1.5 h and then atG5or .
16—24 h. The ammonia solutions were then concentrated, and the Crudegratefully acknowledged. S.M.AR. thanks the Japan Society

oligonucleotides were initially purified by NAP 10 columns (Amersham for the Promotion of Science (JSPS) for financial support.

Biosciences) followed by further purification by RP-HPLC with a Wako Supporting Information Available: Experimental details and

Wakopack WS-DNA (10 x 250 mnf) or Waters X-Terra (10< 50 synthesis ofl, full experimental procedures for the synthesis

mn¥) column using 4-32% MeCN in 0.1 M triethylammonium acetate o
) . . of 2—22, and the characterization data for all new compounds,
buffer (pH 7.0). The oligonucleotides were analyzed for purity by HPLC . . ;. .
table of optimized reaction conditions for the synthesid af

and characterized by MALDI-TOF mass spectroscopy (for MALDI- 1 1
TOF mass data and isolated yields, see the Supporting Information). H _anq °C spectra of all new compounds$-(7, benzyl
UV Melting Experiment. UV melting experiments were carried out ~ derivative of12, and14 and17,) 3'P NMR spectra ofl8—22,

on a Beckman DU-650 spectrometer equipped witfi,aanalysis MALDI-TOF mass data and yields of oligonucleotid&$a—d
accessory. For the duplex formation study, equimolar amounts of the to 36a—d, CD spectra of duplexes formed by,2-BNANC-
target RNA/DNA strand and oligonucleotide were dissolved in 10 mM  [NBn]-modified oligonucleotides, UV melting curves, pH
sodium phosphate buffer (pH 7.2) containing 100 mM NaCl to provide tjtration curves for pKa measurement, complete ref 32, and
final-strand concentrations of @M. For the triplex formation study, ~crystallographic information files (CIF). This material is avail-

equimolar amounts of target dsDNA and oligonucleotide were added able free of charge via the Internet at http:/pubs.acs.org
in 7 mM NaHPQ, buffer (pH 7.0) containing 140 mM KCI to give ' T

final strand concentrations of 1.6M. The oligonucleotide/target JA710342Q
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