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Abstract: Oligonucleotides containing a methylene bridge between N1 or N9 of the heterocyclic base and
C1' of the pentofuranosyl ring (homo-N-oligonucleotides) were synthesized. Melting curves revealed that
such homo-type oligomers could cross-pair with complementary homo-type or natural oligomers. Circular-
dichroic studies provide evidence that the homo-type dimers have a left-handed stacked conformation and
further suggest that single-stranded and double-stranded homo-type oligomers adopt a left-handed
conformation, while duplexes with natural oligomers or nucleic acids form RNA-like right-handed helices.
NMR spectroscopy (NOESY) provides supporting evidence for a left-handed stacked conformation of the
homo-type dimer, while atomic force microscopy indicates a left-handed helical conformation of homo-
type dsDNA. Homo-type dimers and oligomers showed high resistance to digestion by snake-venom and
calf-spleen phosphodiesterases and nuclease S1.

Introduction when the glycosyl torsion angles are restricted to a high anti or
& low anti conformation, the helicity of the oligonucleotide can

There has been substantial interest in the synthesis an 9
be reversed:

applications of altered nucleic acids. We have investigated the ] )
properties of various modified nucleic acids for potential W€ wondered what would be the effect on nucleic acid
application to the development of therapeutic agents and helicity of increasing the conformational flexibility in the region
research reagents. In such applications, it is important for the Of the glycosyl bond. In one type of structure, a methylene group
modified oligonucleotide to be resistant to nucleases yet to retain'S inserted between N1 or N9 of the heterocyclic base arid C1
the ability to form duplexes with complementary natural nucleic ©f the pentofuranosyl ring, a modification that is expected to
acids. Many nucleic acid analogues have been synthesized withntroduce an extra degree of conformational flexibility compared
modifications to the base, sugar, and phosphate regidro to natural _nuclelc acids. The cqrrespondlng hcﬁhouclgo&des

our knowledge, however, no oligonucleotide analogues have Nave previously been synthesiz€d: but the biochemical and
been synthesized with an increase in the distance between théhysicochemical properties of the dimers or oligomers have not
sugar and the base or in the flexibility of their linkage. Work Y&t been reported.

in our laboratory on the development of altered nucleic acids  In this paper we describe the manual synthesis of hbdio-
has led to an interest in the effects of such modifications on the nucleotide dimers and the automated synthesis of oligomers.
biochemical and physicochemical properties of nucleic acids We present the physicochemical properties of homo-type dimers
and especially on their helical structure and handedness. In thisand oligomers and propose a conformational model to explain
latter regard, there has been discussion as to precisely whytheir properties. CD and NMR evidence is presented that the
natural nucleic acids adopt a right-handed helical structure. dimers or oligomers have an inherent left-handed twist and that
Among the factors that are considered to determine the helicalthey form left-handed duplexes with complementary homo-type
sense of nucleic acids is the chirality of the sugar, and it is

known that nucleic acids with-deoxyribose instead of the  (7) Urata, H.; Miyagoshi, H.; Kumashiro, T.; Mori, K.; Shoji, K.; Akagi, M.
J. Am. Chem. So@001, 123 4845-4846.

natural b-deoxyribose show left-handed helicft§. Another (8) Uesugi, S.. Tezuka, T.. Ikehara, M. Am. Chem. Sod976 98, 969
i i 973.
factor is the conformation about the glycosyl bond. For example, (9) Ussugi, S.; Yano, J.; Yano, E.; Ikehara, 81.Am. Chem. Sod977, 99,
2313-2323.
(1) Eschenmoser, A.; Loewenthal, Ehem. Soc. Re 1992 21, 1-16. (10) Montgomery, J. A.; Hewson, K. Heterocycl. Cheml97Q 7, 443-445.
(2) De Mesmaeker, A.; Altmann, K.-H.; Waldner, A.; WendebornC8irr. (11) Hossain, N.; Blaton, N.; Peeters, O.; Rozenski, J.; HerdewijfetPahedron
Opin. Struct. Biol.1995 5, 343-355. 1996 52, 5563-5578.
(3) Matteucci, M.Perspect. Drug Disceery Des.1996 4, 1-16. (12) Hossain, N.; Hendrix, C.; Lescrinier, E.; Van Aerschot, A.; Busson, R;
(4) Schming, K.-U.; Scholz, P.; Guntha, S.; Wu, X.; Krishnamurthy, R.; De Clercq, E.; Herdewijn, PBioorg. Med. Chem. Lettl996 6, 1465-
Eschenmoser, AScience200Q 290, 1347-1351. 1468.
(5) Urata, H.; Shinohara, K.; Ogura, E.; Ueda, Y.; Akagi, M.Am. Chem. (13) Scremin, C. L.; Boal, J. H.; Wilk, A.; Phillips, L. R.; Beaucage, SBlaorg.
So0c.1991, 113 8174-8175. Med. Chem. Lett1996 6, 207—212.
(6) Hashimoto, Y.; lwanami, N.; Fujimori, S.; Shudo, K. Am. Chem. Soc. (14) Boal, J. H.; Wilk, A.; Scremin, C. L.; Gray, G. N.; Phillips, L. R.; Beaucage,
1993 115 9883-9887. S. L.J. Org. Chem1996 61, 8617-8626.
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Table 1. UV Spectral Characteristics of Monomers and Dimers2 Table 2. Melting Temperatures?
compound Dmex min Dmaxd i Tn(°C)
A 258.8 225.6 13.23 duplex 0.15 M NaCl 1M NaCl
oA L T o0 .
. . . B "
dA 261.1 228.2 4.96 A2 + poly(U) NT
A ' : : dA; + poly(U) - 12.5
2 257.8 227.2 7.84 dAs + poly(U) B NT
A 259.5 228.0 9.17 dAs + poly(dT) B 19.5
dA; 257.7 226.3 9.06 dAs + poly(dT) _ 6.3
dA, 259.7 228.0 8.69 dAss + poly(dT) 491 =
aThe spectra were taken in 10 mM sodium phosphate, pH 7.0, containing ?Cﬁ,izip)\ t_p;(l)}ll;?;lz) 23;. :
0.15 M NaCl. Italicized letters represent homo-type nucleotides. dT15+E:30Iy(dA) 46'4 _

- . . ) ) dT1s5dT + poly(dA) NT _
oligomers but right-handed duplexes with natural nucleic acids. (dTdT)g + poly(dA) NT -
The left-handed nature of the homo-type duplex was confirmed ~ dAws +dTis 43.9 57.1
b . . . dAisdA + dT1sdT 39.7 -

y atomic force microscopy (AFM). As far as we know, this is dAso + dTso 65.8 80.4
the first report of ab-sugar nucleic acid without restricted dAso + dTso 62.3 67.1
glycosyl torsion angles that forms a left-handed helix under (AU)g 56.5 -
physiological conditions. Egﬁg;))sdAdT ‘é‘(‘)-g -

§ ) _

: : dAzs + poly(U) 46.7 -

Results and Discussion dAdALAT + poly(U) 378 B
dAgs + poly(U) 27.7 -

UV Spectra, Hyperchromicity, and Mixing Curves. The
fspect[ra of the homo-type monom.ers and dimers were almost aTm values were derived from melting curves for nucleotide mixtures
identical to those of the corresponding natural compounds (Tablerecorded at 260 nm. ltalicized letters represent homo-type nucleotides. The
1). The homo-type compounds, however, displayed a small Spectra were taken in 10 mM sodium phosphate, pH 7.0, containing 0.15
. . . or 1.0 M NaCl.P Not determinedS No transition observed.
increase iMmax (1.5-2.0 nm) andimin (0.8—3.5 nm) relative

to the corresponding natural compounds. meltinglike transition), whereas Aand poly(U) displayed a

!?f.Ch of th(? f(l)ur gimer§ A fo, dA,, gnd bd\z, upon clear, cooperative hyperchromic effect characterized Gy, a
acidification, displayed an increase in absorbance at most 'y 3'6'c. The melting curve for & and poly(U) under the

wavelengths below-300 nm (spectra not shown). (In this paper, same conditions also showed no transition. In contrast, the curve

an italicized “A” or “T” represents the homo-type nucleoside.) for dA, and poly(dT) (data not shown) displayed a clear, coop-

Each dimer also displayed a small decreasénif (~0.8 nm) o346 hynerchromic effect with B, of 6.3°C. (Poly(dT) alone
accompanying the increase in absorbance. The hyperchrommﬂyshowed no meltinglike transition betweeri© and 26°C.) T

values obtained were 8.15% forA7.42% forA,, 10.26% for f o
- or dA; and poly(dT) under these conditions was 195
dAz, and 6.05% for .. The hyperchromicity value for A Whereas at 0C and in 1 M NaCl the natural dimer dA

(8.15%) obtained by the pH-shift method is less than the f . . .
. . . ormed a 1:2 complex with poly(dT), the corresponding homo-
published value of 12% obtained upon complete hydrolysis pe adenosine dimerAd formed a 1:1 complex. Therefore the

. . ! . Y
2{;2;5’50;22?:(;52;2 lIggs,\?:e’su?hgeesélgsget:a;f,zenrea?rTor\,?,SISEaIrm values characterizing the interaction of the two adenosine

However, d; being resistant to enzymic degradation as dimers with poly(dT) in the presencé M NaCl cannot be

. - S directly compared. In contrast to the melting curve ofahd
de_s_cnbed below, the pH-shlft method of_estlmatmg hyperchr_o- poly(U), that of A, and poly(U) provided no evidence for
micity was used as a basis for comparing the four adenosine

dimers. For both homo-type dimers, the hyperchromicity was complex formation. The dimerA3 also showed no evidence
less than that of the corresponding natural dimer:Afgit was of interaction with poly(U) but did interact weakly with poly-

. (dT). An attempt was made to compare the effect of NaCl on
~Q0, ~410
20 1658, and for A s e ¢ 260 Tn for both dAy-poly(dT) and d-poly(dT). The melting of
€ mixing curve for A and poly(dT) at nm (not dA,-poly(dT) was not measured at NaCl concentrations above
shown) in the presencd @ M NaCl revealed a break at dA

L ) 0.3 M to keep well below the concentratiohM where this
poly(dT)~ 1.2, |nd|cat|ng_the formatlon of a dA/2dT _complex nucleotide m;:(t\lljvre form:;Na triple-helical ccl)mplex,gm&@olyl-
gg%Eg;lyl(r??cl)i?rc::t(d;)etrzl:rgri-eiig:r?(lji?]%mrgilii); ;oz:rgrsvg' f}ﬁg dM (dT) melting could not be measured at NaCl concentrations

R below 0.5 M because of the difficulty of measurimg values
and poly(dT) showed a break atgipoly(dT)~ 1.1, indicating close to 0°C. There was, therefore, no common range of NaCl
the formation of a 1:1 complex. y ’

Melti MVelti ken f ) concentrations over whicly, could be compared.
elting Cgrves. elting curves were taken for various Each of the three 16-mers dé (dAdA)s, and disdA, when
nucleotide mixtures or self-complementary oligomers to deter-

ixed with poly(dT) in th f0.15 M NaCl, displayed
mine the melting (transition) temperaturg,, which can be mixed with poly(dT) in the presence o 2 splaye

sharp melting transitionsT§o — Tip, ~6 °C) and hyperchro-
taken as a measure of the strength of base-pairing (Table 2) P g . bo 10 ) yp

. . ‘micity values greater than 35% (see Table 2 Tgy values).

Lthelgnlgocu:\\/l/e fc:j;_o\z andhpol)L(U) n t:e? %resenc_:ed(_)f .1'0 M h The melting curve for the self-complementaryA@),;dAdT
S ?n hm sfo |u|mB oslp ate, ph' h ,vr\]/as md |st|ngU|sk- recorded at 0.15 M NaCl yielded B, of 50 °C and a broad
able from that of poly(U) alone (which showed a wea melting range Too — Tio, 22 °C), while the corresponding

natural 16-mer yielded a low@, of 44 °C and an even broader
melting range Too — Tio, 44 °C; see Table 2).T, for

(15) Nucleic Acids Ikehara, M., Ed.; Asakura Press: Tokyo, 1979; pp 243
307.
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Figure 1. CD spectra of dA (A) and dA; (B) at 0°C (solid line), 18°C (dashed line), 40C (dotted line), and 60C (dashed and dotted line) and of A
(C) andA; (D) at 0°C (solid line), 20°C (dashed line), 40C (dotted line), and 60C (dashed and dotted line). The base concentration was 0.1 mM.

(dAdT)7dAdT increased from~43 °C in the absence of NaCl  point at~230 nm, and a positive maximum-a218.7 nm @ops
to ~52°C in 2.0 M NaCl (data not shown). The melting curves 43.6 mdeg), as well as dichroic points at 260, 238, and 213
for complexes formed between poly(U) and a series of a 25- nm. In complete contrast, the spectrum @b dFigure 1B) is
mers containing strings of natural residues of decreasing lengthclose to a mirror image about the = 0 axis of that of the
sandwiched by homo-type residues yielded a monotonically natural dimer, with a negative maximum at 271.5 nfigp4
decreasing series df, values from 47.8°C for dAdA,3dA: —19.4 mdeg), a positive maximum at 252.4 nfyf 16.7
poly(U) to 27.7°C for the all-homo éospoly(U). mdeg), a negative inflection point 230 nm, and a negative
When compared with the melting curve for (dAdT}he maximum at 219.9 nmékys —20.9 mdeg), though the relative
Sorrgspondlng curve for &iiT),dAdT displayed &l value 6 intensities of the bands differ. The spectra taken at different
C higher (Table 2), as well as a narrower melting range and a (o jheratures also display good isodichroic points at 261 and
higher hyperchromicity. The melting curves for the nonself- 214.5 nm, as well as an “isodichroic region” at 22289 nm
complementary complexeg\gdA-dT1sdT and dAedTi6 (Table ’ . . . ’
; ; X For both dimers, the intensity of the bands decreased as the
2) displayed the opposite trendy, for the homo-type complex . R
temperature was raised from @ to 60 °C. For dA, the
was about £C lower than that for the natural complex. These . .
ede(:rease was approximately linear and amounted t645%,

nonself-complementary complexes melted over a narrower rang > :
depending on the band; but forAg the decrease is better

(about 13.5°C) than did either the homo-type or natural self- . ) )
complementary complexes (22G and 43.5C, respectively). described by an exponential function and amounted to as much

The broader melting ranges of the self-complementary com- &S 75-90%.
plexes may reflect the formation of intramolecular hairpin-type ~ The spectra of A (Figure 1C) are similar to previously
complexes (or a mixture of intramolecular and intermolecular reported spectr¥ with a positive maximum at 271.3 NMdps
complexes) and are consistent with a lower degree of cooper-43.2 mdeg), a negative maximum a250 nm, a positive
ativity. inflection point at~230 nm, and a negative maximum at 252.3
Circular Dichroism. The circular dichroic (CD) spectrum  nm (0,,s —42.8 mdeg), as well as isodichroic regions at 260
of dA; (Figure 1A) is similar to previously reported spectfa, 2615, 228.5-237, and 215216 nm. In contrast, the spectrum
with a positive maximum at 269.8 nnfds 20.7 mdeg; this  of A, (Figure 1D) has an inverted CD band at 220.2 rfighg
and subsequent values are reported fof@), a negative  _5g 9 mdeg), a low-intensity inverted band at 251.3 g
maximum at 250.3 nmbks —23.6 mdeg), a positive inflection 3.1 mdeg), and an isodichroic point at 213.5 nm. The remainder
of the spectrum consists of one or two low-intensity bands that
are difficult to relate to the 270-nm band of,. AFor both

(16) Kang, H.; Chou, P.-J.; Johnson, W. C., Jr.; Weller, D.; Huang, S.-B.;
Summerton, J. EBiopolymers1992 32, 1351-1363.

7478 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004
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Figure 2. (A) CD spectra for éqsdA (solid line), dAs (dashed line), and poly(A) (dotted line) at 10 and a base concentration of 0.05 mM. (B) Spectra
for dA;sdA-poly(dT) (solid line), dAe-poly(dT) (dashed line), and AdlA)s-poly(dT) (dotted line), at 10C (natural oligomer) or OC and a base concentration
of 0.05 mM. (C) Spectra for @dT),dAdT (solid line), (dAdT} (dashed line), and (AY) (dotted line) at 10C and a base concentration of 0.1 mM. (D)
Spectra for éysdA-dT1sdT (solid line), poly(A)dTie (dashed line), and di-dTie (dotted line) at 10°C and a base concentration of 0.05 mM in each
species.

compounds, the intensity of the major bands decreased nonlin-and (dAdT} are very different, and in fact the spectrum of

early as the temperature was raised frorfQ0to 60°C. (dAdT)7,dAdT resembles a mirror image about thhe= 0 axis
The CD spectrum for &, being an approximate reflection  of that of the RNA-type self-complementary oligomer (AY)

about thed = 0 axis of the spectrum for dA\can be interpreted  (Figure 2C). The spectra ofAdsdA-dT;sdT resemble a mirror

as evidence for a left-handed stacked conformation, in contrastimage about th& = 0 axis of that of poly(A)¥dTs (Figure

to the right-handed stacked conformation of,dAhe good 2D).

isodichroic points observed in thé\glspectra taken at various The similarity of the CD spectra for the natural, alternating,

temp_eratures are conS|st_e_nt with a two-state model_ of the and homo-type 16-mer complexes with poly(dT) (Figure 2B)

stacklng—unstacklng transitio®® The spectrum for,, _belng provides evidence that AdiA)g-poly(dT) and dy=dA-poly(dT)

clearly inverted in only one CD band, does not provide strong adopt a right-handed helical conformation similar to that of

evidence for a left handed stackgd cqnformatlon. A I.eft handed dAsepoly(dT). Deviation spectra (not shown) suggest that the
stacked conformation of nucleotide dimers has previously been .
. spectrum for dfA)g-poly(dT) is close to the average of the
reported for dGdA at low pH and for the conformationally
. . . spectra for dAepoly(dT) and &\;sdA-poly(dT). The CD
restricted ApA”, a dinucleoside monophosphate®tycload- spectrum of (AdT)7dAdT is drastically different from that of
. 8 B . . . 7
s (Figure . Thou e two spectra are not precise
enosin€® The apparently exponential decrease in the intensity ) )

of the CD bands of A, as the temperature was increased g S .
eflected about thé = 0 axis, the opposite sign of the major

suggests that its stacking conformation is less stable than that : . X )
of dA,. bands may reflect opposite helical twist (right-handed for the

The spectrum of AusdA is similar to that of d and strikingly natural oligomer and left-handed for the homo-type). Qur result.s
resembles a mirror image about the= 0 axis of that of natural SuggeSt a closer structural resemblance, though with opposﬁe
poly(A) (Figure 2A). The spectra for 40)g-poly(dT) and dvs helical tw_lst, betwe(_an the homo-type se!f-complem_entary oli-
dA-poly(dT) display patterns similar to that of @Apoly(dT) godeoxyribonucleotide and RNA-type oligomers (Figure 2C).

(Figure 2B). The spectra of the self-complementaAd©-dAdT The spectra for nonself-complementary oligomer duplexes show
a corresponding similarity between homo-type oligodeoxyri-

bonucleotides and RNA/DNA hybrids, so that homo-type

(17) Dolinnaya, N. G.; Fresco, J. Rroc. Natl. Acad. Sci. U.S.A.992 89,

9242-9246. . . }
(18) lkehara, M.; Uesugi, S.; Yano, Nature (London), New Bioll972 240, dUpIexeS may rese_mble a left-handed version of A type dsRNA
16-17. or RNA/DNA hybrids.

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7479
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Figure 3. NMR (NOESY) analysis of ;. (A) Contour plot of part of the NOESY spectrum. (B) Schematic of the dimer showing the observed interresidue

and intraresidue proton proximity relationships.

Figure 4. Tentative model of the conformation oglderived from NOESY
measurements. Side view showing the interresidue proximity relationships
of the H-8, H-1, and H-4 protons.

NOESY Spectra. To further investigate the base-stacking
conformation of &,, we carried out a NOESY NMR study
under the conditions used in the CD experiments. An NMR
spectrum of é, was acquired at 500 MHz. NOESY intraresidue
cross-peaks included two between the H-8 proto\pf(the
3'-nucleotidyl unit) and the H-6and H-6' protons ofAp and
two between the H-8 proton ofy(the 3-nucleotidyl unit) and
the H-8 and H-6' protons of @f\. There were two strong
interresidue cross-peaks, one between the H-8 protoA ahp
the H-4 proton of Ap and one between the H-8 proton ok p
and the H-1proton of Ap (Figure 3). Weak interresidue cross-

20nm

Figure 5. Atomic force microscopy of natural and homo-type 50-mers.
(A) AFM image of dAso*dTso, (B) AFM image of dise-dTso, (C) sectional
image of dAydTse, and (D) sectional image ofAdodTso.

dsDNA. The AFM images obtained revealed structures of
opposite helicity (Figure 5A, B). A sectional image for natural
dsDNA (Figure 5C) shows the expected shift of the points of
maximal height to the right in the upper part, indicating a right-
handed helix. In contrast, the sectional image for homo-type
dsDNA shows a shift of the points of maximal height to the
left in the upper part (Figure 5D), indicating a left-handed helix.
These images provide further evidence for a left-handed helical
conformation of homo-type dsDNA.

Nuclease DigestionSnake venom phosphodiesterase is an
exonuclease that cleaves DNA or RNA nonprocessively in the
3— 5 direction to produce 'smononucleotide3! Venom
phosphodiesterase readily digested dé\yield 5-dAMP and
dA. By contrast, the enzyme did not detectably dige4t d

peaks were also observed between adenine base protons. Mogthromatograms not shown). Similarly, gAwas largely

other cross-peaks observed were intraresidue cross-peaks ofligested by an hour’s treatment with 0.36 U of the enzyme,
pentofuranose. A hand-built model of the dimer constructed to whereas 84sdA remained essentially intact under the same
fit the observed proximity relationships displayed a left-handed conditions, except for the cleavage of the single natural residue.

twist (Figure 4). The observed interresidue distances, which
would be expected to be very much greater in a right-handed
model of the dimer, corroborate the CD evidence for left-

handedness.

Atomic-Force Microscopy (AFM). AFM has recently been
applied to the investigation of biological macromolecules at the
subnanometer levé? 23 Because the technigue is now suf-
ficiently powerful to distinguish between right-handed and left-
handed double-stranded DNA molecul@sye applied it to a
comparison of natural (d#-dTsg) and homo-type (Bs0*dTso)

7480 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004

Calf-spleen phosphodiesterase is an exonuclease that hy-
drolyses single-stranded DNA or RNA in thé-53' direction

(19) Mou, J.; Czajkowsky, D. M.; Zhang, Y.; Shao, ZEBS Lett.1995 371,
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to produce 3mononucleotide?® Its specificity is thus comple-  salt conditions with no requirement for alternating pyrimidine
mentary to that of venom phosphodiesterase. The dimer dA purine sequences and that have an unrestricted glycosyl torsion
was completely digested after incubatiom foh with 0.02 U angle.

of the enzyme. In contrastAd was only digested to the extent
of ~3% under these conditions and even after an overnight
incubation with 0.02 U almost 90% of the original dimer General Methods.UV spectra, mixing curves, and melting curves
remained. The homo-type dimer was therefore digested at leastvere recorded with a Hitachi U-3200 double-beam spectrophotometer.
630 times more slowly than the natural dimer. Similarly,;gA (?lrcular_dlchrmc spe_ctra were taken with a Jasco J-720 spectropola-
was 96% digested after overnight incubation with 0.02 U rimeter interfaced with an NEC PC-9801DX personal computer and

i, - " fitted with a Jasco temperature controlléd and*3C NMR spectra
whereas 8;5dA under these conditions was not digested by were recorded on a Varian Gemini 2000, Varian Unity Plus 300, or

more than 20%. In other words, oligomers containing homo- g er DRX 500 spectrometer, with tetramethylsilane or sodium 2,2-
type nucleotide residues were degraded several 100-fold moregimethyl-2-silapentane sulfonate as the internal standard. FAB mass
slowly by spleen phosphodiesterase than were the correspondingpectra were recorded on a JEOL JMS-SX 102 mass spectrometer.
natural oligomers. High-pressure liquid chromatography (HPLC) was done on a Shimadzu

Nuclease S1 is a 2n-dependent glycoprotein that acts both system with an LC-GA liquid chromatograph coupled to an SPD-6A
endonucleolytically and exonucleolytically on single-stranded YV SPectrophotometric detector operated from an SCL-6A system
nucleic acids, releasind-ferminal monophosphate produéts. Cogtt:(i)ril-(leg):g]rkcet?rct)cr)n:\tgg_;}r?;pﬁj?‘:’?.g;ovtzzsc?z;ried out on Merck silica
The 25-mers AdAzg,dA, dAgdAlgdAg, dA5dA;|_5dA5, dA7dA11dA7,

- . gel 60 ks precoated plates (Merck, Whitehouse Station, New Jersey).
dAgdA7dAg, and dhy1dAsdAq; were all substantially digested by apalytical plates were 20 cnx 20 cm x 0.2 mm, and preparative

Experimental Section

1 U of the enzyme. The 'aII-hc.)mo-type 25-méxg in contrast, plates were 20 cmx 20 cm x 2 mm. Column chromatography was
showed not a trace of digestion by up to 10 U and, even at 100 performed on Wako silica gel C-300. We used published extinction
U, showed only a trace of monomer. The 16-mAifdA was coefficientd® for adenosine and deoxyadenosine dimers and oligomers.

virtually intact after overnight incubation in 66% fetal bovine Materials. Phosphodiesterase fro@rotalus adamanteugoligo-
serum, conditions that resulted in the complete digestion @.dA nucleate 5 nucleotidohydrolase; EC 3.1.4.1) was purchased from Koch-
While all-homo-type deoxyadenosine oligomers were digested Light Ltd (_now NBS Biologicals, Hatfie_ld, Hertfordshire,_U.K.), and
extremely slowly, if at all, by nuclease S1, oligomers containing phosphodiesterase from calf spleen (oligonucleateugleotidohydro-

at least three natural residues in an otherwise all-homo-t elase; EC 3.1.16.1) and nuclease S1 (EC 3.1.30.1) tAmpergillus
yp oryzaewere purchased from Boehringer (Mannheim, Germany). Sodium

chain were susceptible to degradation. polyuridylate (poly(U); AsgAsso 0.35; AvsoAsse 0.78: Sous 6.0; 2.75
umol/mg) was from Yamasa Corp. (Choshi, Chiba Prefecture, Japan).
Unmodified phosphoramidite monomers, DNA solid supports, and other

. . . I synthetic reagents were from Applied Biosystems (now PE Biosystems,
We have synthesized adenine (both ribo- and deoxyribo types)Foster City, California). A long chain alkylamine controlled pore glass

and thymllne hgch-nucIeosMe monomers and ad.enlne.homo- solid support (LCAA-CPG; 0.081 mmol amino groups/g) was from
N-nucleotide dimers and shown that hofeaucleotide oligo- CPG Inc. (Lincoln Park, New Jersey).
mers can be synthesized from the monomers by means of synthesis of Homdn-dinucleoside Monophosphate(Scheme )L
standard phosphoramidite chemistry on an automated DNA Preparation of compourl To a suspension df (916 mg, 3.26 mmol)
synthesizer. The glycosyl conformation of natural nucleic acids in pyridine at 0°C (15 mL) was added benzoyl chloride (2.75 g, 19.6
is one of the important factors determining their helicitin mmol). After 2 h, the reaction mixture was poured into chloroform
homo-type nucleic acids, the greater distance between sugar anL00 mL) containing ice (115 g) and sodium bicarbonate (9.0 g). The
base imposed by the inserted methylene group appears to confefdueous layer was extracted twice with chlorofo_rm, and thz_e organic
an extra degree of conformational flexibility compared to the '2Y€rs were combined and concentrated. The residue was dissolved in
direct sugar-base link of natural nucleic acids. Such flexibility a mixture of ethanol (9.8 mL) and pyridine (6.5 mL), and the solution

. . . ) was treated with a mixturef® N NaOH (13 mL) and ethanol (13
may explain the a?’"'t}’ of homo-ty_pe oligomers to adopt a left- mL) at room temperature for 30 min. The reaction mixture was
handed conformation in both the single-stranded and the double-peytralized wih 2 N HCI (13 mL), concentrated, and applied to a
stranded state while allowing a right-handed conformation in reverse-phase column (ODS, 5080 mn?; Waters, Milford, Mas-
heteroduplexes with natural nucleic acids. A left-handed helical sachusetts), which was developed with a discontinuous methanol
conformation has been observed for nucleic acids or nucleic gradient (solvent system, metharelater; step size, 5%) over 1000
acid analogues with alternating pyrimidinpurine sequences mL. Appropriate fractions were combined and evaporated under reduced
(at high salt concentrations; Z-DNA), withdeoxyribose instead ~ Pressure to give 8{(-o-ribo-pentofuranosy)methylN®-benzoylad-
of p-deoxyribose as the sudamand with the glycosyl torsion ~ €nine (1.2 g, 95% yield). To a solution of this compound (160 mg,
angle restricted to force a high anti conformatfdhThe 0.42 mmol) and imidazole (113 mg, 1.66 mmol)NEN-dimethylfor-

dified lei ids d ibed in th h mamide (DMF; 1.1 mL), tetraisopropyldisiloxane dichloride (153 mg,
modified nucleic acids described in the present paper, OWEVEr,( 49 mmol) was added. The reaction mixture was stirred at room

are to our knowledge the first reported exampleoefugar  temperature for 3 h, poured into water, and extracted with dichlo-
nucleic acids that form a left-handed double-helix under Iow romethane. The organic layer was washed with cool dilute HCI and

then with water and concentrated under reduced pressure. The residue
(25) Bernardi, A.; Bernardi, G. Iithe Enzymes. Vol. 4: Spleen Acid Exonuclgase  was purified by preparative TLC with dichloromethamaethanol (95:

grg%ed.; Boyer, P. S., Ed.; Academic Press: New York, 1971, pp-329  5) a5 the solvent to give BH[(3',5-O-(tetraisopropyldisiloxane-1,3-
(26) Fraser, M. J.; Low, R. L. INucleases: Fungal and Mitochondrial diyl)-p-p-ribo-pentofuranosyl)methylj¥é-benzoyladenine (182 mg, 70%
Nucleases2nd ed.; Linn, S. M., Lloyd, R. S.; Roberts, R. J., Eds.; Cold  yjeld). This compound (150 mg, 0.24 mmol) was dissolved in dioxane,

Spring Harbor Laboratory Press: New York, 1993; 41207. . .
27) U[?atag,] H.; Ogura, E; Sh¥nohara, K.; Ueda, Y.; Aka%Fi), Nucleic Acids and then 2,3-dihydrofuran (336 mg, 4.8 mmol) was added in the

Res.1992 20, 3325-3332. presence of pyridiniunp-toluene sulfonate (70 mg, 0.28 mmol) and

Conclusions
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Scheme 1. Synthesis of Homo-N-diadenosine Monophosphate?
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aReagents and conditions: (a) (i) BzCl, pyridine5@, 2 h; (ii) 2 N NaOH, aq EtOH, THF, pyridine, rt, 30 min; (b) tetraisopropyldisiloxane dichloride,
imidazole, DMF, rt, 3 h; (c) 2,3-dihydrofuran, pyridiniupatoluenesulfonate, dioxane, rt, 20 h; @BusNF, THF, rt, 30 min; () DMTrCI, pyridine, rt, 25
h; (f) 2-chlorophenylphosphoditriazolidate, 1-methylimidazole, dioxane, rt, 2 h; (g Agyridine, rt, 1 h; (h) 80% AcOH, rt, 1 h; (i) MSNT, pyridine, rt,
1 h; (j) concentrated NkOH, pyridine, rt, 2 days.

the solution was stirred at room temperature for 20 h. Pyridine (0.3 DMTrCI (172 mg, 0.51 mmol) was added. The reaction mixture was
mL) and dichloromethane (10 mL) were added, and the mixture was stirred at room temperature for 2 h, treated with methanol (5 drops)
washed with saturated sodium bicarbonate and water, after which thefor 5 min at room temperature, and evaporated under reduced pressure.
organic layer was dried with N80, and concentrated under reduced The residue was then dissolved in dichloromethane (10 mL), washed
pressure. The residue was then dried by coevaporation with pyridine with water, and concentrated. The residue was purified by TLC with
and toluene and treated with 0.5 M tetrabutylammonium fluoride dichloromethanemethanol (93:7) containing 0.1% pyridine as the
(TBAF) in tetrahydrofuran solution (1.5 mL) at room temperature for solvent, to give IN-[(5'-O-(4,4-dimethoxytrityl){3-p-ribo-pentofura-

30 min. The solvent was removed under reduced pressure, and thenosyl)methyl]Né-benzoyladenine (202 mg, 74% yield). This compound
residue was dissolved in 1.5 mL of pyridinemethanol (3:1, v/v). The (200 mg, 0.29 mmol) was dissolved in pyridine (1.0 mL), and after
resulting solution was passed through a cation exchange column (Dowexthe addition of acetic anhydride (0.5 mL), the reaction mixture was
50w x 2; 3 mL), washed with 10 mL of pyridinemethanol (3:1, v/v), stirred at room temperature for 1 h. The solvent was evaporated under
and concentrated under reduced pressure. The residue was then purifiededuced pressure, the residue was treated with 80% acetic acid (4.5
by TLC with dichloromethanemethanol (94:6) as the solvent to give  mL) at room-temperature for 1 h, methanol (5 drops) was added, and
9-N-[(2'-O-(tetrahydrofuranyl)3-p-ribo-pentofuranosyl)methyIjs-ben- the solvent again was evaporated under reduced pressure. The residue
zoyladenine (101 mg, 92% yield). This compound (100 mg, 0.22 mmol) was purified by TLC with dichlorometharenethanol (93:7) to give

was coevaporated with pyridine and dissolved in the same solvent (0.7 9-N-[(2',3-O-diacetyl{3-p-ribo-pentofuranosyl)methyliNé-benzoylad-

mL). To this solution, 4,4dimethoxytrityl chloride (DMTrClI; 89 mg, enine @; 136 mg, 65% yield).

0.26 mmol) was added. The reaction mixture was stirred at room  Preparation of compourdl To a solution of (135 mg, 0.14 mmol)
temperature for 5 h, treated with methanol (5 drops) for 5 min at room and 3 (47 mg, 0.1 mmol) in pyridine (1.0 mL) 1-(mesitylene-2-
temperature, and evaporated to dryness under reduced pressure. Thsulfonyl)-3-nitro-1,2,4-triazole (MSNT; 83 mg, 0.28 mmol) was added,
residue was then dissolved in dichloromethane (10 mL), washed with and the reaction mixture was stirred at room temperature for 1 h.
water, and concentrated. The residue was purified by TLC with Pyridine-water (50%; 1.0 mL) was added, the reaction mixture was
dichloromethanemethanol (95:5) containing 0.1% pyridine as the diluted with dichloromethane (5 mL) and washed with water (5 mL),
solvent to give N-[(5'-O-(4,4-dimethoxytrityl)-2-O-(tetrahydrofura- and the organic layer was dried with Mgs@nd concentrated under
nyl)-5-p-ribo-pentofuranosyl)methyINs-benzoyladenine (107 mg, 64%  reduced pressure. The residue was purified by TLC with dichlo-
yield). To 107 mg (0.14 mmol) of this compound, a solution of romethane-methanol (95:5) to give a fully protected dimer (131 mg,
2-chlorophenylphosphoditriazolidate in anhydrous dioxane (0.65 mL; 94% yield). The protected dimer (131 mg, 0.094 mmol) was dissolved
0.28 M stock-solution) and 1-methylimidazole (58 mg, 0.72 mmol) in pyridine (10 mL) and concentrated ammonium hydroxide (10 mL)
was added. Afte2 h of stirring, 50% pyridine-water (1.0 mL) was and deprotection carried out at room temperature for 2 days. The solvent
added. The reaction mixture was then diluted with dichloromethane was then removed under reduced pressure, and the residue was
(10 mL) and washed with 0.1 M triethylammonium bicarbonate (pH chromatographed on a reverse-phase column (ODS¢ 100 mnf¥;

7, 10 mL). The organic layer was concentrated to divgl40 mg), Waters) with a linear gradient from 0 to 40% acetonitrile in 0.05 M
which was used without further purification for the next step. triethylammonium acetate, pH 7.0, over 400 mL. The main UV-
Preparation of compourfl 9-N-[(/5-p-ribo-pentofuranosyl)methyl]- absorbing fractions were combined and concentrated to dryness under

N8-benzoyladenine (150 mg, 0.39 mmol) was coevaporated with reduced pressure. The purified DMTr-dimer was treated with 80% acetic
pyridine and dissolved in the same solvent (1.2 mL). To this solution acid at room temperature for 2 h, and after removal of the acid under

7482 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004
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Scheme 2. Synthesis of Homo-N-deoxydiadenosine Monophosphate?@
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aReagents and conditions: (a) (i) BzCl, pyridine?©, 1 h; (ii) 2 N NaOH, agq EtOH, THF, pyridine, rt, 30 min; (b) DMTrCI, pyridine, rt, 4 h; (c)
2-chlorophenylphosphoditriazolidate, dioxane, rt, 2 htédbutyldimethylchlorosilane, imidazole, DMF, rt, 4 h; (e) 80% AcOH, rt, 2 h; (f) MSNT, pyridine,
rt, 2 h; (g) n-BusNF, THF, rt, 30 min; (h) concentrated NBH, pyridine, rt, 2 days.

reduced pressure, the residue was dissolved in water (10 mL) and Preparation of compourl To a solution o6 (125 mg, 0.13 mmol)
washed with ethyl acetate (2 10 mL). The aqueous solution was and7 (48 mg, 0.1 mmol) in pyridine (1.0 mL) MSNT (77 mg, 0.26
concentrated to give the dimer product, which was further purified by mmol) was added, and the reaction mixture was stirred at room
reverse-phase chromatography under the same conditions and then byemperature for 2 h. Pyridirewater (50%; 1.0 mL) was added, the

anion-exchange chromatography on a Dowex column (Dowex2] reaction mixture was diluted with dichloromethane (5 mL) and washed
CI~ form; 10 x 50 mn¥) with a linear gradient from Oot 1 M NaCl with water (5 mL), and the organic layer was dried with MgS@d

over 200 mL. The main UV-absorbing fractions were combined, concentrated under reduced pressure. The residue was purified by TLC
desalted on an ODS column, and freeze-dried to ¢i¢86 mg, 59% with dichloromethanemethanol (94:6) to give a fully protected dimer
yield). *H NMR (200 MHz, D;O): 6 3.60-3.80 (m, 4H), 3.86-4.80 (109 mg, 83% vyield). The protected dimer (75 mg, 0.056 mmol) was
(m, 12H), 8.06 (bs, 2H), 8.14 (bs, 2H). FAB-M3w/z 623 (M—H)". treated with 0.2 M TBAF in tetrahydrofuran solution (1 mL) at room

Anal. Calcd for GoHogN1)PNa+2.5H,0: C, 36.98; H, 4.66; N, 19.60. temperature for 30 min, methanol (0.5 mL) was added, and the solvent

Found: C, 37.19; H, 4.72; N, 19.21.

was evaporated to dryness under reduced pressure. The residue was

Synthesis of HomdN-deoxydinucleoside Monophosph&éScheme dissolved in methanol (2.0 mL) and concentrated ammonium hydroxide

2). Preparation of compouné: Compound6 was prepared frons (20 mL), and deprotection was allowed to proceed at room temperature
(133 mg, 0.50 mmol) essentially as describedZ@nd used without for 2 days, after which the solvent was removed under reduced pressure.
further purification for the next stepH NMR (300 MHz, CDC}): 6 This residue was chromatographed on a reverse-phase column (ODS,
1.88 (m, 1H, H-2), 2.41 (m, 1H, H-2), 3.15 (m, 2H, H-5and H-5'), 10 x 100 mn#¥; Waters) with a linear gradient from 0 to 35% acetonitrile
3.78 (s, 6H,—OMe), 4.28 (m, 2H, H-4and H-8), 4.56 (m, 2H, H-3 in 0.1 M triethylammonium acetate, pH 7.0, over 400 mL. The main

and H-6'), 5.00 (m, 1H, H-1), 6.80 (m, 4H), 6.93 (m, 1H), 7.22 (m, UV-absorbing fractions were combined and concentrated to dryness

8H), 7.65 (m, 5H), 8.05 (m, 2H), 8.10 (s, 1H, H-2), 8.83 (s, 1H, H-8). under reduced pressure. The purified DMTr-dimer was deprotected with
Preparation of compound: To a solution of 9N-[5'-O-(4,4- 80% acetic acid at room temperature for 30 min, and after removal of

dimethoxytrityl)-(2-deoxy$-b-ribo-pentofuranosyl)methylié-benzoy- the acid under reduced pressure, the residue was dissolved in water

ladenine (80 mg, 0.11 mmol; prepared fr&@nand imidazole (41 mg, (10 mL) and washed with ethyl acetate 210 mL). The aqueous

0.55 mmol) in DMF (1.6 mL)ert-butyldimethylchlorosilane (54 mg, solution was concentrated to give the dimer product. The product was

0.33 mmol) was added, and the reaction mixture was stirred at room further purified by reverse-phase chromatography under the same

temperature for 4 h. Methanol (2 drops) was added, and the reactionconditions and then by anion-exchange chromatography on a Dowex

mixture was concentrated and coevaporated with toluene. This materialcolumn (Dowex 1x 2, Cl— form; 10 x 50 mn?) with a linear gradient

was deprotected with 80% acetic acid (5.5 mL) at room temperature from 0 to 0.5 M NaCl over 200 mL. The main UV-absorbing fractions

for 2 h, and then methanol (2 drops) was added and the solvent waswere combined, desalted on an ODS column, and freeze-dried to give

evaporated under reduced pressure. The residue was coevaporated wit@ (28 mg, 81% yield).*H NMR (500 MHz, D,O): 6 1.84 (m, 2H,

toluene and purified by TLC with dichloromethanmethanol (94:6) H-2' (Ap) and H-2 (pA)), 2.05 (m, 1H, H-2 (pA)), 2.21 (m, 1H, H-2

to give 7 (48 mg, 83% yield from DMTr derivative}H NMR (200 (Ap)), 3.58 (m, 2H, H-5and H-3' (Ap)), 3.76 (m, 2H, H-5and H-5'

MHz, D;0): 4 0.06 (s, 6H), 0.86 (s, 9H), 1.86 (m, 1H, H}22.04 (m, (pA)), 4.01 (m, 1H, H-4(pA)), 4.06 (dd,J = 14.69, 7.28 Hz, 1H, H-'6

1H, H-2"), 3.50 (dd,J = 12, 4 Hz, 1H, H-5), 3.66 (dd,J = 12, 3 Hz, (PA)), 4.13 (m, 1H, H-6(Ap)), 4.17 (bs, 1H, H-4(Ap)), 4.25 (bs, 1H

1H, H-58"), 3.78 (m, 1H, H-4), 4.20-4.60 (m, 4H), 7.467.70 (m, H-6" (pA)), 4.28 (bs, 1H, H-3(pA)), 4.33 (bs, 1H, H-6 (Ap)), 4.39

3H), 8.00-8.10 (m, 2H), 8.12 (s, 1H, H-2), 8.80 (s, 1H, H-8). (m, 1H, H-T (Ap)), 4.47 (m, 1H, H-1(pA)), 4.63 (bs, 1H, H-3(Ap)),
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7.80 (s, 1H, H-2 (B)), 7.82 (s, 1H, H-8 (B)), 7.99 (s, 1H, H-8 Ap)), as described by Sinha et?@F-ully protected oligonucleotides containing
8.02 (s, 1H, H-2 Ap)). 1*C NMR (125 MHz, BO): 6 35.80 (C-2, a B-terminal DMTr group were deprotected in concentrated ammonium
Ap), 36.13 (C-2 pA), 46.93 (C-6, pA), 47.07 (C-6, Ap), 61.53 (C-5 hydroxide at 55°C overnight. The crude oligomers were purified by
Ap), 65.52 (C-5 pA), 72.25 (C-3, pA), 76.75 (C-1, Ap and @), 76.79 reverse-phase HPLC (ODS, 0100 mn#; Waters) at a flow rate of
(C-3, Ap), 85.10 (C-4 pA), 85.80 (C-4 Ap), 117.16 (C-5, p), 117.24 2 mL/min with a linear gradient from 0 to 35% acetonitrile in 0.1 M
(C-5,Ap), 142.07 (C-8, p), 142.11 (C-8Ap), 147.65 (C-4, p), 147.71 triethylammonium acetate, pH 7.0, over 200 mL. The main UV-
(C-4,Ap), 151.22 (C-2, p), 151.72 (C-2Ap), 154.33 (C-6, p), 154.64 absorbing fractions were combined and concentrated under reduced

(C-6, Ap). FAB-MS: m/z 591 (M—H)~. Anal. Calcd for GoHzeNg- pressure, and the terminal DMTr group was removed by treatment with
PNa-4H,O: C, 37.27; H, 5.11; N, 19.74. Found: C, 36.94; H, 5.02; 80% acetic acid at room temperature for 30 min. After removal of the
N, 19.82. acid under reduced pressure, the residue was dissolved in water (10
Preparation of Homo-N-Nucleoside Phosphoramidite.9-N-[5'- mL) and washed with ethyl acetate ¢ 10 mL), and the aqueous
O-(4,4-Dimethoxytrityl)-2-deoxy-3-O-[(2-cyanoethoxy)N,N-diisopro- solution was concentrated to give the oligodeoxyribonucleotide product.
pylaminophosphinop-p-ribo-pentofuranosyl]methylN®-benzoylade- Hyperchromicity. The UV spectrum for each dimer (final concen-
nine 9 and 1N-[5'-O-(4,4-dimethoxytrityl)-2-deoxy-3-O-[(2-cyano- tration, 0.05 mM) was recorded in the presence of 10 mM sodium
ethoxy)N,N-diisopropylaminophosphinojp-p-ribo-pento- phosphate, pH 7.0, and 0.15 M NacCl in a total volume of 3 mL. Then
furanosyl]methyl]thyminelO were prepared from the corresponding 5 M HCI (60 uL) was added to the solution, and the spectrum was
homoN-nucleosides as described by Boal et“al. rerecorded. The percentage increase in absorbance at 260 nm upon

Compound *H NMR (300 MHz, CDC}): 6 1.00-1.35 (m, 14H), acidification was calculated for each dimer, taking into account the
1.80 (m, 1H), 2.15 (m, 1H), 2.42 (§,= 6.3 Hz 1H), 2.59 (t) = 6.3 dilution factor of 1.02. We also took the spectrum of each of the
Hz, 1H), 3.05 (m, 2H), 3.60 (m, 2H), 3.78 (s, 6H), 4.10 (m, 1H), 4.30 corresponding nucleosides A, dA, and A at pH 7.0 and 1.0 to allow
(m, 1H), 4.40 (m, 1H), 4.53 (m, 1H), 4.60 (m, 1H), 6.80 (m, 4H), 7.25 for changes in the absorbance of the bases as a function of pH. Each

(m, 7H), 7.60 (m, 3H), 8.03 (d] = 6.9 Hz, 2H), 8.11 (dJ = 3.0 Hz, nucleoside displayed a decrease~&%o in Azso Upon acidification (and
1H), 8.82 (s, 1H), 9.04 (bs, 1H). FAB-MS1/z 872 (M + H)*. also a small decrease itmax Of ~2.3 nm; data not shown). These
CompoundL0H NMR (200 MHz, CDC}): 6 1.00-1.30 (m, 14H), absorbance decreases were assumed to have canceled part of the

1.74 (s, 3H), 1.80 (m, 1H), 2.10 (m, 2H), 2.42 Jt= 6 Hz, 1H), 2.58 hyperchromic effect displayed by the dimers, so the absorbance increase
(t, 3= 6 Hz, 1H), 3.12 (m, 2H), 3.60 (m, 2H), 3.78 (s, 6H), 4.10 (m, observed upon acidification was corrected by the appropriate factor to
2H), 4.15 (m, 1H), 4.40 (m, 2H), 6.80 (m, 4H), 7.08 (m, 1H), 7.25 (m, obtain the hyperchromicity value.

7H), 7.40 (m, 2H), 7.90 (bs, 1H). FAB-MSm/z 757 (M—H)". Mixing Curves. Poly(dT) and dA or dA, were mixed in various
Preparation of Homo-N-Nucleoside-Derivatized CPG Support. proportions to maintain a constant base concentration. Each nucleotide
To a solution of 9N-[(5'-O-(4,4-dimethoxytrityl)-2-deoxyb-ribo- mixture contained, in a total volume of 3 mL, nucleotide dimer and/or

pentofuranosyl)methylN®-benzoyladenine (470 mg, 0.70 mmol) in  polymer (total base-concentration, 0.1 mNI)M sodium chloride, and
dichloromethane (3 mL) were added 4-(dimethylamino)pyridine (123 10 mM sodium phosphate, pH 7.0. The mixture was scanned®@t 0
mg, 1.05 mmol) and succinic anhydride (105 mg, 1.05 mmol). This from 300 to 205 nm, and from each spectruiag, was determined
mixture was stirred at room temperature for 3 h, dichloromethane was and plotted against the proportion of poly(dT).

added, and the reaction mixture was washed with 0.5 MR® (2 x Melting Curves. Melting curves (absorbanegemperature profiles)

10 mL) and water (10 mL), after which the solvent was removed under were recorded in the presence of 10 mM sodium phosphate, pH 7.0,
reduced pressure. The residue (509 mg) was dissolved in DMF (5 mL), containing various concentrations of NaCl. Each nucleotide species was
pentachlorophenol (190 mg, 0.71 mmol) add\'-dicyclohexylcarbo- used at a base concentration of 0.05 mM to give a total base
diimide (200 mg, 0.97 mmol) were added, and the reaction mixture concentration of 0.1 mM. The absorbance was monitored at 260 nm
was stirred at room temperature for a further 20 h. The precipitate that as the temperature was increased froffC0at a rate of 0.3C/min.
formed was removed by filtration and discarded, and the filtrate, Before each melting curve was recorded, the nucleotide mixture was
containing the product, was concentrated under reduced pressure. Theooled through the melting transition to the starting temperature at a
concentrated filtrate was dissolved in dichloromethane (10 mL) and rate of not more than 2C/min. T, values were determined as the
precipitated by adding the solution to-hexane (150 mL). The temperature corresponding to half of the total absorbance increase, and
precipitate was collected by centrifugation for 5 min at 2000 rpm and the sharpness of the melting transition was characterized by the

dried in a desiccator under reduced pressure to give Hseic®inyl temperature range over which the absorbance went from 10 to 90% of
ester (492 mg, 75% yield}H NMR (300 MHz, CDC}): ¢ 1.98 (m, the total increaseTgo — Tiq).

1H, H-2), 2.16 (m, 1H, H-2), 2.75 (t,J = 6.3 Hz, 2H), 3.02 (tJ = CD Spectroscopy The spectropolarimeter was calibrated with){

6.3 Hz, 2H), 3.15 (ddJ = 10.2, 4.2 Hz, 1H, H-§, 3.27 (dd,J = 10.2, 10-camphorsulfonic acid. Spectra were recorded in a 1-cm path length
3.6 Hz, 1H, H-5), 3.78 (s, 6H,~OMe), 4.08 (m, 1H, H-}, 4.27 (dd, quartz cell at a speed of 50 nm/min, and the recorded spectra were
J=14.1, 7.2 Hz, 1H, H-§, 4.50 (m, 1H, H-1), 4.63 (dd,J = 14.1, digitized at 0.1-nm resolution and stored on a floppy disk. The

2.4 Hz, 1H, H-6), 5.35 (m, 1H, H-3, 6.81 (m, 4H), 7.25 (M, 7H),  pandwidth was 1 nm, and the response time, 0.25 s. For each
7.39 (m, 2H), 7.58 (m, 3H), 8.03 (m, 2H), 8.07 (s, 1H, H-2), 8.82 (S, determination, at least five spectra were accumulated, and the averaged
1H, H-8). FAB-MS: m/z 1018 (M+ H)™. spectrum was subjected to noise reduction.

LCAA-CPG solid support (2 g, 0.16 mmol), succinyl ester (412 mg, NMR Spectroscopy (NOESY).Homo-N-deoxydiadenosin8 was
0.40 mmol), and triethylamine (0.055 mL, 0.44 mmol) were added t0 gjissolved in RO containing 10 mM phosphate buffer and 0.15 M NaCl
anhydrous DMF (10 mL) in a round-bottom flask and shaken at room (the NaHPO/NaHPQ, ratio was calculated to give pH 7.0 in@
temperature for 3 days. Unreacted amino groups on the support wereé;ng was not corrected for,D). NOESY spectra were acquired at 4
acetylated with acetic anhydride/pyridine (1:3 v/v), after which the o \ith suppression of the residual solvent peak by presaturation.
support was filtered, washed with pyridine and dichloromethane, and Spectra were taken at mixing times of 0.2, 0.5, and 1 s, and the spectral
dried under reduced pressure. The nucleoside loading was determineq,vidth was 4006 Hz, with 2048 data points in t2, 128 increments in t1,
by trityl analysis to be 39.xmol/g support. and 16 scans per increment. The interresidue cross-peaks at the different

Synthesis of HomoN-nucleoside-containing Oligodeoxyribo- mixing times were essentially the same. Data were zero-filled to 1024
nucleotides.Oligodeoxyribonucleotides containing horieaucleosides

were synthesized on amol scale by the cyanoethyl phosphoramidite  (5g) sinha, N. D.; Biemat, J.; McManus, J.7 $ter, H.Nucleic Acids Re<.984
method on an Applied Biosystems 380B solid-phase DNA synthesizer 12, 4539-4557.
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data points in t1, apodized with Gaussian line-broadening and expo- or 0.36 U of enzymé? The final Ay for each oligomer was 4.0, and
nential line-narrowing, and analyzed with XWIN NMR software the final reaction volume was 0.1 mL. After 1 h, the reaction was

(Bruker). quenched by the addition of ethylenediaminetetraacetic acid (EDTA;
Atomic Force Microscopy (AFM). Samples (25Qug/mL) were final concentration, 50 mM). For a zero time point, EDTA was added

diluted with phosphate-buffered saline (PBS) to-015ug/mL, made before the enzyme. A sample of each reaction mixturey2pwas

10 mM in MgClh, and, after 5 min, anchored to a mica substrate, rinsed analyzed by reverse-phase HPLC.

with 5 x 1 mL PBS, and dried in a vacuum oven at4Dfor 10 min. Calf spleen phosphodiesterase: Each oligomer was incubated at 37

AFM was carried out with a NanoScope llla multimode system (Digital °C in a reaction mixture containing 0.1 M ammonium succinate, pH
Instruments, Santa Barbara, California) operated in the tapping mode5.9, 1 mM EDTA, and either 0.001 U or 0.02 U of enzyme. The final
in air at room temperature. The Super Sharp Silicon cantilevers A, for each oligomer was 4.0, and the final reaction volume was 0.1

(Nanosensors, Wetzlar-Blankenfeld, Germany) weregaiong with - mL. The reaction was quenched by immersing the reaction tube in
a spring constant of 36 Nm. Typical resonant frequencies of the tip  boiling water for at least 4 min, and a sample of each reaction mixture
were 345 kHz. After an initial scan of a Am x 1 um area, the (20 uL) was subjected to reverse-phase HPLC.

parameters were optimized for a scan of an 80>ni80 nm area, and Nuclease S1: Nuclease S1 digestion was carried out in 33 mM
256 x 256 pixel images were collected at a rate of one scan line per sodiym acetate, pH 4.5, containing 50 mM NaCl and 0.03 mM ZnSO
second. The reaction mixture (50L), which contained 25-mer (final Aq, 4.0)

HPLC. Reverse-phase HPLC for enzyme-digestion experiments was and 0.1, 1.0, or 100 U of enzyme, or no enzyme, was incubated for 24
carried out with a G Merck 50734 LiChrospher 100 RP-18 endcapped p, gt 37°C. A sample of each reaction mixture (20) was subjected

stainless steel cartridge (4 125 mm) maintained at 38C in a to reverse-phase HPLC.
Shimadzu CTO-6A column oven. The HPLC buffer stock solution was
1 M triethylammonium acetate (TEAA), pH 7.0 (1 M in triethylamine, Acknowledgment. AFM imaging and analysis were carried

titrated to pH 7.0 with acetic acid), and the HPLC buffers were prepared oyt by Dr T. Okada, Mr R. Hirota, and Mr H. Sugasawa, of the

by mixing the appropriate amounts & M TEAA, pH 7.0, and Research Institute of Biomolecule Metrology, Tsukuba, Ibaraki,
acetonitrile with distilled deionized water. The column was operated Japan.

at a flow rate of 1 mL/min, and the effluent was monitored at 260 nm.

Nuclease DigestionSnake venom phosphodiesterase: Each oligo- JA049865T
mer was incubated at 37C in a reaction mixture containing 0.1 M
Tris*HCI, pH 8.9, 0.1 M NaCl, and 14 mM Mgghnd either 0.036 U (29) Higuchi, H.; Endo, T.; Kaji, ABiochemistry199Q 29, 8747-8753.
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