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Abstract: The hybridization properties and nuclease resistance of 2- and 3'-alkyl, -heteroalkyl, -alkenyl, and -aryl
substituted oligodeoxyribonucleotides have been investigated. While such modified oligonucleotides generally exhibit
reduced binding affinity for complementary RNA and DNA, a dramatic increase in stability against 3-exonucleases was
observed for certain 2*-substituents.

The inhibition of protein expression by antisense oligonuclectides has recently emerged as an
attractive alternative to classical drug design strategies.? The concept is based on the sequence-
specific binding of a synthetic (antisense) oligonucleotide to the mRNA of a disease-related protein,
which may subsequently result in suppression of RNA translation and thus in a very specific
inhibition of protein synthesis.! The successful in vivo implementation of this strategy, however,
depends on the use of chemically modified oligonucleotides or oligonucleotide analogs with
significantly improved resistance to nuclease degradation (as compared to natural single-stranded
DNA).! One possible approach to metabolically more stable oligonucleotides consists in the use of
certain 2'-a-O-alkyl substituted nucleotide building blocks,1:2 some of which have additionally been
demonstrated to also increase the affinity of the corresponding oligonucleotides for complementary
RNA.2b.c3 The latter finding is generally attributed to the predominance of a 3'-endo conformation
for the 2'-O-alkyl substituted sugar units, which in turn results in a significant preorganization of the
modified single-stranded oligonucleotide for an A-type DNA/RNA heteroduplex.30:4.5 This notion is
supported by the dramatic increase in DNA/RNA heteroduplex stability that is observed for 2'-o-
fluoro substituted DNA® as the fraction of 3-endo conformation in 2-a-heterosubstituted
deoxyribonucleosides has been shown to linearly increase with substituent electronegativity.4
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While the preference of various 2'-a-heterosubstituted deoxyribonucleosides for a 3'-endo
conformation4 can be satisfactorily explained on the basis of the gauche effect between the
electronegative 2'-substituent and O% of the furanose ring,” the sugar conformation of any 2'-
substituted nucleotide unit within the context of either a single stranded oligonucleotide or a nucleic
acid duplex may be additionally affected by dipole-dipole and dipole-charge interactions (involving
the dipole associated with the 2'-substituent), by solvation effects, or by the capacity of the 2'-
substituent for intrastrand hydrogen-bond formation.8 It is, therefore, not a priori clear whether
enhancement of DNA/RNA heteroduplex stability by 2'-substituted building blocks invariably
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i MeMgBr, Et20, -78°- rt., 89%; ii: BusNF, THF, rt., 10 min; iii. NaH, BnBr, THF, 0°- rt, 57%
{2 steps); iv: CF3COOH, 10% H20, rt; v: Ac0, pyridine, rt, 82% (2 steps); vi: (TMS)o-thymine,
CF3803SiMe3, CH3CN, rt., 12h, 90%. For R = H: vii MeONa/MeOH, r.t., 81%; viii: CsF50C(S)C!,
DMAP, CH2Clg, -15°, 91%,; ix: BugSnH (2 eq.), AIBN (0.3 eq.), 1M, benzene, refl., 30 min, 47%; x: Ho,
20% Pd(OH)2-C, MeOH, 12h, quant.. For R = OCHg: xi: BnOCH20CH2C!H, DBU, r.t., 12h, 94%,; xii: NaH,
CHal, THF, r.t., 72%; xiii: Hp, Pd-C, MeOH, 78%.

depends on the presence of a C-2' - heteroatom bond, although it has been recently demonstrated
that certain 2-o-alkyl (ethyl, allyl} or alkenyl ((E)-styryl} substituents do indeed significantly
decrease hybridization affinity of the corresponding oligonucleotides for complementary RNA.® In
order to assess the generality of these effects, we have now extended this study to a variety of
other 2'- and 3'-alkyl, -alkenyl, and especially -heteroalky! substituted building blocks (Fig.1), whose
effects on oligonucleotide hybridization and stability are the subject of this report.

The synthesis of compounds 1 and 4 - 8 is described elsewhere.!® Compound 3 was prepared
according to literature procedures;'! 2 was obtained by catalytic hydrogenation of 3'5-
tetraisopropyldisiloxan-diyl (TIPSi-) protected 31 and subsequent removal of the protecting group
with BuaNF.'2 The synthesis of compounds 9 and 10 is summarized in Scheme 1.13 It relies on the
diastereoselective methylation of protected furanoside 11 with CH3MgBr as the first key step. The
resulting tertiary alcoho! was then converted to the partially protected ribo-thymidine derivative 13
(via 12), which was elaborated into 9 and 10, respectively, via deoxygenation or methylation of the
2'-OH group. It should be noted that the radical deoxygenation of 13 could only be achieved via the
corresponding pentafluorophenylthionocarbonate, while the phenyithionocarbonate proved to be
completely unreactive under a variety of conditions. The moderate yield of 47% in the radical
reduction step is due to competing ionic reduction of the thionocarbonate, which is then followed by
radical reduction of the resulting thionoformate. 4

Modified building blocks 1 - 10 were incorporated into five different oligonucleotide sequences with
varying number and location of modifications, 15 and the data for the hybridization of these modified
oligonucleotides with complementary RNA are summarized in Tables 1 and 2. As shown in Table 1,
all 2'-a-substituents investigated so far lead to a significant decrease in DNA/RNA heteroduplex
stability (lower melting temperatures (Tm's) as compared to the unmodified wild-type duplex), albeit
to a very different extent: With the exception of sequence IV the destabilizing effect is smallest for a
2'-a-CHg group (1) (average ATm = - 1.7 °C/modification), while any further increass in size and
hydrophobicity of the 2-a-substituent is inevitably associated with more unfavourable hybridization
properties. These findings are particularly noticeable for those cases where one (CHaF, CH2OH,
CH20CHRg) or all (CF3) of the hydrogen atoms of the 2-a-methyl group were replaced by more
electronegative heteroatoms. In analogy to 2-o-hetero substituents3.6 the electron-withdrawing
properties of these haeteromethy! groups?? together with favourable dipole effects and/or "RNA-like"
hydrogen-bonding (CH2OH-group)® were originally conceived to lead to higher binding affinity than
observed for a simple methyl substituent (vide supra).

A possible rationale for the diminished binding affinity of 2'-c-aiky! substituted oligonucieotides for
complementary RNA is offered by the results of the conformational analysis of compounds 1 and 4
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Table 1: Relative hybridization affinities of modified oligonucleotides incorporating 2'-substituted
thymidines for compiementary RNA (ATm-values/modification?).

Sequence® I (52.3°¢) II(63.9°°) II(61.8°C) IV (61.7°C) V (48.6°C)
By? B
H CHgy -22 -1.0 -13 -23 non-coop.9
CHy H -33 -39 -23 - 3.1 non-coop.

=CHz -35 -5.2 -1.9 -33 non-coop.

H CHoF -3.1 nd.h n.d. n.d. n.d.
H CF3 -47 nd. nd. nd. nd.
H CHyOH -286 -29 nd. -3.1 non-coop.
H CHyOCH4 -34 -4.3 -2.0 -1.2 non-coop.
H  CHyCHg®f -4.4 -5.8 -3.1 -3.5 non-coop.
H  CHyCH=CH.® -4.7 -5.0 -2.4 -3.7 non-coop.
H (E)-CH=CH-Phef n.d. -7.3 -39 -3.4 non-coop.
H Ph n.d. -6.3 -36 -3.7 non-coop.

aDifference in melting temperature {Tm) between the modified DNA/RNA duplex and the
unmodified wild-type (WT) duplex per modification (AT = Ty - Tm{WT)). Tm's were determined
in 10 mM phosphate buffer, pH 7, 100 mM Nat; error limits are + 0.5°. For details see ref. 3b;
bSequences are: I. 5-TTTTICTCTCTCTCT-3; I: CTCGTACCITTCCGGTCC-3'; IN: 5-
tCCAGGIGICCGCALC-3'; IV: 5-CTCGTACHItCCGGTCC-3'; V: 5-GCGHItttGCG-3'; t =
modified thymidine; T, of the corresponding wild-type duplex in °C; 9See Fig. 1; ®ref.9; f2-
deoxyuridine derivative; 9no cooperative melting observed (Tm < 20°); hn.d. = not determined.

by TH-NMR in aqueous solution. Based on the coupling constants Jy-2' = 8.9 Hz, J2 3 = 5.8 Hz, and
J3'4' = 2.0 Hz the conformation of 1 has been determined to be largely 2-endo (=86%);19 this
contrasts sharply with what is observed for 2'-a-methoxy 2'-deoxyuridine (~60% 3'-endo)* and even
siginificantly exceeds the fraction of 2'-endo conformation found for 2'-deoxyuridine (=65% 2'-
endo).4 The adverse effect of a 2-a-methyl substituent on DNA/RNA heteroduplex stability may
thus be duse, at least in par, to the necessity for the sugar moieties of the modified DNA strand to
adopt an intrinsically unfavourable 3'-endo conformation, which is required for A-type duplex
formation.5

While the preference of 1 for a 2'-endo sugar pucker (with the 2'-a-methyl group in an equatorial
orientation) may be predicted on the basis of purely steric arguments, surprisingly, also 4
predominantly adopts a 2-endo conformation (J1 2 = 8.7 Hz, J23' = 6.0 Hz, J3 4 = 2.5 Hz).1® Thus,
even the replacement of the 2"-u-methy! group in 1 by the electron-withdrawing CF3 group'’ does
not alter the 2™-endo preference of the sugar moiety, indicating that the 2'-endo - 3'-endo equilibrium
in both cases is largely dominated by steric factors.20 By analogy, all of the 2-a-alkyl substituted
nucleosides referred to in Table 1 can be assumed to have a more or less pronounced preference
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for a 2'-endo conformation. The corresponding oligonucleotides would, therefore, all suffer from a
conformation of the modified sugar units unfavourable for A-type duplex formation, with the specific
destabilizing properties of each individual substituent being ultimately determined by additional
steric and solvation effects.

Different arguments have to be invoked to rationalize the effects of a 2'-B-CH3 substituent (2).
Although no detailed NMR analysis was performed on 2, the coupling constant J1 2 of 7.2 Hz in this
case is strongly suggestive of a 3'-endo sugar conformation (again with the 2'-CH3 group in an
equatorial orientation). However, as indicated by model building, any favourable preorganization of
the sugar moieties in a modified single-stranded oligonucleotide may be more than offset by
unfavourable steric interactions between the 2'-B-CHz group and the bases of 3'-adjacent
nucleotide units (H-6 of pyrimidines and H-8 of purines) within an actual A-type duplex structure.

All of the 2'-substituents listed in Table 7 increase the stability of oligodeoxynucleotides towards
degradation by 3-exonucleases in 10% heat inactivated fetal calf serum.2! The most dramatic
effects on nuclease resistance were displayed by building blocks 1, 2, 7, and 8, where half-lives of
>48 h were observed for the corresponding 3'-modified ofigonucleotides?! as compared to half-lives
of 1 - 2 h for the unmodified wild-type sequence. Somewhat surprisingly, only a 3-fold increase in
3'-exonuclease stability was conferred by a 2"-a-CH20OH group; this observation may be related to
the RNA-like structure of this modification and a resulting susceptibility of the corresponding
oligonucleotides to attack by RNA degrading enzymes.

The effects of 3-B-methyl substituted building blocks 9 and 10 on the binding affinity of
oligodeoxyribonucleotides for complementary RNA are summarized in Table 2. As for the 2'-alkyl
derivatives, the presence of a 3'-B-methyl group leads to reduced duplex stability, with only a very
minor destabilization being observed for compound 9 in sequence III. Interestingly, the presence of
an additional 2'-a-OCH3g group in 10, rather than compensating for the destablizing effect of the 3'-
B-methyl substituent, even further decreases duplex stability, which is absolutely contrary to the
usual affinity-enhancing properties of this type of modification (vide supra). While the adverse effect
of 9 on hybridization affinity may again be rationalized on the basis of a strong preference of the 3'-
B-substituted sugar moiety for a 2'-endo conformation (equatorial orientation of the CH3 group),22
the reasons for the behaviour of 10 are less ciear. It may be speculated, however, that the
presence of a 3'-B-methyl group is incompatible with standard A-type duplex formation for steric
reasons (unfavourable interactions between an axial 3'-B-methyl group and the base in an anti-
orientation);220 within the actual duplex structure the modified sugar moieties may thus be forced
into a conformation distinctly different from the usual 3'-endo pucker, which might be energetically
more unfavourable in the presence of the additional 2'-a-OCHg substituent.

Regarding the effects of 2'- and 3'-alkyl substituted building blocks on hybridization affinity for
complementary DNA, a significantly more pronounced decrease in duplex stability was observed for
DNA/DNA than for DNA/RNA hybrids (data not shown).Z3 In view of the anticipated favourable
sugar conformation of 2'-c-alkyl substituted nucleotide units for B-type (DNA/DNA) double helix
formation (2'-endo conformation)5, this finding may reflect major distortions in the normal structure
of the DNA/DNA double helix induced by unfavourable steric interactions involving the 2'-a-alkyl
substituent. In addition, we would like to point out that based on previous literature reports?4 as well
as our own experience with a variety of other types of sugar and also backbone modifications the
lower relative affinity of modified oligonucleotides for DNA than for RNA (i.e. more negative ATm-
values for hybridization to DNA than to RNA) appears to be a rather frequent phenomenon. These
observations, together with the fact that hybridization of oligonucleotide therapeutics to single-
stranded DNA is not a critical issue for antisense applications, may put into perspective some
recent reports that have particularly emphasized preferential relative binding of modified
oligonucleotides to complementary RNA rather than DNA.25
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Table 2: Relative hybridization affinities of modified oligonucleotides incorporating 3'-
substituted thymidines for complementary RNA (ATm-values/modification?).

SequenceP 1(52.3%) II (63.9°C) III (61.8°C)
Bsd
H -1.5 -1.3 -0.1
OCH3 -1.3 -4.8 -1.4

aDifference in melting temperature (Tm) between the modified DNA/RNA duplex and the
unmodified wild-type (WT) duplex per modification (ATm = Tm - Tm(WT)). Tm's were
determined in 10 mM phosphate buffer, pH 7, 100 mM Na+; error limits are + 0.5°. For
details see ref. 3b; bSequences are: I 5-TTTTtCTCTCTCTCT-3; II:
CTCGTACC{TTCCGGTCC-3'; IN: 5-tCCAGGIGICCGCALC-3'; ©¢Tm of the
corresponding wild-type duplex in °C; dSee Fig. 1.

in conclusion, we have demonstrated that the modification of oligodeoxyribonucleotides by a large
variety of 2'- and 3'-alkyl substituents reduces binding affinity for complementary RNA and also
DNA. Given the structural diversity of the pendant groups investigated in this study, this appears to

be a rather general finding, thus emphasizing the importance of a C-2' - heteroatom bond for
DNA/RNA heteroduplex stabilization by 2'-modified oligonucleotides. In view of the RNA binding
data compiled in Tables 1 and 2, fully modified oligonucleotides based on any of the modifications
discussed in this report can be expected to hybridize to compiementry RNA only with very low
affinity (cf. sequence V, Table 1), which renders them inadequate for in vivo antisense applications.
However, in special instances some of these building blocks may be suitable tools for the
stabilization of oligonucleotides against degradation by 3'-exonucleases.

Acknowledgements

We are indebted to Dr. D. Hisken and Dr. U. Pieles for oligonucleotide synthesis and purification
and to DH and Dr. S. M. Freier for Ty-measurements. We also thank Dr. M. J. J. Blommers for
NMR data on compounds 1 and 4.

References and Notes

1. a. Uhlmann, E.; Peyman, A. Chem. Rev. 1990, 90, 543 - 584. b. Milligan, J. F.; Matteucci, M. D.;
Martin, J. C. J. Med. Chem. 1993, 36, 1923 - 1937.

2. a. Sproat, B. S.; Lamond, A. L; Beijer, B.; Neuner, P.; Ryder, U. Nucleic Acids Res. 1989, 17, 3373 -
3386. b. Irribaren, A. M.; Sproat, B. S.; Neuner, P.; Sulston, I.; Ryder, U.; Lamond, A. 1. Proc. Natl.
Acad. Sci. U.S.A. 1990, 87, 7747 - 7751. c. Wagner, R. W.; Matteucci, M. D.; Jason, G. L.; Gutierrez,
A. J.; Moulds, C.; Froehler, B. C. Science 1993, 260, 1510 - 1513.

3. a. Inoue, H.; Hayase, Y.; Imura, A.; lwai, S.; Miura, K.; Ohtsuka, E. Nucleic Acids Res. 1987, 15,
6131 - 6148. b. Lesnik, E. A.; Guinosso, C. J.; Kawasaki, A. M.; Sasmor, H.; Zounes, M.; Cummins,
L. L.; Ecker, D. J.; Cook, P. D_; Freier, S. M. Biochemistry 1993, 32, 7832 - 7838.

4. Guschlbauer, W.; Jankowski, K. Nucleic Acids Res. 1980, 8, 1421 - 1433.

5. For a comprehensive discussion of nucleic acid structures see: W. Saenger, "Principles of Nucleic
Acid Structure”, Springer, New York 1984.

6. Kawasaki, A. M.; Casper, M. D.; Freier, S. M.; Lesnik, E. A.; Zounes, M. C.; Cummins, L. L,
Gonzales, C.; Cook, P. D. J. Med. Chem. 1993, 36, 831 - 841.



1974

11

13.
14.
15.

16.
17.

18.

19.
20.

21.

22.

23.

24,

25,

C. SCHMIT et al.

. Olson, W. K.; Sussman, J: L. J. Am. Chem. Soc. 1982, 104, 270 - 278.
. a. Bolton, P. H.; Kearns, D. R.; Biochim. Biophys. Acta 1978, 517, 329 - 337. b. Bolton, P. H,;

Kearns, D. R. J. Am. Chem. Soc. 1979, 101, 479 - 484.

. De Mesmaeker, A.; Lebreton, J.; Hoffmann, P.; Freier, S. M. Synlett 1993, 677 - 679.
10.

a. Schmit, C. Synlett 1994, 238 - 240. b. Schmit, C. Synletf 1994, 241 - 242.

. Samano, V.; Robins, M. J. Synthesis 1990, 5186 - 5188.
12.

Catalytic hydrogenation of TIPSi-protected 3'! over 10% Pd-C in MeOH gave TIPSi-protected 2 as a
ca. 15/1 mixture of the desired vs. the undesired diasterecisomer. Repeated recrystallization from
hexane gave diastereomerically pure TIPSi-2 in 45% yield. 2 has been previously synthesized via a
different route: Matsuda, A.; Takenuki, K.; Sasaki, T.; Ueda, T. J. Med. Chem. 1991, 34, 234 - 239.

A different route to 9 has been reported: Fedorov, 1. |.; et al. J. Med. Chem. 1992, 35, 4567 - 4575.
Barton, D. H. R.; Hartwig, W.; Motherwell, W. B. J. Chem. Soc., Chem. Commun. 1982, 447 - 448.
For the purpose of oligonuclectide synthesis 1 - 10 were converted to their corresponding O-5'-
dimethoxytrity(DMTr)-2-cyanoethoxy-N,N-diisopropyl phosphoramidites (Sinha, N. D.; Biernat, J.; Mc
Manus, J.; Kbster, H. Nucleic Acids Res. 1984, 12, 4539 - 4557. Oligonucleotides were synthesized
on an ABI 390 DNA synthesizer using standard phosphoramidite chemistry, except that coupling
times of 10 - 12 min were routinely employed for modified building blocks (Gait, M. J., Ed,
"Oligonucleotide synthesis - a practical approach”, IRL press at Oxford University Press, 1984).
DMTr-protected oligonucleotides were purified by RP-HPLC and subsequently deprotected with 80%
AcOH. According to capillary electrophoresis the fully deprotected compounds were > 95% pure.
Except for 4 and 5, compounds 1 - 10 all proved to be stable to the various conditions of
oligonucleotide synthesis, the lability of 4 and 5 to the basic final deprotection conditions preventing
the preparation of sequences incorporating more than one modification. For sequence I the intact
incorporation of the modified building blocks was also verified by MALDI-TOF mass spectrometry. 15
Pieles, U.; Zlircher, W.; Schar, M.; Moser, H. E. Nucleic Acids Res. 1993, 21, 3191 - 3196.

Group electronegativities of 2.59, 2.60, 2.64, and 2.99 have been calculated for CH20H, CH20CHg3,
CHoF, and CF3 substituents, respectively,182 which would make at least a CF3 group significantly
more electron-withdrawing than a methyl group (2.47), but also clearly less so than an OH or OCH3
substituent (3.49 and 3.54, respectively). On the other hand, inductive substituent constants of wouid
suggest a CF3 group to be significantly more electron-withdrawing than an OH or OCHg group.18b

a. Inamoto, N.; Masuda, S. Chem. Leit. 1982, 1003 - 1006. b. See e. g., Taft, R. W.; Price, E.; Fox, L.
R.; Lewis, |. C.; Andereson, K. K.; Davis, G. T. J. Am. Chem. Soc. 1963, 85, 709, 3146.

Blommers, M. J. J., unpublished results

Steric substituent parameters Eg would suggest a CF3 group to be significantly more bulky than a
simple methyl group: Charton, M. J. Am. Chem. Soc. 1975, 97, 1552 - 1556.

3'-Exonuclease stability was determined in 10% heat inactivated fetal calf serum on the sequence 5'-
TCCAGGTGTCCGHIHC-3'. For experimental details see: Hoke, G. D.; Draper, K.; Freier, S. M,;
Gonzalez, C.; Driver, V. B.; Zounes, M. C.; Ecker, D. J. Nucleic Acids Res. 1991, 19, 5743 - 5748,
No experiments were performed for a 2'-a-CHzF or a -CF3 substituent.

a. Koole, L. H.; Buck, H. M.; Bazin, H.; Chattopadhyaya, J. Tetrahedron 1987, 43, 2989 - 2997. b.
limori, T.; Murai, Y.; Ohuchi, S.; Kodama, Y.; Ohtsuka, Y.; Qishi, T. Tetrahedron Lett. 1991, 32, 7273
- 7276. c. See also: Plavec, J.; Garg, N.; Chattopadhyaya, J. J. Chem. Soc., Chem. Commun. 1993,
1011 - 1014.

Only sequence I or II was investigated in most cases. 9 was investigated in sequences II and III
with ATm's for the corresponding DNA/DNA duplexes being - 0.4°’mod. and - 0.5°/mod.,
respectively. This is in qualitative agreement with very recent resulits reported for 3'-p-hydroxymethyl
thymidine: Jgrgensen, P. N.; Stein, P. C.; Wengel, J. J. Am. Chem. Soc. 1994, 116, 2231 - 2232.
See e.g.: a. Matteucci, M. Nucleosides & Nucleotides 1991, 10, 231 - 234. b. Ashley, G. W. J. Am.
Chem. Soc. 1992, 114, 9731 - 9736.

a. Kawai, S. H.; Wang, D.; Giannaris, P. A.; Damha, M. J.; Just, G. Nucleic Acids Res. 1993, 21,
1473 - 1479. b. Meng, B.; Kawai, S. H.; Wang, D.; Just, G.; Giannaris, P. A.; Damha, M. J. Angew.
Chem. Int. Ed. Engl. 1993, 32, 729 - 731.

(Received in Belgium 11 May 1994; accepted 29 June 1994)



