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Introduction 

Until a few decades ago, molecules that exert a 
therapeutic effect on the human body were exclusively 
discovered by serendipity. As our understanding of 
molecular biology is increasing and we slowly gain 
insight on the molecular level of diseases, the rational 
design of drugs becomes more feasible. In particular, 
molecules interacting on the level of proteins were 
successfully designed and optimized for improved 
binding properties by biorational approaches. Syn- 
thetic oligonucleotides have been proposed by Zamec- 
nik and Stephenson1 as a new class of potential 
therapeutics that can interact in a rational way with 
the messenger RNA (mRNA) of a disease-related 
protein and thereby specifically inhibit its synthesis 
(Figure 1). The fascinating aspect of this approach, 
which is referred to as antisense strategy, is, on one 
hand, the well-understood rules of Watson-Crick base 
pairing by which single-stranded nucleic acids interact 
with complementary oligonucleotides forming a double 
helix (Figure 1). This predictable way of interaction 
represents probably one of the most powerful systems 
for molecular recognition designed by nature. On the 
other hand, every protein is synthesized by the same 
principal mechanism known as the central dogma of 
molecular biology: a gene (double-stranded DNA) 
carrying the genetic information for a particular 
protein is transcribed to single-stranded mRNA as 
intermediate carrier of information, which then serves 
as a template for the protein synthesis (translation) 
by ribosomes. Therefore the antisense strategy is not 
limited to certain types of diseases but should be 
widely applicable. 

Nature is making use of the antisense principle as 
well: certain proteins are down regulated by the 
intracellular release of antisense RNA that is comple- 
mentary to part of the target mRNA.2 Related ap- 
proaches may become important in the context of gene 
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Figure 1. Schematic presentation of the antisense strategy 
(left) and structure of adenine-thymine (A-T) and guanine- 
cytosine (G-C) base pairs. 

the rap^.^ The scope of this Account, however, is 
limited to  short, synthetically accessible oligonucle- 
otides or analogs thereof that are designed to interact 
directly with mRNA, thereby selectively inhibiting the 
synthesis of the target protein. 

Naturally occurring oligonucleotides (DNA and RNA) 
do not meet the criteria for potential drug candidates, 
and different chemical modifications were proposed to 
overcome the existing h~rdles,~-lO which are briefly 
discussed below (Figure 2). Antisense compounds 
must be stable and possess a reasonable half-life in 
vivo. DNA and RNA oligonucleotides are rapidly 
degraded by naturally occurring nucleases that hy- 
drolytically cleave the phosphodiester backbone. In 
a pharmacological sense, mRNA is the receptor that 
can be targeted by oligonucleotides. Therefore a high 
RNA binding affinity is crucial for such molecules and 
should directly contribute to the biological potency. 
Given that the sequence of the target mRNA is known, 
the design of potential antisense oligonucleotides 
should be straightforward according to  the rules of 
base pairing. On the basis of secondary and tertiary 
structures and bound proteins, however, only a few 
binding sites are accessible on a given mRNA and 
these usually have to be identified by screening. The 
rather large and highly charged antisense molecules 
should be targeted to the tissue and/or organs of 
interest, penetrate cellular membranes, and distribute 
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Figure  2. Major keys hurdles for the therapeutic application 
of antisense oligonucleotides. 

intracellularly to  become available at the sites of 
action (generation, processing, transport, or transla- 
tion of mRNA). It has been demonstrated that the 
heteroduplex between certain antisense compounds 
and the target RNA is recognized by an intracellular 
nuclease (RNase H) that cleaves only the RNA strand 
of this duplex.1° This cleavage event irreversibly 
destroys the mRNA and results in an increased 
biological efficacy. Unfortunately, this nuclease is 
highly sensitive to structural alterations of the anti- 
sense oligonucleotide, and therefore, most of the 
modifications reported to date do not support this 
intracellular cleavage mechanism. Finally, oligo- 
nucleotides or analogs thereof have to be prepared on 
a large scale for therapeutic applications. As these 
molecules are relatively large (molecular weight 4000- 
8000 Da) and so far difficult to synthesize and purify 
on a large scale, technical feasibility remains a major 
hurdle for drug development. 

The focus of this Account is on our own initial 
chemical approaches to improve the properties of 
oligonucleotides, mainly concentrating on the increase 
of nuclease resistance and RNA binding affinity. As 
the latter is of high importance for the antisense 
strategy and usually is reflected by "melting temper- 
atures" (Tm's), representative melting curves of modi- 
fications discussed in this Account are visualized in 
Figure 3. Due to the n-n interaction of stacked bases 
in duplex nucleic acids, the U V  absorption at 260 nm 
is quenched. Upon heating, the annealed strands 
unpair and become single stranded, resulting in an 
increased absorption at  260 nm. Ideally, an S-shaped 
curve is obtained from which, assuming a two-state 
model, the thermodynamic parameters can be calcu- 
latedell The midpoint of this absorption vs tempera- 
ture profile is defined as T,, reflecting the tempera- 
ture at which equal fractions of oligonucleotides are 
paired and single stranded under equilibrium. For the 
oligonucleotide sequences and lengths we used in our 
studies, the following rule of thumb can be applied: 
an increase of T m  by 3-5 "C (AT,) corresponds roughly 
to a 10-fold increase of the association constant.12 

Melting curves or binding affinities of modified 
oligonucleotides were often measured against comple- 
mentary oligodeoxyribonucleotides (DNA) which are 
not necessarily predictable for duplex formation with 
RNA.12 For this reason, only relevant investigations 
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Figure  3. Representative melting curves of 5'-tt-tt-tc-tc-tc- 
tc-tcT-3' (sequence B containing either 14 modified nucleosides 
or 7 backbone-modified dinucleosides) with the synthetic RNA 
complement (for details see Tables 1 and 2). A DNA (T, C; T, 
= 51.2 "C). B: DNA (T, 5-methy1-C; T, = 56.9 "C). C: 14a (T, 
C; T, = 57.1 "C). D: 65 (T, 5-methy1-C; T, = 52.7 "C). E: 46 
(T, 5-methy1-C; T,,, = 77.1 "C). The calculated difference AAG03,/ 
mod.(46) = 0.61 kcal (E vs B). 

are cited here that dealt with RNA as a complement 
for hybridization studies. 

Backbone Modifications 

As the hydrolytic cleavage of the phosphodiester 
backbone is the main cause for the rapid degradation 
of oligonucleotides by nucleases, replacement by other 
moieties has been one of the major strategies to  
improve stability. In addition, backbone modifications 
can influence other properties of oligonucleotides like 
RNA binding affinity or behavior for cellular up- 

A first generation of backbone modifications re- 
tained the phosphorus atom as in the phosphorothio- 
ates 1,15 the methylphosphonates 2,16 the phosphora- 
midates 3,17 the phosphotriesters 4,18 or the phos- 
phorodithioates til9 (Figure 4). All these derivatives 
were shown to  possess an increased resistance toward 
nucleases. Therefore, the corresponding oligonucle- 
otides could be used for in vitro and in vivo experi- 
ments, but unfortunately they all displayed a lower 
binding affinity to the RNA target. Due to  the 
asymmetrical substitution at phosphorus in deriva- 
tives 1-4, the local plane of symmetry is destroyed 

take,10,13,14 
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Thermodynamics of antisense oligonucleotide hybridization. In Gene 
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Figure 4. Structure of phosphorus-containing backbone modi- 
fications. 

and an additional center of chirality is created. This 
leads, on the basis of the preparation of roughly equal 
amounts of both diastereoisomers during synthesis, 
to a large number of diastereoisomeric compounds 
exceeding a half-million individual compounds for a 
20-mer. Nevertheless, phosphorothioates 1 can be 
considered as oligonucleotide analogs of the first 
generation and were shown to  be biologically active 
against different molecular targets. This beneficial 
behavior is mainly due to biological and chemical 
stability, favorable pharmacokinetic properties includ- 
ing cellular uptake, and RNase H promoted mRNA 
cleavage observed for this class of compounds.20,21 In 
addition to the phosphorodithioates 5, the recently 
reported phosphoramidates 6 (Figure 4) represent 
another promising example of phosphorus-containing 
backbone modifications avoiding the generation of 
diastereoisomeric mixtures.22 The latter analog was 
reported not only to add to  the nuclease resistance of 
oligonucleotides but also to contribute to an increased 
RNA binding affinity. 

A second generation of backbone modifications 
containing no phosphorus atom emerged quite recently 
(7-11, Figure 5).13J4 As expected, these backbone 
replacements greatly increased the nuclease resis- 
tance of corresponding oligonucleotides. However, 
most of these modifications decrease the binding 
affinity to  the RNA complement compared with oli- 
godeoxyribonucleotides. Two exceptions are the N- 
methylhydroxylamine and the thioformacetal 
11,24 which both displayed similar to  even slightly 
increased RNA binding properties. 

We proposed to replace the naturally occurring 
phosphodiester linkage by amide groups 12-16 (Fig- 
ure 6).25-29 The amide moiety is readily accessible by 

(20) Stein, C. A.; Tonkinson, J. L.; Yakubov L. Pharmucol. Ther. 1991, 

(21) Stein, C. A.; Cheng, Y. C. Science 1993,261, 1004-12. 
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(23)Vasseur, J.-J.; Debart, F.; Sanghvi, Y. S.; Cook, P. D. J .  Am. 
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Figure 6. Amide, urea, carbamate, and alkyl chain containing 
backbone modifications. 

simple and well-known synthetic methods and is 
compatible with the conditions required for solid phase 
synthesis of oligonucleotides. In addition, these link- 
ages are achiral, thereby avoiding the problem of 
diastereoisomeric mixtures in oligomers. Due to their 
neutral character they contribute to the overall charge 
reduction of corresponding oligonucleotides and there- 
fore might potentially be favorable for penetration 
through cellular membranes. As conformational flex- 
ibility and structural preorganization of analogs play 
a crucial role for hybridization properties, we inves- 
tigated the behavior of the ureas 1730 and carbamates 
18 and 19.31-34 In these linkages, the conjugation of 
the additional heteroatom with the amide bond in- 
creases the rigidity and therefore reduces the number 
of energetically favorable conformations. On the other 
hand, with the four carbon atom analogs 20 and 2135,36 
we also studied derivatives with an increased confor- 
mational flexibility. 

The average values for the variation of the melting 
temperatures (ATm/modification) between oligonucle- 
otides containing one to five backbone-modified T-T 
dimers (tt) 12-21 and the corresponding RNA comple- 
ment are summarized in Table 1. These data were 
deduced from melting experiments of two or three 
different hybrid duplexes.12 

The amide modifications lead to a substantial 
destabilization of the RNA binding affinity (ATm/mod.- 
(12a) = -3.2 "C, Table 1). The exchange of the 
hydrogen atom by a methyl group at  the amide 
nitrogen (12a - 12b) does not significantly change the 
T m  of the duplex, indicating a reasonable tolerance for 
steric bulk at  the 3'-nitrogen atom. Amides 12a and 
16,38 which both adopt similar geometries in the 
hybrid duplex with RNA, display similar Tm'S. These 
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Lett. 1993, 34, 5417-20. 
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Lett. 1994, 4 ,  405-8. 
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with RNA.3o A minor improvement of the binding 
affinity compared to the ureas 17a-c was observed 
for the carbamates 1831 but not for their isomers 19a 
or 19b. The introduction of extensive conformational 
rigidity in the backbone with a suboptimal preorga- 
nization in ureas 17 and carbamates 18 or 19 has a 
negative effect on the thermal stability of the corre- 
sponding duplexes. Whereas the influence of steric 
bulk on the 3'-nitrogen of amide 12b, urea 17c, and 
carbamate 19b has a negligible or a small negative 
influence on the duplex stability, the opposite ten- 
dency is found for ureas 17b and in particular car- 
bamates 18b/c, indicating the influence of additional 
N-alkyl substituents on the preferred preorganization 
of the carbamate moiety 18. 

The opposite of backbone rigidity was realized with 
the dinucleotide analogs 20 and 21 containing a 
flexible backbone consisting of four carbon 
As expected, both analogs cause a decrease in the RNA 
binding affinity of the corresponding oligonucleotides, 
presumably due to the hydrophobic nature and the 
conformational restriction in the duplex structure of 
these flexible backbone analogs. The latter phenom- 
enon is expected to  result in an increased negative 
entropic contribution for the hybridization process. 

In summary, the restriction of rotation has to  occur 
preferentially in the middle of the four-atom backbone, 
with a preferred torsion angle of approximately 180". 
Adjusting the distance between two sugar moieties 
and choosing the right degree of rigidity (preorgani- 
zation) for the backbone are other important param- 
eters to influence the binding behavior. With the 
phosphodiester replacement by amides 14 and 15 we 
identified two backbone analogs which not only show 
good binding affinity of the corresponding oligonucle- 
otides to the RNA target but also are highly stable 
toward nucleolytic degradation under physiological 
conditions. Further synthetic modifications of these 
two prototypes are under current investigation to 
beneficially influence properties like binding affinity, 
cellular uptake, tissue distribution, or general phar- 
macokinetic properties. 

A new approach to oligonucleotide analogs with a 
completely different backbone was realized with pep- 
tide nucleic acid (PNA) 2!L4Ol4l These achiral, neutral 
analogs were shown to hybridize well with DNA as 
well as with RNA. In particular, homopyrimidine 
PNAs 22 bound single- and double-stranded nucleic 
acids by triplex formation, the latter via strand 
di~placement.~~ When microinjected into cells, PNAs 
were shown to effect translational or transcriptional 
arrest.43 Due to the simple synthetic accessibility of 
the building blocks and favorable binding behavior, 
PNAs seem to be promising candidates for antisense 
applications. However, key hurdles like cellular up- 
take and purification of purine-rich sequences still 
have to be overcome. 

ATdmod. ATdmod. 
modification ("C) modification ("0 

12a (R = H) -3.2 17b (R1= CH3, R2 = H) -3.5' 
12b (R = CH3) -3.4 1 7 ~  (Ri = H, R2 = CH3) -4.4' 
13 -2.3 18a (R = H) -4.1 
14a (R = H) +0.1 18b (R = CH3) -3.4 
14b (R = CH3) -0.5' 18c (R = i-Pr) -2.9 
14c (R = i-Pr) -0.2 19a (R = H) e-4.6b.d 
15 +0.2' 19b (R = CH3) c -4.5bd 
16 -3.7' 20 -2 .F  
17a (R1, R2 = H) <-3.6'4 21 -5.1 

Small double letters indicate backbone-modified dinucleosides. 
If not stated otherwise, the average ATdmod. values were 
assembled from the following three sequences as described% (100 
mM Na+, 10 mM phosphate, 0.1 mM EDTA, pH 7.0 at 4pM strand 
concentration and heating at 0.5 "Clmin): A, 5'-n"r-tt-CTCTC- 

tt-GCG.12 Value determined from sequences A and C. Value 
determined from sequences A and D. D showed no cooperative 
binding to the RNA complement. 

results suggest that restricted rotation near the upper 
sugar moiety destabilizes the duplex. If the restricted 
rotation around the amide bond is located near the 
lower sugar unit as in 13,27 a destabilization is 
observed as well. However, in this case the decrease 
of RNA binding affinity is not as pronounced as for 
12 or 16 (ATm/mod.(13) = -2.3 "C). This result is 
surprising as the corresponding torsion angle of the 
amide in 13 adopts an angle close to 180" which is 
also observed in naturally occurring B-DNA as well 
as A-RNA duplexes and therefore the preorganization 
of this particular bond should almost be optimal. 
According to our molecular modeling studies,27 amide 
13 can indeed adopt a geometry close to the one of 
the DNA strand in a DNA/RNA hybrid. In contrast 
to  the destabilizing backbone analogs, amide 14a25726 
reveals RNA binding properties similar to  those of 
wild-type DNA (ATm/mod.(14a) = +0.1 "C). Amides 
14 and 1539 probably adopt similar geometries in a 
double helix with RNA and, as a consequence of this 
structural similarity, display comparable T m  values. 
These experimental results obtained for amides 12- 
16 suggest that the geometrical factors are predomi- 
nant for the affinity behavior between a modified 
oligonucleotide and its RNA target. 

The stability of the oligonucleotides towards endo- 
and exonucleases under physiological conditions was 
greatly increased for oligonucleotides consisting of 
alternating phosphodiester and amide (14) linkages, 
rendering phosphodiesters adjacent to amide backbone 
quite resistant toward  nuclease^.^^,^^ Substituents are 
well tolerated on the nitrogen atom of amide 14 
without influencing the RNA binding properties to a 
great extent (14b, 14c) but still adding to an increased 
stability. According to our molecular modeling studyF6 
there is enough space in the lowest energy conforma- 
tion of amide 14 to accommodate a substituent as large 
as an isopropyl group without severe steric interac- 
tions. All our amide modifications show at least the 
same or even the enhanced base-pairing specificity 
(Watson-Crick) for the RNA complement as compared 
to oligodeoxyribonucleotides (DNA). 

The more rigid urea derivatives 17a-c (Table 1) 
severely disturb the ability to  form heteroduplexes 

(39) Lebreton, J.; Waldner, A.; Fritsch, V., Wolf, R. M.; De Mesmaeker, 

TCTCT; C, 5'-CTCGTAC-tt-tt-CCGGTCC; D, 5'-GCG-tt-tt-tt-tt- 

A. Tetrahedron Lett. 1994, 35, 5225-8. 

(40) Nielsen, P. E.; Egholm, M.; Berg, R. H.; Buchardt, 0. Science 

(41) Nielsen, P. E.; Egholm, M.; Buchardt, 0. Bioconjugate Chem. 
1991,254, 1497-1500. 

- . -  
1994, 5, 3-7. 
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(43) Haney, J. C.; Peffer, N. J.; Bisi, J. E.; Thomson, S. A.; Cadilla, 
R.; Josey, J. A.; Ricca, D. J.; Hassman, C. F.; Bonham, M. A,; Au, K. G.;  
Carter, S. G.; Bruckenstein, D. A,; Boyd, A. L.; Noble, S. A.; Babiss, L. 
E. Science 1992,258, 1481-5. 
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25 in poly(rU) resulted in a high-affinity increase to  
poly(rA).48 Oligonucleotides containing 5-(l-propynyl)- 
2'-deoxyuridine 26 and -cytidine 27 significantly en- 
hance the RNA binding probably due to  
additional n-n stacking in the duplex between the 
additional C(5)-substituent and the adjacent base on 
the 5'-side. The corresponding hybrid duplex was 
shown to be accepted by RNase H, resulting in 
cleavage of the bound RNA. As the influence on the 
nuclease resistance is only marginal, the backbone 
was stabilized by phosphorothioate linkages yielding 
oligonucleotides which were shown to be potent in- 
hibitors of gene expression when microinjected in cells 
or delivered with cell-permeabilizing agents.50 The 
combination of the latter base modification with the 
2'-0-allyl substituent yielded the nucleoside analogs 
28 and 29 that greatly increase the RNA binding 
affinity and nuclease resistance of the corresponding 
oligonucleotides.51 Quite recently, the scope of sub- 
stituents at C(5) was extended to heteroaromatic 
groups (30-34) which were shown to beneficially 
influence the stability of RNA duplexes.52 Thiazole 
derivative 32 (ATm/mod. = +1.7 "C) increased the 
thermal stability comparable to  the propyne U 26 
(ATm/mod. = +1.6 0C).52a However, the most dramatic 
influence was reported for the phenoxazine 34 (X = 
0) showing a dramatic stabilization of duplexes (de- 
pending on neighboring sequences) between 2 and 5 
"C per modification.52b 

Pseudouridine pb (35) is a structural isomer of 
uridine in which the heterocyclic base is linked to the 
ribose sugar by the carbon atom. With the replace- 
ment of a N-nucleoside by a C-nucleoside, two imino 
hydrogens rather than one are present in pseudouri- 
dine. Incorporation of 35 in oligonucleotides was 
shown to stabilize the hybrid duplex with natural RNA 

2,6-Diaminopurines 36-38 as adenine analogs can 
form an additional hydrogen bond when base pairing 
to uracil or thymine. Hybridization studies revealed 
that substitutions of adenosines in DNA or RNA 
oligonucleotides using 2-aminoadenines (2-AA) stabi- 
lize duplexes with DNA and especially RNA comple- 
m e n t ~ . ~ ~ - ~ ~  Due to an increased lability for depuri- 
nation, especially the more stable rib0 derivatives 37 
and 38 are useful for a potential application in 
antisense oligonucleotides. Short probes containing 
2-amino-2'-O-alkyladenosines 38 allowed the efficient 
binding and separation of complementary RNA in 
HeLa splicing extracts.57 

(ATm/mod. = $1.8 0C).53 

23 
24 
25 

31 
32 
33 

-X 

-NH2 
-NH2 
-OH 
-OH 
-NH2 
-OH 
-NH2 
-OH 
-OH 
-OH 
-OH 

-RI 

-CH3 
-Br 
- C S H  
-C=CCH3 
-CiCCH3 
-CiCCH3 
-CrCCH3 
-2-pyridyl 
-2-thiophenyl 
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-R2 

-H 
-H 
-OH 
-H 
-H 
-0CH2CHCH2 
-0CHzCHCH2 
-H 
-H 
-H 
-H 

Base R'Q 

22 39 40 

36 R = H, Base = 2-AA 
37 R = OH, Base = 2-AA 

34 

U u"owHo 38 R = 0-alkyl, Base = 2-AA 
41 R=OCH3 
42 R = F  
43 R = OCH2CHCHz 
44 R = OCH2CHC(CH3)2 OH 

35 

Figure 7. Modified nucleoside analogs reported in the litera- 
ture that contribute to the increased RNA binding property of 
the corresponding oligonucleotides. 2-AA: 2-aminoadenine. 

Base Modifications 

The scope for modifications at the bases is rather 
limited as the ability of Watson-Crick base pairing 
should not be disrupted. Nevertheless, a few examples 
emerged over the past years that revealed promising 
properties for a potential application in antisense 
oligonucleotides.44 

It was demonstrated that the substitution of cy- 
tosines using 5-methyl- or 5-bromocytosines (23 and 
24, Figure 7) in oligodeoxyribonucleotides increased 
the stability of DNA/RNA hybrids.45 A similar behav- 
ior was found for thymine replacing uracil in different 
types of nucleoside analogs, indicating beneficial 
hydrophobic interactions of the C(5)-methyl groups in 
duplex structures (data not shown; see also Figure 3). 
However, C(5)-substituents with longer alkyl chains 
significantly reduce the stability of DNA duplexes,46 
even though longer aminoalkyl groups might behave 
d i f fe ren t l~ .~~ 

The introduction of triple bonds at C(5) of pyrimi- 
dine bases dramatically influences the binding behav- 
ior: the replacement of uridine by 5-ethynyluridine 

(44) Sanghvi, Y. S. Heterocyclic Base Modifications in Nucleic Acids 
and their Applications in Antisense Oligonucleotides. In Antisense 
Research and Applications; Crooke, S. T., Lebleu, B., Eds.; CRC Press, 
Inc.: Boca Raton, FL, 1993; pp 273-88. 

(45) Sanghvi, Y. S.; Hoke, G. D.; Freier, S. M.; Zounes, M. C.; Gonzalez, 
C.; Cummins, L.; Sasmor, H.; Cook, P. D. Nucleic Acids Res. 1993, 21, 
3197-203. 

(46) Sagi, J.; Szemzo, A,; kbinger, K.; Szabolcs, A,; Sagi, G.; Ruff, E.; 
Otvos, L. Tetrahedron Lett. 1993, 34, 2191-4. 

(47) Hashimoto, H.; Nelson, M. G.; Switzer, C. J. Am. Chem. Soc. 1993, 
115, 7128-34. 

(48) Biala, E.; Jones, A. S.; Walker, R. T. Tetrahedron 1980,36, 155- 
8. 

(49) Froehler, B. C.; Wadwani, S.; Terhorst, T. J.; Gerrard, S. R. 
Tetrahedron Lett. 1992, 33, 5307-10. 

(50) Wagner, R. W.; Matteucci, M. D.; Lewis, J .  G.; Gutierrez, A. J.; 
Moulds, C.; Froehler, B. C. Science 1993,260, 1510-3. 

(51) Froehler, B. C.; Jones, R. J.; Cao, X.; Terhorst, T. J .  Tetrahedron 
Lett. 1993, 34, 1003-6. 

(52) (a)  Gutierrez, A. J.; Terhorst, T. J.; Matteucci, M. D.; Froehler, 
B. C. J. Am. Chem. SOC. 1994,116, 5540-4. (b) Lin, K.-Y.; Jones, R. J.; 
Matteucci, M. J. Am. Chem. SOC. 1995, 117, 3873-4. 

(53) Hall, K. B.; McLaughlin, L. W. Biochemistry 1991, 30, 1795- 
1801. 

(54) Cheong, C.; Tinoco, I., J r . ;  Chollet, A. Nucleic Acids Res. 1988, 
16, 5115-22. 

(55) Howard, F. B.; Miles, H. T. Biochemistry 1984, 23, 6723-32. 
(56) Gryaznov, S.; Schultz, R. G. Tetrahedron Lett. 1994, 35, 2489- 

(57) Lamm, G. M.; Blencowe, B. J.; Sproat, B. S.; Iribarren, A. M.; 
92. 

Ryder, U.; Lamond, A. I. Nucleic Acids Res. 1991, 19, 3193-8. 
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RNA complement. Even though the 2’-0-methyl 
derivatives are more resistant against degradation by 
nucleases than DNA, both classes of oligonucleotides 
are not stable enough for antisense applications. 
However, the replacement of the phosphodiester link- 
ages by phosphorothioates yielded oligonucleotides 
that not only were highly resistant but retained good 
binding affinity to  the RNA targets as well.67 

Uniform incorporation of 2’-0-allyl ribonucleosides 
4366 also stabilized hybrid duplexes, whereas the 
substitution with 2’-0-(3,3-dimethylallyl) ribonucleo- 
sides 44 destroyed the ability of an oligonucleotide to  
bind its complementary RNA sequence, indicating the 
intolerance of steric bulk in the corresponding du- 
plexes.68 

A clear structure-activity relationship between 
duplex stability and the size of the 2’-O-alkyl sub- 
stituent was reported.66 Compared to 2’-O-methyl 
ribonucleotides 41, the destabilizing effect on RNA 
binding ability increases with the size of 2’-0 substit- 
uents: the average AT, per modification correlates 
well with the number of carbon atoms in the chain. 
As expected, the larger groups at the 2’-position add 
to the nuclease resistance of oligonucleotides. From 
this point of view, 2’-0-alkyl ribonucleosides linked 
with phosphodiester groups were not too attractive for 
an antisense application as the increased nuclease 
resistance goes along with a decrease of duplex stabil- 
ity. 

With this background, we surprisingly found that 
2’-O-alkoxy substituents, in particular 2’-methoxy- 
ethoxy, 2’-methoxytriethoxy, and groups related to  
ethylene glycol, retain or even slightly surpass the 
high RNA binding affinity of 2’-O-methyl ribonucleo- 
sides 41 despite the large substituents in the 2’- 
position (Table 2).69 The rationale for this behavior 
can be hypothesized in two ways: first, by additional 
solvation of the alkoxy substituent in water. However, 
this influence on the duplex stability is difficult to  
predict. Nevertheless binding results of 2’-modified 
carbocyclic nucleoside analogs suggest that a 2‘- 
methoxytriethoxy substituent, as compared to the 
corresponding 2’-methoxy group, has a rather negative 
influence on the RNA duplex formation (vide infra, 
Table 4, 60 and 61). On the other hand, the second 
oxygen atom in the 2’-chain of the ethylene glycol type 
ribonucleosides 46, 47, and 49-51 is responsible for 
a structural preorganization of the side chain which, 
due to the gauche effect, preferably adopts a confor- 
mation with a translation angle 2’-0-CHz-CH2-0 
of either +60° or -60”. For all the listed derivatives, 
both conformations are well accommodated in the 
minor groove of the formed hybrid duplex without 
causing any steric constraints. In addition, model 
building indicated that additional side groups on the 
second carbon atom of the 2’-substituent would fit 
extremely well, irrespective of the new stereocenter 
formed as was proven with derivatives 50 and 51 in a 
preliminary hybridization experiment (Table 2). This 

(66) 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, 7832-8. 

(67) Kawasaki, A. M.; Casper, M. D.; Freier, S. M.; Lesnik, E. A.; 
Zounes, M. C.; Cummins, L. L.; Gonzalez, C.; Cook, P. D. J. Med. Chem. 
1993,36, 831-41. 

(68) Iribarren, A. M.; Sproat, B. S.; Neuner, P.; Sulston, I.; Ryder, U.; 
Lamond, A. I. Proc. Natl. Acad. Sci. U S A .  1990,87, 7747-51. 

(69) Martin, P. Helu. Chim. Acta 1996, 78, 486-504. 
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Figure 8. Two main families of sugar conformations found in 
A-RNA (left) and B-DNA (right). 

Sugar Modifications 

A positive change in T, was found for oligonucle- 
otides having incorporated the a-anomeric nucleosides 
39 in place of the natural B-anomers (parallel orienta- 
tion of the strands in the a-DNNB-RNA hybrid).58 The 
high nuclease stabiity of this type of oligonucleotides 
was experimentally proven; in fact they are not 
substrates for  nuclease^.^^ It was shown that a-oli- 
godeoxyribonucleotides are useful as inhibitors of 
translation in cell lysates.60 

According to a publication dealing with the inves- 
tigation of various hexapyranosyl-like oligonucleotides, 
a tridecanucleotide of nucleoside 40 exhibited excellent 
binding characteristics toward poly(rA) ( ATJmod. = 
+1.0 “C) thereby representing the first hexapyranosyl- 
derived oligonucleotide analog with excellent RNA 
binding properties.61 

Besides a small structural variation of the pyrimi- 
dine bases (in DNA thymine is replacing uracil), the 
2’-substituent on the furanose ring is the primary 
chemical differnce between DNA and RNA. It has 
been shown that electronegative substituents like 
fluorine or oxygen (RNA derivatives) stabilize the Cy- 
endo conformation,62 probably due to a preferred 
gauche orientation of the 2’-substituent and the ring 
oxygen (Figure 8). As a consequence RNA is found 
predominantly in the Cpendo conformation that is 
exclusively present in the A-form duplexes.63 Short 
RNA/RNA duplexes are usually much more stable 
than the DNA/DNA duplex of the same sequence.64 
We therefore chose as our working hypothesis to 
mimic RNA-like or Cy-endo-like structures with nu- 
cleoside analogs in order to  beneficially influence the 
RNA binding behavior. 

Effects of 2’-substituents on hybrid stability were 
reported: the incorporation of 2’-O-methyl ribonucleo- 
sides 4165fj6 or 2’-fluoro-2’-deoxyribonucleosides 4267 
in oligonucleotides increases the affinity toward the 

(58) Gagnor, C.; Bertrand, J.-R.; Thenet, S.; Lemaitre, M.; Morvan, 
F.; Rayner, B.; Malvy, C.; Lebleu, B.; Imbach, J.-L.; Paoletti, C. Nucleic 
Acids Res. 1987,15, 10419-36. 

(59) Morvan, F.; Rayner, B.; Imbach, J.-L.; Thenet, S.; Bertrand, J.- 
R.; Paoletti, J.; Malvy, C.; Paoletti, C. Nucleic Acids Res. 1987,15,3421- 
37. 

(60) Morvan, F.; Rayner, B.; Imbach, J.-L. Anti-Cancer Drug Des. 
1991, 6, 521-9. 

(61) Herdewijn, P.; De Winter, H.; Doboszewski, B.; Verheggen, I.; 
Augustyns, K.; Hendrix, C.; Saison-Behmoaras, T.; De Ranter, C.; Van 
Aerschot, A. Hexapyranosyl-Like Oligonucleotides. In Carbohydrate 
Modifications in Antisense Research; ACS Symposium Series 580; 
Sanghvi, Y. S., Cook, P. D., Eds.; American Chemical Society: Wash- 
ington, DC, 1994; pp 80-99. 

(62) Guschlbauer, W.; Jankowski, K. Nucleic Acids Res. 1980, 8 ,  
1421-33. 

(63) Saenger, W. Principles of Nucleic Acid Structure; Springer- 
Verlag: New York, Berlin, Heidelberg, Tokyo, 1984. 

(64) Freier, S. M. Hybridization: Considerations Affecting Antisense 
Drugs. In Antisense Research and Applications; Crooke, S. T., Lebleu, 
B., Eds.; CRC Press, Inc.: Boca Raton, FL, 1993; pp 67-82. 

(65) Inoue, H.; Hayase, Y.; Imura, A.; Iwai, S.; Miura, K.; Ohtsuka, 
E. Nucleic Acids Res. 1987, 15, 6131-48. 
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Table 2. Average RNA Hybridization and Stability 
Data of 2-0-Alkyl Nuc leos ides"  

W0+ 0 Base 

R 

Table 4. Average RNA Binding and Stability Data of 
Carbocyc l i c  Nuc leos ides"  

R"O +r 
R, 

R 
ATJmod. 

("C) stab) 
AT,/mod. 

Ri, Rz ("0 stab! 
41  OCH3 +1.0 8 
45 OCH2CH2CH3 +0.8 
46 OCHzCHzOCH3 +1.1 24 
47 O(CH2CH20)3CH3 +1.1 7 48 
48 OCH20CHzCH3 -0 .3  16 
49 (R)-OCH&H(OCH3)CH3 +1.6e 
50 (R)-OCH2CH(OH)CHzOH S1.Y 
51 (S)-OCH2CH(OH)CHzOH +1.Y 

53 0C6H5 < -1.2bd 11 
52 OCH(CH3)z -0.4' 

a The average ATJmod. values were assembled from two or 
three sequences as described66 (A, 5'-"TtCTCTCTCTCT; B, 5'- 
tttttcmtcmtcmtcmtcmT (cm: C(5)-methyl derivatives); C, Y-CTCG- 
TACttttCCGGTCC; D, 5'-GCGttttttttttGCG small letters stand 
for modified nucleotide ana1ogs).l2 If not stated otherwise, the 
values given are based on sequences A, C, and D. bValue 
determined from sequences A and C. Value determined from 
sequences A and D. D showed no cooperative binding to the RNA 
complement. e Value determined from sequences A and B. Walue 
based on a single modification incorporated in A. g Value based 
on uracil instead of thymine. The factor of increased stability in 
10% heat denatured calf fetal serum was established as compared 
to the wild type DNA oligonucleotide. The half-life was deter- 
mined for the sum of n and (n - 1) species of 5'-TCCAGGTGTC- 
CGtttC. 

Table 3. Average RNA Binding and Stability Data of 
2-Auryl Nuc leos ides"  

OR" 

ATnJmod. 
("C) stab.h 

54 CH3 < - 2 . 3 ~  > 48 

56 (E)-CHCHC6Hs <-4.5bdd > 32 
c -3 .7W 48 
c-3.0bd 3 

R &-. 
R 

<-3.gb8d 56 CH2CHCH2 

57 C6H5 
58 CH20H 

For details, see Table 2, footnotes b-h. 

hypothesis is even further supported with the ribo- 
nucleoside analog 48 which prefers, due to the ano- 
meric effect, a different and unfavorable conformation 
of the side chain resulting in a slightly destabilizing 
contribution for the duplex formation. As expected, 
the increasing size of the 2'-chain adds to the nucle- 
olytic stability, yielding promising nucleoside analogs 
for antisense oligonucleotides with derivatives 46 and 
47. 

The importance of electronegative substituents in 
2'-position is best demonstrated with derivatives 54- 
58 carrying alkyl, alkenyl, or aryl side chains (Table 
3).70 Whereas the nucleolytic degradation of the 
corresponding oligonucleotides is greatly inhibited, all 
nucleoside analogs examined revealed a strong nega- 
tive impact on duplex formation, probably due to a 
predominant Cy-endo sugar conformation together 

(70) Schmit, C.; BBvierre, M.-0.; De Mesmaeker, A.; Altmann, K.-H. 
Bioorg. Med. Chem. Lett. 1994, 4,  1967-74. 

59 H, H +0.3' 2.5 
60 OCH3, H -0.9 29 
6 1  O(CH&H20)3CH3, H <-2.0bd > 48 
62 H, OH +0.5 7 
63 H, OCH3 -0.9 10 
64 H, O(CHd4NHz -1.8' > 24 
65 H, CH3 -0.2 15 

a For details, see Table 2 ,  footnotes b-h. I This average value 
was taken from different sequences.74 A ATJmod. of +0.4 "C was 
determined for 5'4ttttctctctctcT against the RNA complement 
under the same experimental conditions. 

with additional steric constraints between the 2'- 
methylene group and the adjacent phosphodiester 
linkage. Even the incorporation of electronegative 
atoms in the b-position as in 58 did not alter this 
behavior. 

Another approach was realized by exchanging the 
oxygen atom of the furanose ring with a methylene 
group, giving carbocyclic nucleoside analogs. While 
oligonucleotides containing carbocyclic 2'-deoxyribo- 
nucleotides were rep~rted,~l-~* substituted derivatives 
were largely unexplored so far. The good RNA binding 
affinity but insufficient nuclease resistance of car- 
bocyclic 2'-deoxyribonucleotides 59 urged us to  search 
for candidates with improved stability.74 On the basis 
of model considerations we focused on derivatives 
carrying additional substituents in either the 2'- or 
6'-p0sition.~~ Opposite to 2'-O-methyl ribonucleosides 
41 (Table 2), the corresponding carbocycle 60 (Table 
4) slightly destabilizes the RNA hybrid duplexes, 
illustrating the importance of the gauche effect in 
ribonucleosides between the ring oxygen and 2'-oxygen 
to stabilize the Cy-endo sugar conformation. Of the 
substituents examined in the 6'-position, only the 
hydroxy derivative 62 was able to enhance the RNA 
binding affinity of oligonucleotides. Larger substitu- 
ents as in 64 beneficially influence the nuclease 
resistance but increasingly destabilize the hybrid 
duplexes. 

Oligonucleotide Conjugates 

Substitution with relatively simple molecules can 
result in a profound effect on the properties of oligo- 
nucleotides. Consequently, oligonucleotides have been 
equipped with a large number of chemical groups such 
as intercalators, hydrophobic residues, alkylating 
groups, or other chemically reactive molecules. The 

(71) Sbgi, J.; Szemzo, A.; Szecsi, J.; Otvos, L. Nucleic Acids Res. 1990, 
18, 2133-40. 

(72) Perbost, M.; Lucas, M.; Chavis, C.; Pompon, A.; Baumgartner, 
H.; R a p e r ,  B.; Griengl, H.; Imbach, J.-L. Biochem. Biophys. Res. 
Commun. 1989,165, 742-7. 

(73) Froehler, B. C.; Ricca, D. J. J. Am. Chem. Soc. 1992,114,8320- 
22. 

(74) Moser, H. E. Strategies and Chemical Approaches towards 
Oligonucleotide Therapeutics. In Perspectives in Medicinal Chemistry; 
Testa, B., Fuhrer, W., Kyburz, E., Giger, R., Eds.; Verlag Helvetica 
Chimica Acta: Basel, 1993; pp 275-97. 

(75) Altmann, K.-H.; Bevierre, M. 0.; De Mesmaeker, A.; Moser, H. 
E. Bioorg. Med. Chem. Lett. 1995, 5 ,  431-6. 
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purpose of such oligonucleotide modifications is the 
improvement of antisense properties like increased 
binding affinity, nuclease resistance, and enhanced 
cellular uptake. Attachment of the residues can be 
achieved through 3'- or 5'-termini as well as through 
sugar moieties, nucleobases, or internucleotidic link- 
ages. Introduction of the residues can be carried out 
postsynthetically, most commonly by reaction with a 
free amino or sulfhydryl group previously introduced 
into the oligonucleotide. Alternatively, substituents 
can also be incorporated during oligonucleotide syn- 
thesis by using the corresponding phosphoramidites 
or other suitable building blocks. Since the synthesis 
of oligonucleotide conjugates has been' the topic of 
recent  review^,^,^^,^^ we will concentrate on the most 
important classes of conjugates and their impact on 
antisense properties of oligonucleotides, thereby citing 
only selected publications. 

Intercalating Groups. Attachment of intercalat- 
ing groups greatly increases the affinity of an oligo- 
nucleotide toward a complementary strand. Stabili- 
zation of the duplex is a result of n--?t interactions 
between the intercalator and the nucleobases. The 
most commonly used intercalators are derivatives of 
.acridine,78 a n t h r a q u i n ~ n e , ~ ~ , ~ ~  and pyrene.81 A con- 
siderable increase in T,, typically in the range of 5-10 
"C per intercalating residue, is observed for an aver- 
age-sized oligonucleotide. In certain cases, however, 
even larger effects have been r e p ~ r t e d . ~ ~ , ~ ~  The con- 
tribution for the increased binding affinity is depend- 
ent not only on the nature of the intercalator but also 
on the site of attachment to the oligonucleotide79~83 as 
well as on the 

Hydrophobic Groups. Such residues have been 
linked to oligonucleotides, primarily to  improve cel- 
lular uptake. Within this class of conjugates, choles- 
terol-modified oligonucleotides have been investigated 
most intensively. Substitution with a cholesterol 
moiety has a pronounced effect on cellular ~ p t a k e . ~ ~ - ~ ~  
It was shown that uptake of such conjugates proceeds 
via an endocytotic p a t h ~ a y . ~ ~ , ~ ~  Detailed studies, 
though, revealed that a major part of these derivatives 
remains encapsulated inside stable endosome-like 
particles and therefore is unable to bind the target 
mRNA.88 Upon substitution of antisense oligonucle- 
otides with cholesterol,86 cholic acid,89 or long aliphatic 
alkyl  chain^,^^,^^ increased antiviral efficiency was 
observed in cellular assays. On the other hand, 

(76) Manoharan, M. Designer Antisense Oligonucleotides: Conjuga- 
tion Chemistry and Functionality Placement. In Antisense Research and 
Applications; Crooke, S .  T., Lebleu, B., Eds.; CRC Press, Inc.: Boca 
Raton, FL, 1993; pp 303-49. 

(77) Beaucage, S. L.; Iyer, R. P. Tetrahedron 1993, 49, 1925-63. 
(78) Helene, C. Genome 1989,31, 413-21. 
(79) Keller, T. H.; Haner, R. Nucleic Acids Res. 1993,21, 4499-505. 
(80) Mori, K.; Subasinghe, C.; Cohen, J. S. FEBS Lett. 1989,249, 213- 

(81) Yamana, K.; Letsinger, R. L. Nucleic Acids Res. 1986, 16, 169. 
(82)Yamana, K.; Nishijima, Y.; Ikeda, T.; Gokota, T.; Ozaki, H.; 

Nakano, H.; Sangen, 0.; Shimidzu, T. Bioorg. Chem. 1990,1, 319-24. 
(83) Durand, M.; Maurizot, J. C.; Asseline, U.; Thuong, N. T.; Helene, 

C. Biocojugute Chem. 1993,4, 206-11. 
(84) Asseline, U.; Delarue, M.; Lancelot, G.; Toulme, F.; Thuong, N. 

T.; Montenay-Garestier, T.; HBlBne, C. Proc. NutLAcad. Sei. U S A .  1984, 
81, 3297-301. 

(85) Temsamani, J.; Kubert, M.; Tang, J. Y.; Padmapriya, A,; Agrawal, 
S. Antisense Res. Dew. 1994, 4 ,  35-42. 

(86) Svinarchuk, F. P.; Konevetz, D. A,; Pliasunova, 0. A,; Pokrovsky, 
A. G.; Vlassov, V. V. Biochimie 1993, 75, 49-54. 

(87) Krieg, A. M.; Tonkinson, J . ;  Matson, S.; Zhao, Q.; Saxon, M.; 
Zhang, L.-M.; Bhanja, U.; Yakubov, L.; Stein, C. A. Proc. Nutl. Acad. 
Sci. U S A .  1993, 90, 1048-52. 

(88)  Boutorine, A. S.; Kostina, E. V. Biochimie 1993, 75, 35-41. 
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substitution with cholesterol or a lipid resulted also 
in nonspecific, sequence-independent  effect^.^^,^^ Li- 
pophilic molecules have been attached to oligonucle- 
otides using linkers which can be cleaved by intra- 
cellular  enzyme^.^^^^^ Liberation of the oligonucleotide 
by action of intracellular enzymatic activity was 
demonstrated in the case of disulfide-93 or ester- 
linked86 hydrophobic residues. 

Chemically Reactive Groups. Oligonucleotides 
bearing chemically reactive groups can be used for 
sequence specific modification andlor cleavage of 
targeted nucleic acids.94 In  vitro translation of rabbit 
globin mRNA was substantially reduced after incuba- 
tion with an antisense oligonucleotide bearing an 
alkylating The extent of inhibition correlated 
well with the amount of cross-linking. Photoinduced 
cross-linking to  complementary single-stranded oligo- 
nucleotides was described with aryl azide,96 por- 
~ h i n e , ~ ~  and p ~ o r a l e n e ~ ~ , ~ ~  derivatized oligonucleotides. 
After hybridization, cross-linking with psoralene con- 
jugates was effected by irradiation at 350 nm.98 Cross- 
linking could be reversed by irradiation at 254 nm. 
Psoralene-modified oligonucleotide methylphospho- 
nates were specifically cross-linked to  single-stranded 
regions of rabbit globin mRNA. This treatment led 
to  a considerable reduction of in  vitro t r a n s l a t i ~ n . ~ ~  

Metal complexes were covalently attached to oligo- 
nucleotides for the specific cleavage of nucleic acids, 
a field which has been comprehensively reviewed.loOJol 
Among the best investigated compounds are iron and 
copper complexes. In particular, single-stranded 
DNAlo0 but also RNAlo2-lo4 were cleaved by such 
conjugates at specific sites in a metal-dependent redox 
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Figure 9. Schematic illustration of the sequence-specific RNA 
cleavage by oligonucleotide conjugate 66. 

an oligodeoxynucleotide (66), we achieved an almost 
quantitative cleavage (88%) of synthetic, complemen- 
tary RNA at physiological pH and temperature (Figure 
9).lo9 Due to the high chemical stability of these com- 
plexes this approach might become useful to enhance 
the potency of modified antisense compounds. A 
different approach was realized with conjugates that 
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are hybrid molecules between oligonucleotides and 
nucleases or nuclease fragments.l1°-l12 

Poly(L-lysine). Due to the known ability of poly- 
(L-lysine) to  promote cellular uptake of drugs,l13 oli- 
gonucleotides have been conjugated to this basic 
polypeptide114J15 and recently also to poly@-orni- 
thine). l6 Poly( L-lysine) conjugates showed specific 
activity against vesicular stomatitis virus (VSV) in 
cultured cells a t  concentrations as low as 100 
In other assays, however, these conjugates also in- 
duced nonspecific effects. 

It is worthwhile mentioning that often several 
beneficial effects are observed upon substitution of 
oligonucleotides with a single chemical group; e.g., 
attachment of intercalators, lipophilic groups, or poly- 
(L-lysine) not only influences binding properties or 
cellular uptake but generally also results in increased 
nuclease resistance. 

Outlook 
Even though phosphorothioates are generally be- 

lieved to represent the first generation of antisense 
oligonucleotides, they suffer from certain drawbacks 
like the existence of diastereoisomeric mixtures, in- 
termediate RNA binding affinity, and certain nonspe- 
cific side effects.21 The work presented and cited above 
clearly indicates that solutions for antisense oligo- 
nucleotides with improved binding properties and 
nuclease resistance can be realized by various chemi- 
cal approaches. In addition, novel achievements were 
presented which can influence the biological efficacy 
by modulating the biodistribution and/or stability of 
the target mRNA by cleavage. However, if these new 
promising candidates will be useful as a second 
generation of antisense compounds remains to be 
proven by their in vivo pharmacokinetic and pharma- 
codynamic behavior. So far, the collection of in vivo 
data is limited exclusively to methylphosphonates and 
in particular phosphorothioates which have entered 
the clinical trials as the first generation of antisense 
compounds. 
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