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ABSTRACT Tv. Described below is a strategy using six test sequences for
evaluation of hybridization properties of chemically-modified
oligonucleotides to RNA complement. Over 200 modifications
were tested as part of our antisense drug discovery effort. The
behavior of these modifications in this screening system will be

In an effort to discover novel oligonucleotide modifica-
tions for antisense therapeutics, we have prepared
oligodeoxyribonucleotides containing more than 200
different modifications and measured their affinities

for complementary RNA. These include modifications discussed.
to the heterocyclic bases, the deoxy-ribose sugar and METHODS
the phosphodiester linkage. From these results, we
have been able to determine structure—activity rela- Strategy for evaluation of oligonucleotide modifications
tionships that correlate hybridization affinity with . , , o
changes in oligonucleotide structure. Data for oligo- To maximize the number of ollgonu_c_leqtlde modlflcatlons that
nucleotides containing modified pyrimidine nucleo- can be prepared and evaluated for utility in antisense applications,
tides are presented. In general, modifications that we adopted a two-phase strategy. In the first phase, only the
resulted in the most stable duplexes contained a modified T nucleoside was prepared as-&®MT-protected
heteroatom at the 2 '-position of the sugar. Other sugar phos_phoramm!ﬁg and a series of ollgonucleptlde§ containing only
modifications usually led to diminished hybrid stabil- modlfled }hym|d|nes was prepared. Alternatively, |f the modlﬂc':a}-
ity. Most backbone modifications that led to improved tion was in the phosphodiester backbone, a T dlmer_contalnlng
hybridization restricted backbone mobility and re- the modified backbon_e between two th_ym|d|.ne residues was
sulted in an A-type sugar pucker for the residue 5 ' to pr_epared. B!ock cqupllng of these mpdlfled dimers resulted in
the modified internucleotide linkage. Among the het- qhgonuclt_aotldes W|th_b_ack_bone modifications b_etween consecu-
erocycles, C-5-substituted pyrimidines stood out as tive T reS|d_ues. Hy_brldlzatlon_ and n_uclease_ resistance properties
substantially increasing duplex stability. for this series of oligonucleotides with modifications only at the
T residues or T-T linkages were evaluaieditro. Only if the
INTRODUCTION hybridization affinity, hybridization specificity and nuclease

resistance of these modified oligonucleotides met some minimum
The high affinity and specificity of Watson—Crick hybridizationrequirements, modified amidites were prepared for the other
has made oligonucleotides attractive agents for diagnostic andcleobases and the modification was incorporated into antisense
therapeutic applications. Although unmodified DNA oligo-oligonucleotides for testing in a cellular assay. This strategy has
nucleotides have been reported to demonstrate antisense actipityved effective. Usually, synthesis of the modified T nucleoside
in cell assays, much research has been devoted to the discoy@rgsphoramidite required fewer steps than the corresponding A,
of modified oligonucleotides as antisense therapeutics (1). Tior G amidites so the initial evaluation could be made rapidly.
primary goal of these modifications has been to improvén general, hybridization properties of oligonucleotides which
biostability and cellular uptake of the oligonucleotides and toontain modifications only on a single nucleobase have been
optimize tissue and cell distribution for a particular moleculapredictive of properties for uniformly modified oligonucleotides
target. It is important, however, that modified oligonucleotidesr ‘gapmers’ which contain a stretch of DNA flanked by regions
maintain the hybridization characteristics of unmodified DNAof modification(3,7,8). More important, odifications that bind
The mechanism of action of antisense oligonucleotides requiregakly to complementary RNA in this series have not demon-
specific hybridization of the oligonucleotide at its complemenstrated good antisense activity (K. H. Altmann, B. Monia and N.
tary site on the mRNA. The importance of hybridization iDean, unpublished results). Thus preliminary evaluation of
demonstrated by the correlation of antisense activity observedhgbridization using only modified thymidines has been predictive
cell assays (2-5) and vivo (6) with hybidization affinity and  of the value of a modification for antisense applications.
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Table 1. Sequences containing modified thymidine used for hybridization Table 2. Effect of 5-methyl pyrimidine substitution dfy
studies 0 NH, ?\ /{NH;
HyC Ho A H. HyCo A
scquence # of modifications fit \[ by f iH \u )N
number modified sequence’ T nucleosides | T-T dimers NT o N o N To NTo
seql (CCAGGLGICCCGCALC 4 NA drR d dR
seq2 CTCGTACCITTCCGGTCC or CTCGFACC@TCCGGT(‘C 1 1 T dc QU S-methyl dC
seq3 CTCGTACUtCCGGTCC or CTCGTACHU-tICCGGTCC 4 2
seqd GCGtttttttttGCG or GCGH-ti-tt-t-ti-tG 10 5 - - B =
seqs TTTTICTCTCTCICT of TTTHCTCTCTCTCT 1 1 mzd I el chgTMlp“;:;;d T‘“Z‘;‘:DlNi’e 5T e
seqb’ titttcteteteteT or I;tt-lt-cl-cl-ct-cr-cT 14 7 P ARENT FOR ALL MODIFICATIONS
T(WC) 0.0 0.0 0.0 0.0 0.0 0.0
(62.3)" | (63.3)' | (61.8)" | (50.2)' | (52.1)' | (52.7)
1t represents a modified thymidine nucleosidergpresents a TT dimer in & HETEII}SS{CLE MOD&’CA“O;‘;S 57 T -
which the phosphodiester linkage between the thymidines has been modified. 7)) Teea0) ; - : - - 0.0
2This sequence contains modified thymidine and deoxycytidine residues. (0] 1¢d0) +11

lvalues in parentheses are g (°C) for the unmodified DNA
with its RNA complement.

Hybridization was evaluated using absorbance versus tempera-
ture 'proﬁle.s. The teqhnlque required .only 2-4 OD units 0 hysiological ionic strength, th&Ty, value for a PNA-DNA
modified oligonucleotide and reproducible results were easil Omer duplex was only TT (19)
obtained. Althoughly can be precisely measured, it is not a '
thermodynamic parameter and does not directly measure hybrid-
ization affinity.AG®37is the appropriate parameter for evaluating' M measurements
hybridization affinity. It represents the free energy difference\bsorbance versus temperature curves were measured as de-
between duplex and single strands at@7Unfortunately, for  scribed previously (7). Each sample contained 100 mi| Na
oligonucleotides longer than about 10 residues and ionic strength® mM phosphate, 0.1 mM EDTA M modified oligonucleo-
less thariD.5 M, coil to helix transitions tend to be non-two stateide and 4uM complementary, length matched RNAT, per
(9-12) and this was observed for many of our tians.AG°37  modification was calculated by subtractifig of the unmodified
obtained from the melting curves was sensitive to analysSSNA-RNA parent duplex and dividing by the number of
method, particularly to how baselines were dré¥8+15).Ty,  modified residues in the sequence. Averafig per substitution
on the other hand, was much less sensitive to analysis methags calculated by summing th&), values for all oligonucleo-
Consideration of the thermodynamic equations demonstrates tiiges containing that modification and dividing by the total
for changes infy <25°C and changes iAH® <25%, ATy number of substitutions. Averages calculated by this method
correlates quite well withAG*® 37. This correlation has also been weigh each oligonucleotide by the number of substitutions it
observed experimentally (7,8). Thlig andATy, were used to contains.
evaluate the effect of chemical modification on duplex stability.
[Note: throughout this manuscript, we use the phrases ‘duplexEsuULTS
stability’ and ‘hybridization affinity’ to refer té\G° 37, the free B
energy difference between duplex and single strands’@B7  Tm values for the unmodified controls

The six sequences used for the initial hybridization studies afg, values for the six unmodified DNA sequences versus their
listed in Table 1. They included sequences with single modificgyna complements are listed in Table 2. In additiSRy values
tions interspersed between unmodified residseg(seq2and ¢ jisted for the same sequences containird Bold numbers
seqg, sequences with short or long continuous stretches ﬂ{parentheses refer to modification numbers from the tables and
modified residuesseg3andseq4 respectively) and one sequenceigres) and foseqéwith 5-methyl d0(2-3) Each substitution
(seq that was fully modified, except for the' Serminal ot g for T resulted in an average change of about Qi Ty,
nucleoside. Our primary interest was in the utilization of thesg,y gypstitution of 5-methyl dC for dC resulted in an average
modifications for antisense applications so we focused Ofcrease of about +0°E per substitutiof20). For all nodifica-
hybridization of the modified oligonucleotides to complementaryiy s discussed belowT) values were calculated relative to the
RNA. I : _ ... unmodified DNA parent (containing T and dC) even though some

To test the effect of our modifications in a uniformly modified ¢ the sugar and backbone modifications were prepared on dU
oligonucleotide, the modified C amidite was synthesized angiiner than T or on 5-methyl C rather than dC. For each
seq6was prepared. We opted to prepare the C amidite rather thajisication, the nucleobase is listed. If dU was used, a
to test homo-T oligomers for hybridization. When mixed withyegapilization of approximately —06 per substitution would
oligo-A, oligo-T can form many complexes including triple- e aypected in addition to any stabilization or destabilization
stranded structures and high molecular weight aggregates wih ,seq by the modified sugar or backbone.
staggered duplexg46). Due to the symetry of the sequence,
both parallel and antiparallel hybridization is possible. Thes%ugar modifications
complex structures can be difficult to characterize due to slow
hybridization and coexistence of multiple species. Results withffect of 2sugar substitutionTable 3 listsATy, values for
such complex structures can also be misleading. For examptdigonucleotides containing substitutions at thep@sition of
triple-stranded complexes formed by PNfyBnd dAgled to  deoxyribose. It is clear from Table 3 that the exact valdd gf
the conclusion thdffy values for short PNA-DNA duplexes were per substitution depended on sequence. Thus, effects of modifica-
50°C higher than their DNA-DNA counterpafts7,18). How-  tions on duplex stability can be compared quantitatively only if
ever, later work with mixed sequences demonstrated that, thie same sequences were used for all modifications. Trends,
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Table 3. Effect of 2 sugar substitution dffy

HO.

W 0 base
OH R
Modification ATy per mod (parent is DNA) reference
# hetero- | 2'-substituent seql | seq2 | seq3 | seqd | seqS | seq6
cycle
@ | UdC) [-F +0.6 | +0.1 +1.0 | +1.3 |21
(5) | T(™dC) | -F +1.7 | +2.5 | P. Martin, unpublished results
(6) UdC) | -OH +0.4 | D. Hiisken, unpublished results
() | UdC) |-0-CH, 02 | +12 | +0.5 | 403 | +0.5 | +0.8 | 92, 93,94
8) | T(™dC) | -O-CH, +1.1 +0.8 | +1.1 | +1.2 | +1.4 [ 30
9 | UdC) |-0-CH,-CH, +0.6 | +0.7 | 7, P. Martin, unpublished results
(10) | T(™dC) | -O-C,H,-CH, +0.7 | +1.1 | +0.7 | +0.8 | +1.4 | +1.4 | P. Martin, unpublished results
(11) T -O-CH-(CH,), -0.4 | -0.1 30
(12) T -O-CH,-CH=CH, +0.8 +0.4 |- +0.8 | +1.3 94, 95, 96, P. Martin, unpublished results
(13) T -0-C;H-CH, +0.6 +0.6 | +0.8 | +1.2 7, P. von Matt, unpublished results
(14) 9] -0-C;H,-CH, -0.1 7
(15) T -0-C4H, -0.2 -1.1 [NC' [ -1.6 A. Waldner, unpublished results
(16) T -S-C¢-H; -3.6 38 [ NC'] -64 P. Martin, unpublished results
(17) | T(dC) |-CH, 13 [ -11 [ 23 [ NC' | 22 [ 25 [24
(18) T |-CHF 3.1 24
19) T |-CF, 47 24
(20) U -CH,-CH; 31 ] -58]-35|NC'[|-44 97
@21) || U |-CH-CH=CH, 5.1 NCT 97
22) T | -CI,-CH=CI], 24| 50| 37 | NC" | -47 97
(23) T -CH; 3.6 | -64 ] -3.7 [ NC' 24
(24) U -CH=CH-CH 39 ] -73 | 34| NC! 97
(25) T -CH,-OH 29 [-31 [ NC| 26 24
(26) T -CH,-O-CH; 2.1 ] 43 ]-12 ] NC' | -34 24
27) T -CH,-CH,-CH,-O-CH, -2.0 32 [ NCT [ -59 K.-H. Altmann, unpublished results
(28) U -0-CO-NH(CH,) 23] -32]-58 | NC M. Manoharan, manuscript in preparation
(29) U -0-CO-NH-CH,-CH,-N-(CH,), -5.7 M. Manoharan, manuscript in preparation
(30) U -O-C,H-NH, +02 |26 | -05 | -06 27,98
31) T |-O-CHyNH, 13 1.9 P. Martin and K. H. Altmann,
unpublished results
32) U -0-CH,-C,,H,0, +2.1 | +1.6" | P. Martin, unpublished results
(33) | U(C) | -0O-CH,-O-CH,-CH, +0.0 | P. Martin, unpublished results
(34) T -0-CH,-O-CH,-CH, -0.9 | -02 | 0.0 | -12 P. Martin, unpublished results
(35) | TdC) |-0-CH,-O-CH, +0.9 | +1.6 | +0.9 | +1.2 | +1.2 | +1.7 | 30,32
(36) T -0-C,H,-O-CH, +0.4 P. Martin, unpublished results
37 T | -(0-C,H,),0-CH, 0.9 30
(38) | T(*dC) | (O-C,H,-);,0-CH, 12 | 407 | 08 | 1.1 | +1.1 | +1.7 | 30
(39) T -(0-C,H,-),0-CH, +0.9 | +04 30
(40) T ~(0-C,H,-);0-C¢H,,-CH, +0.2 P. Martin, unpublished results
(41) T -0-C,1,-CF; +1.1 | +1.0 P. Martin, unpublished results
(42) T |[-0-CH-OH +13 P. Martin, unpublished results
(43) T -0-C,H,-F +1.4 {1 +0.3 | +1.1 | +1.3 | +1.7 P. Martin, unpublished results
(44) T | -O-CH,-CH(CH,)}-F 13| +02 P.Martin, unpublished results
(45) T 0-CH,-CH(CH,0H)-OH +1.2 | +1.5 P. Martin, unpublished results
(d6) T | O-CH,-CH(CH,OH)-OH 12| +0.8 | 109 15 30
47 T -0-CH,-CH(CH,-OCH,)-OCH, +1.1 P. Martin, unpublished results
(48) T -0-CH,-CH(CH,)-OCH, +1.0 P. Martin, unpublished results
49) T -0-CH,-CH(CH,-O-C ;H,,-CH,)- -0.3 P. Martin, unpublished results
OCH,
(50) T |B-CIL 23 | 39 | 31 | NC" | 33 24
(51) T |=CH, 19 | 52 | 34 | NC' [ 35 24

INC, non-cooperative transition.
2The structure of this anthraquinone derivative is given in Figure 1C.
3This oligonucleotide contained substitutions at positions 4 and 13 only.

however, were consistent across all sequences studied. Modificenformational equilibrium in the sugar moiety toward the
tions that stabilized the duplex did so for all sequencesiorthern (C3endg conformation consistent with the A-form
modifications that destabilized the duplex redu@gdfor all geometry of RNA duplexd§,21-23). Destallization by larger
sequences. 2'-O-alkyl substitutions, on the other hand, may be caused by
Figure 1 plots the averaghTy per substitution for the steric interference of the larger alkyl chains with other parts of the
substitutions in Table 3. Among thiesRbstitutions reported here, duplex or disruption of water structure in the minor groove (7).
a Z2-fluoro substituent4—5)was the most stabilizing. In general, In contrast to the increase in duplex stability observed with
2'-O-alkyl substitution(7—14) also stabilized the duplex, with electronegative substituents at tHep@sition, 2-sulfur linked
smaller substituents resulting in greater duplex stability thafl6) or 2-carbon linked (17—27) modifications were very
larger ones. A clear correlation between substituent size adéstabilizing (Fig. 1B). Destabilization due tecRalkyl substitu-
duplex stability has been reported previously for a large seriestidn was explained by the tendency of these substituents to shift
2'-O-alkyl substitution$7) and is confirmed by the dataiigére  the conformational equilibrium of the sugar toward theeD@o
1A. The improved hybridization of & and 2-O-R-substituted pucker and away from the C&ndo pucker found in RNA
oligonucleotides to complementary RNA has been attributed ttuplexeq24). Desthilization by 2-Sphenyl(16), 2-Smethyl
the tendency of these electronegative substituents to shift tf®5) and 2amino (26) suligution likely has a similar explanation.
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Figure 1. AverageATy (°C) per substitution for'zsubstituted oligonucleotide\) 2'-fluoro-, 2-O-alkyl-, 2-O-allyl- and 2-O-phenyl-substituted oligonucleotides;
(B) oligonucleotides with'2sulphur or 2carbon linked substitutions or@arbamate linkage<C} 2'-O substitutions with heteroatoms in the side chB@ihsgbstitutions
with the structure '20-CH,-CH,-X where X = O, F or Ck For Figures 1-7, bold numbers in parentheses refer to the modification numbers in Tables 3-15.

In contrast, 2B3-methyl substitution(50) drives the sugar
equilibrium toward C3endo but the 23-methyl substituent
causes steric conflict in an A-form dupléd). Also shown in
Figure 1B are two 'Zcarbamate substitution(®8-29) These

substitutions were very destabilizing. Apparently the rigid odifeaton_ rimpamod et DN [
5 . . . 1 2 e se seq3 | seqd | seq5 | seq ref.

carbamate causes steric interference in the minor groove (M. Gy | oL e s %
(53) -CH, -0-CH, -1.4 | 4.8 -1.3 24

Manoharan, manuscript in preparation).
Figure 1C reports the effect of additional heteroatom's@:R
substituents. '20-amino-alkyl substitutior{30-31)results in a

zwitterionic oligonucleotide and, on average, had little effect o

duplex stability. Similar results have been reported feD-2
amino-propyl substitution in other sequen€®s). The 20O-
anthraquinolylmethyl U modificatio(B2) was very stabilizing

suggesting the anthraquinone may intercalate into the hyb
duplex. Similar stabilization has been observed for oligonucle
tides with intercalators attached to tHee8d (28,29). When a

second oxygen was incorporated into th@©zalkyl side chain,

the 2-O-methoxy-ethyl modificatiorf35) stood out as uniquely
stabilizing. This stabilization is apparently associated with th

Table 4.Effect of 3-substituted thymidines oRy

w

OH R,

ﬁffect, the second oxygen of theethylene glycol results in a
conformation of the side chain consistent with duplex formation

(30-32). Reslts in Figure 1D provide further support for this
hypothesis. Substituents with the structul®©ZH,-CHR-X
rMj'ere X =0H, F, Ckor OCH and R = H, CH, CH,OH or

0-

LOCH;z (41-48)all resulted in substantial stabilization of the
duplex. This suggests an electronegative group at X and any

group at R results in duplex stabilization. The only exception was
substitution with a very long hydrocarbon on the second carbon

<(9R = OGeH33) (49) which was destabilizing.

ethylene glycol motif; 2 substituents with as many as four Effect of 3B substitution Table 4 reportsATy values for
ethylene glycol unit$37-39)still stabilized the duplex. Even a oligonucleotides modified at thé@osition. 3-8 methyl substitu-
nonyl group was well tolerated at the end of the ethylene glycdbn (52) resulted in reduced duplex stability. Additionab20-
methyl substitutiorf53) decreased duplex stability even further.
substitution reported for’-D-nonyl substitution (7). The ob- Destabilization by these substitutions has been attributed to a
servation that 20-(CHp),-O-CHg substitution stabilized the strong preference of thé-8 methyl nucleoside for the 2ndo
duplex forn = 2 (35) but had little effect on duplex stability for conformation which is incompatible with an A-form duplex and
to unfavorable steric interactions in the modified dugBy.

chain (40). This contrasts with a destabilization of 2E€3per

n=1(34)orn=3(36)led to the hypothesis that, due togheiche
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Figure 2. AverageATy (°C) per substitution for oligonucleotides containing replacements for the furanose oxygék) ®éplacement of the ring oxygen with
S, CH, or NCOCH; and B) substitution at the'@arbon of carbocyclic nucleosides.

Table 5.Effect of 4 oxygen substitution ofiy Table 6.Effect of 1 and 6 substituted carbocyclic nucleoside analogs
HO T onTw
//X\: HO. T™C)
OH R w,
- . - Modification AT, per mod (parent is DNA)
Modification AT, per mod (parent is DNA) # [-R1 -R2 | seql | seq2? | seq3 | seqd | seqS | seq6 reference
# -X- R seql | seq2 | seq3 | seqqd | seq5 | seq6 | ref. (59) | -OH H | -04 02 | 10.8 | -0.8 | +0.8 | 37
54 -S- -H +0.2 34 (60) | -CH, H | 15| -08]-03|-02|-01 |+0.1]100
(55) -CH,- “H +0.3 +0.4 99 (61) | -CH,-OH H |10 ] - 027 -0.1 | +0.2 [ 100
(56) -CH,- -0-CH, 19 [ 07 -10 | +1.1 37 (62) | - C,H-OH -H <02 K.-H. Altmann,
(57) -CH,- -(0-C,11,),-0-CH, -1l [ 297 26 [NCT[+02 37 unpublished results
(58) | -N(COCH,)- |-H -12 [-06 [ -15 36 (63) | -O-CH, -H | 13 ]+02) 07 | -09] -2.0 37
(64) | -O-C,H-CH, -H -28 | 28 | -1.7 | NC | 4.0 37
1 ~ . s (65) | -O-C.H,-NH, -H -14 | -1.8 -1.9 | -1.1 37
NC, non-cooperative transition. ) T OCHOTE T H RS A T
(67) | -NH-CO-CH, “H 11 K. Altmann,
unpublished results
(68) | -NI; -H -3.0.] -4.0 | -1.6 -1.1 K.-H. Altmann,
i unpublished results
Effect of 4-oxygen replacemenfable 5 listsATy values for G TE e e e e Sums s u |
oligonucleotides in which the ring oxygen of the furanose has| @ |-ca T [ 61 | 76 | 58 [ NC' | 28 K Aluarn,
. . unpublished results
been replaced with sulfyb4), carbon(55) or nitrogen(58). a5 T o N S T T
Averaged values are plotted in Figure 2A. Replacement of th unpublished results

oxygen with §54) or CH; (55) had little effect oy consistent INC, non-cooperative transition.

with the DNA-like conformation adopted by these nucleosides 2the heterocycles for this oligonucleotide were thymine and cytosine.
(33-35). 20-methyl(56) or 2-O-methoxy-diethoxy-ethy(57)

substitution on the carbocycle destabilized the duplex. This

contrasts with the stabilizing effect thess@bstituents had on a

ribonucleoside and emphasizes the importance ofjluehe . ] o )

effect between the ring oxygen and tHeogygen in dup|ex Flg ZB) This destabl!lzaﬂon mlght be due to a tendency of the
stability. 1'-a methyl carbocyclic nucleoside to adopt' @doconforma-

In contrast to the slightly stabilizing effect of S or £H tion which is inconsistent with an A-form duplex struct(88).
replacement of the ring oxygen with Bhacetyl moiety(58)  In contrast to 6a-hydroxy substituents, 48-OH groupg71)led
destabilized the duplex. It has been suggested that this destabilfz-duplex destabilization. This might be related to unfavorable
ation is due to distortion in duplex structure caused by the acegffects on base conformation such as a preference of the base for
group or the tertiary amide bond (3&Ty values for oligo- asynrather than the usuahti orientation.
nucleotides containing carbocyclic nucleosides modified at the 6
position (in the carbocyclic nucleoside, the Gkhich replaces Effect of bicyclic sugarsin an attempt to pre-organize the
the ring oxygen is designatet] (9—71)are reported in Table 6 antisense oligonucleotide into a structure compatible with A-type
with average values plotted in Figure 2Bo6substitution with  duplex formation, several bicyclic sugar modifications have been
a methyl (60), hydroxymethyl(61), hydroxyethyl (62) or a investigated. Structures for four of such conformationally
hydroxy (59) group was well tolerated whilé-6-OR (63-66)  constrained building blocks and averaged value\igf per
6'-a-amino (68) or 6-a-acetylamino (67) substitution was substitution are shown in Figure 3 and exBgtdata for our
destabilizing. It has been suggested that the stability of hybribquences are listed in Table 7. Among these bicycles, only the
duplexes containing’@-OH substitution is due to favorable 4'-6'-methano carbocyclic thymidin@&3) stabilized the duplex.
solvation of the hydroxyl modified duplexes and their potentiaDNA:RNA duplex stabilization correlates with the tendency of
for H-bonding with adjacent residu¢87). Model hiilding this nucleoside to adopt a northern conformaf@®40). The
suggested that'61 substituents can be accommodated in ai'-6'-methano carbocyclic thymidir{@2), in contrast, favors the
A-form duplex so destabilization by thé-&OR and other Southern conformation and resulted in a decrease in duplex
substituents may be due to unfavorable solvation effects. stability (41). The other two Imged nucleosideg74—75)

Oligonucleotides containing'-B methyl-substituted carbo- destabilized the duplex substantially. DestabilizatiofyBymay
cyclic nucleoside$69—70)hybridized very poorly (Table 6 and be due to the rigidity of this modification.
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Table 7.Effect of bicyclic modification or cyclobutyl substitution @y

AT, per mod (parent is DNA)
Modification #' seql | seq2 | seq3 | seqd | seq5 | seq6 reference

(72) -1.81-09 | -1.1|-08 | -18]-1.1 |41

(73) +0.8 | +2.17[ 39,40

{74) 23 H. Moser and R. Mah,
unpublished results

(5) 4.6 | -88 | -39 | NC' | 5.1 101

(76) -33 | 3.7 | 32 | NC G. Baschang and F. Gasparini,
unpublished results

%) 33740 | 32 | NC G. Baschang and F. Gasparini,
unpublished results

1structures for these modifications are given in Figure 3.
2This oligonucleotide had a single modification in position 10.

3NC, non-cooperative transition.
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Figure 3. AverageATy (°C) per substitution for oligonucleotides containing

bicyclic sugar analogs.

Furanose replacement by four-membered riffiggo cyclobutyl
nucleoside analod36—77)were incorporated into oligonucleo-
tides. They greatly destabilized the duplex (Fig. 3).

Nucleobase modifications

Effect of substitution at the 5 or 6 position of thynitig, values
for oligonucleotides containing substitutions at the 5 and 6xtreme duplex destabilization (Fig. 4C). This is likely due to the

positions of uracil are reported in Table 8 with average values
plotted in Figure 4A. Removal of the 5-methyl group of T to
generate dU1) resulted in a slight decrease of duplex stability.
Substitution of the 5-methyl group with a halogé8-80)had

little effect and substitution with a methoxy-ethoxy-methyl group
(83) was destabilizing. Among the bases substituted at the 5
position, 5-propynyl d\81) stood out as most stabilizing. This
stabilization has been explained by increased sta¢kRigand

has also been observed for 5-methylthiazole-substitutgd 3)U
and tricyclic dC analog&t4).

A single positively charged amino-propyl group at the 5
position of U(82) had a slight positive effect on duplex stability
at this ionic strength. Slight stabilization has also been reported
for 5-amino-hexyl-substituted pyrimidines and has been at-
tributed to shielding of the negative phosphate charges in
unmodified hybrid duplexeg45). Interetingly, in another
sequence, substitution of five thymidines with an analog contain-
ing a six-atom, amino-ethyl-3-acrylimido modifier at the 5
position of dU(84) (Glen Research, Sterling, VA) resulted in an
increase inTy of 1.22C per substitution (M. Manoharan,
unpublished results). Perhaps the acrylimido group contributes to
stacking in a manner similar to the propyne substitution.

In contrast to the stabilizing or neutral effect of substituents at
the 5 position, substitution at the 6 posit{@&»—87)was very
destabilizing. This destabilization is most likely related to the
inability of these nucleosides to adopt the anti conformation due
to the bulk of the substituent at positiof28).

Figure 4B summarizes the effect of combinations of 5 &nd 2
substituents. In all cases the effects were roughly additive.
Combination of two stabilizing modifications such agl@oro
and 5-propynyl(88) resulted in a very stable hybrid. When
stabilizing and destabilizing modifications were combined, for
example, 20-methoxy-ethyl with 5-methoxy substitution, the
effect on duplex stability was essentially neutral.

Effect of other pyrimidine heterocycle modificatiorables 9 and
10 report ATy values for other pyrimidine modifications.
Substitution of O4 or 02 of -methyl U (92-94)resulted in

Table 8.Effect of 5 or 6 pyrimidine substitution Ay

Ry

o]

[
wo. RN )
L0
OH Ry
Modification AT, per mod (parent is DNA)
# |-R1 -R2 | -R3 seql ] seq2 | seq3 | seqd | seq5 | seq6 reference
1 |-H -H -H -0.6 | -32 | 02| -04 | +0.1]-03 {20
(78) | -F H |-H 02 20
(79) | Br H || 03 20
(80) | -I -H -H -0.1 20
(81) | -C=C-CH, -H -H +0.9 | +2.6 | +1.7 | 2.1 | 42.6 5,42,102, P. Martin, unpublished
results
(82) | -C;HNH, -H -H +0.7 .2 P. Martin, unpublished results
(83) | -CH,-O-C,H-O-CH; |-H -H <10 | 22 | -1.6 1.2 P. Martin, unpublished results
(85 |-H -CH, | -H -3.9 20
(86) | -CH, -CH, | -H 33 20
(87) | 5-6 propyl bridge' -H 27 | -1.3 Y. S. Sanghvi, unpublished results
(88) | -C=C-CH, -H -F +2.6 | +3.1 0. Acevedo, unpublished results
(89) | -C=C-CH, H |-O-CH, O-CH, 2.1 | 23 356 103
(90) | -O-CH, -H -0-C,H,-O-CH, | -0.2 +0.3 | +0.4 P. Martin, unpublished results
(91) | -C=C-CH, -H -CH, 2.2 -1.0 | -0.6 C. Schmit, unpublished results

1See Figure 4A for structure.
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Figure 4. AverageATy (°C) per substitution for oligonucleotides containing modified heterocy&lgS- @nd 6-substituted thymidineB)® substitution combined
with 2 substitution; €) substitution at O4 or O2 ori-@-methyl U; D) 6 aza T analogs, 2 thio T and@-methyl pseudo uridine. The modification marked with

an asterisk was evaluated in the sequence CtCGtACCttCCGtCC.

Table 9.Effect of substitution of 04 or O2 of-©-methyl uridine

onTy

Ry 2
Sy fklu
@% ——
e o

mod ATy, per mod (parent is DNA)

# Modification seql | seq2 | seq3 | seqd | seq5 | seq6 | rcf.

(92) | R1= -C(OH)=CH-C,}H, -16 46

(93) | R1= -C(OH)=CH-C,H,-OH -7.8 46

(94 | R2= -CH,-CO-CH, -6.6 | -10.2 46

Table 10.Effect of modified pyrimidines offiy

mod ATy, per mod (parent is DNA)

# Modification' seql | seq2 | seq3 | seqd | seq5 | seq6 reference
95 6aza T -1.4 20
(96) 6 aza, 5 propynyl dU 23 | -12 104
07 6 aza, 5 thienyl dU 321910 104
(98) 2thio T +0.9 | +0.5 +1.7 E. Swayze,

unpublished results

99 2'-O-methyl-pseudo U +1.6 | 0.3 | +1.0 [ +1.3 50

1Structures of these modified nucleosides are shown in Figure 4D.

contrastto the results in Figure 4B, addition of a 5-propynyl group
to 6-aza T(96) did not improve RNA binding affinity.

Figure 4D also plots data for 2-thio(%8) and 2-O-methyl
pseudo U99). 2-thio-T resulted in an average increasépbf
+1.4°C per substitution (Fig. 4D). This may be due to a tendency
of the 2-thio nucleoside to adopt a' @&dosugar conformation
(E. Swayze, unpublished results). This modification also im-
proved binding to DNA targets suggesting improved stacking
also contributes to duplex stability. The stabilizing effect of
2'-O-methyl pseudo @99) was greater than that of@-methyl
U (6) suggesting that the modified heterocycle itself also
contributes to enhanced duplex stabil9).

Effect of purine heterocycle modificatioAdthough the series of
oligonucleotides used in this study contained modifications only
on pyrimidine residues, it is important to note that modifications
of the purine heterocycle have also been described which result
in improved hybrid stability. Among the most stabilizing purine
modifications are the 7-halo-7-deaza puri(g$,52) and the
7-propyne-7-deaza purings3). The likely cause of increased

fact that these modifications remove hydrogen bonding sites duplex stability for these modifications is increased stacking of

the heterocycle (46).

Substitution of T with 6-aza {B5) was also destabilizing (Fig.

the modified purine rings.
Another modification that stabilizes the duplex is 2-amino-

4D). We speculate this destabilization is due to decreasedienosine (2,6-diamino-purine). The amino group allows an
H-bonding because the reducd€ fior 6-aza T, compared to T, additional H-bond to form with U and results in an increa3gin
shifts the nucleoside toward the enol tautomer (47-49). lof (1L°C per substitutioti54, E.Lesik, unpublished results).
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Backbone modifications

The effect of non-phosphorus containing backbone modifica-
tions The unmodified phosphodiester backbone contains five
bonds and four atoms (-O-P@-CH,-) between the five-mem-

bered rings of adjacent residues. Several modifications were

OH

Table 11.Effect of non-phosphorous backbonesTgn

tested in which these four atoms were replaced with a non-phog=

phorous containing backbone (Table 11). Replacement of the

phosphate backbone with four gHjroups (100) severely

destabilized the duplex (Fig. 5A). Flexible glycol and ether

linkages (101-103)were also very destabilizing. When C=C

double bondg105-107)or C=C triple bonds(108-111)were

incorporated into the backbone, destabilization was less pro

nounced but in no case did oligonucleotides with an all carbon

backbone hybridize to complementary RNA with the same

affinity as unmodified DNA (Fig. 5A). In contrast to these all

carbon backbones, the thioformacetal backbone (-2&H

CHy-) increasedry, 0.8°C per substitutior{55). This sthiliz-

ation was attributed to the compatibility of the backbone with the

conformation of the DNA:RNA duplex due to a shift of the sugar

conformation toward C3ndobecause of the reduced electro-
negativity of sulfur compared to oxygésv).
Figure 5B plots averagé&Ty values for oligonucleotides

containing unsubstituted uréH 2) carbamat¢118and123)and

amide(125, 128-129, 139-14fihkages. Three-atoif143-144)

and five-atom(145) amide linkages were destabilizing. Urea,

carbamate and five of the four-atom amide backbones were alsps)

destabilizing. Only two amides did not destabilize the duplex, bot

of which had the amide moiety located in the middle position. They,
have been termed amide(B9) and amide 4139) Modeling

studies of the structures in Figure 5B suggest that the backbon

conformers for these two amide modifications most closely

approach backbone conformations in a hybrid dufix57).
Thus, the stability of these modifications is likely due to a tendency
of the backbone in the single strand to preorganize in conforma

tions favorable for duplex formatiofb8). Apparently the less

flexible urea and carbamate backbones and the destabilizing amid

backbones prefer backbone conformations unfavorable for duple

formation. The beneficial effect of a rigid bond in the middle

position (as in amides 3 and 4) was also observediansC=C

double bond(105) which was the least destabilizing of the all

carbon backbones (Fig. 5B). A single oligonucleotide uniformly

modified with amide 3 was also investigat@®0) Its Ty, was

slightly lower than that of the unmodified DNA control suggesting
that the flexibility of intervening phosphates is required to obtain

improved hybridization compared to natural DNA.

To explore the effect of conformational rigidity in the backbone

on duplex stability further, four analogs of amides 3 and 4 were|
tested with an additional bond between then8thylene group

AT, per mod (parent is DNA)
Backbone (-W-X-Y-Z-) seql | seq2 | seq3 | seqd | seq5 | seq6 reference
(100) -CH,-CH,-CH,-CH,- 42 [ 3.6 | 559 | -3.1 57,105,106
(101) “CH,-CH,-CH,-O- NCT 107
102) -O0-CI1,-CH,-O- =33 107
(103) S-CH,-CH,-O- NCT K. Teng,
unpublished results
(104) -CH,-CO-CH,-CH,- 28 | 2.1 57,106
(105) CH,-CH=CH-CH,- (irans) 0.6 | -1.0 108
(106) -CIL,-CH=CH-CH,- (cis) -1.3 1.5 108
07y -CH=CH-CH,-CH,- 22| -33 P. von Matt,
unpublished results
(108) -0-CH,-C=C- -3.0 ] -1.8 109
(109) S-CH,-C=C -4.6 109
(110) “CH2-CH(OCH3 33 | 31 109
(11) ~CH2-CH(OCT3)-C=C-(S) 05 | 3.6 109
(112) -NH-CO-NH-CH,- 46 | 39 | NC"[ 3.0 110
(113) -NH-CO-NCH,-CH,- 29| 34 | -64] 37 110
(114) -NH-CO-NC,H,-CH,- 3.9 | 42 -3.2 110
(115) -NCH,-CO-NH-CH,- <17 1 5.2 2.7 110
(116) NE-CONC,IL-CH,~ 33 29 110
(117) NCH,-CO-NCH,-CH,- 52 110
(118) -0-CO-NH-CH,~ 3.4 2 | 48 | 29 11
(119) -0-CO-NCIL-CH,- 32125 ] 40| 2.0 i1 ]
| (120) -O-CO-NC,I1;-CH,- 2.5 111
@2 -0-CO-NC,;H,-CH,- 12§ -23 [ -34 | -12 111
(122) -8-CO-NCH,-CH,- -6.7 | -4.0 | 112
(123) NH-CO-O-CH,- 770 | 5.0 | NC' | 38 | 111
124) -NCH;-CO-O-CH,- -56 | 48 [ NC"[ -39 11
(125) -NH-CO-CH,-CH,- 22 28 | 35 | 27 113
(126) -NCH.-CO-CH,-CH,- 37729 | 38| 24 113
127) -NC,H,-CO-CH,-CH.~ 25 -31]-50 (-39 113
(128) -CH,-CH,-NH-CO- -1.3 | -1.8] 28 | -0.5 114
(129) -CH,-CO-NII-CH,- +0.9 | +0.5 | -0.1 [ +0.4 | +0.6°] 56,115
-CH,-CO-NH-CH,- -0.4° [ K.-H. Altmann,
uniform® unpublished results
(131) -CH,-CO-NCH,-CH,- +1.0 | -0.2 1.1 56
(132) -CH,-CO-NC;H,-CH,- +0.9 | -0.2 | <02 0.4 56
(133) | -CH,-CO-N(C;H,0C,H,0C,Hy- | -0.0 | -0.3 | -0.3 0.7 116
CH,-
134) -CH,-CO-N(C,H,)-CH,- 0.7 116
135) | -CH,-CO-N(C,H,-CyH,,)-CH,- NC 3. 116
(136) | -CH,-CO-N(C,H,-O-C,H,-0- i3 2. 6
CH,-O-CH,)-CH,-
(137) | -CH,-CON(C,H-N(CH,),)-CH,- 1.0 P. von Matt,
unpublished results
(138) -CH,-CO-NH-CH,- +0.8" [ +0.47 A. De Mesmaeker,
(with 5 propyne)* unpublished results
(139) CT, NI-CO-CH,- 05| 03 | 04| 08 17
(140) “CO-NII-CH,-CH,- 38 | 33 34 118
(141) -0-CH,-CO-NH- NCT {43 K. H. Altmann,
e (carbo sugar on bottom) unpublished results
(142) ~CH,-CH,-CO-NH- -2.8 K. H. Altmann,
(carbo sugar on both) unpublished results
(143) -CH,-NH-CO- -1.8 119
(144 -CO-NH-CH,- -5.0 119
(145 -CH,-CH,-CO-NH-CH,- -2.6 | -1.1 119
(146 -CH=N-O-CH,- -3.1 120
(147 -CH,-NH-O-CH,- 05| -1.0 | -1.2 120
(148) “CH,NCH,-0-Cli,. 15 | 02 | +01 15121
(149) “CH,N(C,H,)-O-CHy- 0.5 122
(150) T, N(-C,TT,)-O-CH,- 07 122
(151) | -CH,-N(-CH,-CI{CHy),)-O-CH,- 18 22
(152) | -CH,-N(-C,H,-0-CIL)-O-CIL,- 05 122
(i53) | CHN(-C,H,-NIL)-O-CH,- 08 122
(154) | -CH,N(-C,H,N-(CIL,),)-0-Cli- 10 122
(155) | -CH,N(CH,-Cl1)-O-Cll, 00 [ 12 | 22 122
(156) | -CILN(-CT1,-C,1,)-O-Cll, 02 122
(157) ~CH,-NCIL-NCH,-CH,- 1.6 | <01 [ +02 123
| (158) “CH,-O-N(CH,)-CIl,- 13 | 20 124
(159) ~CH,-N{CH,)-CH,-CH,~ 25 | 21 | 26 125
(160) ~CIH,-CH,-N(CH,)-CH,~ 38 | 33 | 44 125
(161) -O-N(CH,)-CI1,-CH,- -1.2 | -0.8 [.-0.9 126

and C2of the deoxyribosfl62—165) Structures of these analogs
are given in Figure 5@\Ty, values are listed in Table 12. As is

seen in Figure 5D, all of these constrained structures were muéRC, non-cooperative transition.

more destabilizing than the parent amides.

2This oligonucleotide contained modified TT and TC dimers.
Data for more four-atom, non-phosphorous backbones ardhis oligonucleotide contained an amide backbone at all 14 positions with
summarized in Figure 5E. Among these amine, hydroxylamin&® intervening phosphates. The heterocycles were T and 5-methyTgC.

and hydrazino backbones, only two were stabilizing. These werié relative to a reference DNA oligo containing T and 5-methyl dC.

the methylene(methylimino) or MM{148) and the dimethyl-
hydrazino (MDH)(157) Stabilization by the MMI backbone has
been attributed to the fact that therethylene group of the MMI
linkage induces a C&ndosugar conformation in the sugat®
the linkage(59).

In addition to the amide backbone, these oligonucleotides contained a
5-propyne substitution on the Tt® each backbone substitution.
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Figure 5. AverageATy (°C) per substitution for oligonucleotides containing non-phosphorous backbone modificAli@lgcols, ethers and all carbon backbones;
(B) urea, carbamate and amide backbor@};sfructures of cyclic backbone substitutiori3) €yclic backbone substitution€£) amines, hydroxylamines and
hydrazino backbonest) N-substituted amide 3 backboneS) (N-substituted MMI backbonest] 2'-substituted amide 3 modifications) @'-substituted MMI
maodifications. Modifications marked with an asterisk resulted in a non-cooperative transition for the only sequence studied.
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Table 12.Effect of cyclic backbone substitutions o Table 13.Effect of 2 substitution or of amide 3 or MMI-modified
oligonucleotides o . Ho_ .
mod AT, per mod (parent is DNA) _-0~_| )(/O\,‘
#' seql | seq2 | seq3 | seqd | seq5 | seq6 | ref. pd 4
162) 54 NC 127 o N
(163) ar 128 e e L
(164 9.5 128 SHzo | Mo |
(165) -6.4° 128
(166 61| 23 129 O o
(167 3716 129 amide 3 MMl
(168) 4.6 129
mod ATy, per mod (parent is DNA)
1structures of these backbone modifications are shown in Figure 5C. Ti% B“”‘_‘C‘lm;‘e DRCIH R}? seql | seq? | seq3 “04‘; “:1; seq6 1;8“‘”"“
. . amide =0 - +0. +0. 3
2NG, non-cooperative transition. (170) | amide3 S -0-CH, 2.0 | 721 [+3.017| 130
3These oligonucleotides contained only three backbone modification, at posi- 8_7,2 amide3 | OCH, | -OCH, Bofe 130
. amide - - -1 3
tions 4-5, 8-9 and 12-13. (I73) | Nephenyl Ei -0-CH, 17 A. Waldner,
4This oligonucleotide contained only one backbone modification, at position amide 3 snpublished
8-9. (174) MMIL -H -OCH, 0.9 | +1.7 ] 123 131,132
5 . . . . e . i (175) MMI -H -F -0.2 | +1.0 | +1.8 131,132
_Thls oligonucleotide contained only two backbone modifications, at posi- e T ocm T e T3 BLs
tions 6—7 and 12—13. 77 | MMI F -O-CH, 2.0 [ 3.0 | 3.8 131,132
(178) MMIL -I -F +1.5 | +22 | +3.4 131,132
(179) MMI -0-CH, -O-CH, +19 | +28 | +3.8 131,132
(180) MMI -H -0-C,H,-O-CH; +1.0 | +1.6 | +2.1 Y. S.
Sanghvi,
In an attempt to identify analogs of amide 3 or MMI with snpublished

improved hybridization properties, sevexasubstituted variants
were investigated. Results frsubstituted amide @31-137) . . . .

. . ) ) This oligonucleotide contained T and 5-methyl C heterocycles.
andN-substltuted MMI(147_156)are Summ,anzed In Flgure; SF 2In addition to the indicated Bubstitutions, this oligonucleotide contained
and G, respectively. Although small substituents on the nitrogeg, N-phenyl substitution in the amide backbone.
of amide 3 were tolerated, none improved hybridization com-
pared to amide 3 itse{fLl29) and large substituents were very
destabilizing (Fig. 5F). For the methyleneimino backbone, only
the N-methyl analog148) was stabilizing (Fig. 5G). All other .
nitrogen substituents were destabilizing. non-bridging phosphate oxygens has been replaced by sulfur,

Figure 5H and | and Table 13 summarize the effects of addin§/HR or -Chb, respectively. All of these modifications result in
2' substitutions to amide(329)and MMI(148), respectively. For " duced hybrid stability. It has been suggested that this destabiliz-

both backbones, addition of &@methyl group on the lower 2ation is caused by diasterecisomerism due to chirality at
sugar (the sugar ®f the modified linkagej170, 174)greatly phosphorous, however, phosphorodithioates, which contain an
stabilized the duplex and-@-methy! substitution on both sugars achiral phosphorous atom, also destabilize the d{pE>68).

of the modified backbon@ 71, 179)stabilized even more than ,_IN contrast, substitution of the bridgingaXygen with NH
2-O-methyl substitutions on a phosphate diester backi)ne (N3' - P5 phosphoramidates) resulted in very stable duplexes

Similar effects were observed for-fluoro (175-178)and  With Tm increases of2°C per substitutior{69). Even greater
2'-O-methoxy-ethyl(180) substitution. This stabilization was Stabilization of 4C per substitution was reported fdfleioro,
explained by the effect of the backbone and tiselistituents on N3 - PS phosphoramidate oligonucleotid@s). These stailiz-
the sugar pucker (60). For the bis-deoxy MMidification(148) ations, which are some of the largest report_ed_ to date have been
the conformational analysis indicated 68 and 31% northerdftributed to the tendency of the sugar moieties to adopt a C3
conformation for the upper and lower sugar, respectivelzhdoconformation when the® is replaced with'aNH (71).
compared toB0% northern for sugars in unmodified DNA.  ATm data for oligonucleotides containing other types of
Addition of a 2-O-methyl group to the lower sugar of the MMI phosphorous modlflcatlonsf are reported in _Tables 14 and 15.
linked dimer unitg174) shifted the conformational equilibrium Averaged data are plotted in Figure 6. Both isomers of an ethyl
to 5% northern conformation for both sugars and resulted inRf!osphinate moie{{i 81—182)were destabilizing, as was the free
significant increase ify. Addition of a second’2-methyl on ~ Phosphinatg184) (Fig. 6A). Shorter, three-atom phosphinates
the upper suga(179) increased the fraction of CZndo (189-190) were also destabilizing. Although addition of a
conformation to 95 and 76% for the upper and lower suga%"o'me_thyI group to the lower sugar of the four-atom ethyl
respectively, and stabilized the duplex even further. Thus the higosphinate modified dimer uni85-188)improved hybrid-
stability of modified DNA:RNA duplexes incorporating intrinsi- Ization, _these modifications were st_lll destab|l|_z|ng. BeC?L_lse the
cally favorable backbone modifications in combination withPhosphinate backbone modified oligonucleotides hybridized to
electronegative'2substituents appears to be strongly correlateNA much more poorly than to RNA, it was suggested that the
with the conformational equilibria of the sugars. lack of an electronegat!ve_ group at' @Bely favors a no_rthern
Table 12 and Figure 5C and D repdy data for backbones SUgar pucker (72). ,ThIS |sg|sported by the observa}non that
containing triazol¢166) and imidazolé167—168)heterocycles. eplacement of the'GH, with a more electronegative CHF

All of these cyclic backbones were destabilizing. (191-192)educed duplex stability even further.
Data for other phosphorous containing backbones are plotted

Modified backbones containing phosphorodsnong oligo- in Figure 6B. Thio-phosphat@93) which has been widely used
nucleotide modifications used for antisense applications, thofar antisense applications, reduckg [0.7°C per substitution.
that have been tested most extensively are phosphate-modifiéeraged over several uniformly modified sequences, mixed
backbones. These include phosphorothig#tEs phophorami-  diastereoisomers of thiophosphates reduiggdy [0.5°C per
dates (62—64) and gyl phosphonateg®5) in which one of the substitution (E. Lesnik, unpublished results). Phosphine oxide
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Table 14.Effect of phosphinate substitutions 8

Ho. T

o

Ll/(’ T

=20
OH R
mod stereochemistry AT, per mod (parent is DNA)
# backbone at phosphorous’ R seql | seq2 | seq3 | seqd | seq5 | seq6 reference

(181) | -CH,-PO(O-C,H,)-CH,-CH,~ 1 -H 2.2 | -1.8 233 2
(182) | -CH,-PO(O-C,H,)-CH,-CH,- 2 Bii 18 | 13 2.8 72
(183) | -CH,-PO(O-C,H,)-CH,-CH,- mix -H -1.6 | -1.5 -1.3 2
(184) | -CH,-PO,-CH,-CH.- - -H 241 -16 | -1.8 | 2.8 72
(185) | -CH,-PO(O-C,H,)-CH,-CH,- 1 -OCH, -1.4 3. Collingwood, unpub.
(186) | -CH,-PO(O-C,H,)-CH,-CH,- 2 -OCT, 03 | 02 S_ Collingwood, unpub.
(187) | -CH,-PO(O-C,H,)-CH,-CH,- mix -OCH, -04 | -1.0 S. Collingwood, unpub.
(188) | -CH,-PO,-CH,-CH,- - -OCH, -04 | -1.7 S. Collingwood, unpub.
(189) | -CH,-PO(O-C,H,)-CH,- 1 -H -52 | 29 S. Collingwood, unpub.
(190) -CHZ—PO(()-C;HQ-CH,,- 2 -H -3.6 | -1.3 S. Collingwood, unpub.
(191) | -CFH-PO(O-C,H;)-CH,-CH,- (R)' mix -H -3.5 S. Collingwood, unpub.
(192) | -CFH- PO(O-C,H,)-CH,-CH,- (S)’ mix -H 2.1 | 24 S. Collingwood, unpub.

1stereochemistry at the site of fluoro substitution Ras

2stereochemistry at the site of fluoro substitution ®as

3lsomers 1 and 2 represent the two diastereoisometrically pure isomers. Absolute stereochemistry, at phosphorous,
of the isomers has not been determined.

Table 15.Effect of phosphate backbone modificationTgn

mod stereochemistry ATy, per mod (parent is DNA)
# backbone at phosphorous' | seql | seq2 | seq3 | seqd | seq5 | seq6 reference
(193) | -O-POS-O-CH,- mix 1.0 | -0.7 | D. Hisken,
unpublished results
(194) | -CH,-PO(CH,)-CH,-CH,- mix -39 |24 S. Collingwood,
unpublished results
(195) | -CH,-PO(CH,)-CH,-CH,- 1 35 S. Collingwaod,
unpublished results
(196) | -CH,-O-PO,-O-CH,- - -1.8 | -15 [ -1.8 133
(197) | -0-CH,-CH,-0-PO,-O-CH,- - -3.8 P. Martin,
i unpublished results

lisomer 1 represents a diastereoisometrically pure isomer. Absolute stereochemistry, at phosphorus,
has not been determined.

A Lo | B W =
7 o - b o
s H 0.5 1 =
187) " £
$ CH 1D T =
e —— Pt _ =15 f ] oy
b= EH 5] F | s=F-0 H,
g ' : e . i
2 ik Gy R E | e o a
B o F-0-a, 2] £ 25 ' cHy 5 e
= GHy (155} 1 = 1 l ¢ Q
E £H, S E -30 4 i | {193 e o
= | | aep-0 ! = 1 2 i
{0=R-0 Bt {132 [y éH_ = 55 ' B ’ CHy 1971
| L. a0 405 v s :
— CH, cH, WRU I P (196)
- i ! -4.5
A {(19)  0=P-D-CH, +5 1 ¢y
o GHa 50 F O=P-CH,
R=H &H
(15%) 4

Figure 6. AverageATy (°C) per substitution for oligonucleotides containing modified phosphate backbapé2hdsphinate analogs arid)) (phosphate and
phosphine oxide backbones.

modifications (194-195) and longer phosphate backbonesfor these modifications are given in Figure 7. The increased hybrid
(196-197)were very destabilizing. stability observed for these modifications is likely due to their
neutrality and probably reflects a tendency of the single strands to

Other neutral backbone$n addition to the modifications men- 890pt conformations favorable for duplex formation.

tioned above, there are two interesting modifications that could n
be studied in the partially modified sequences of Table 1 becauSpecificity of hybridizationFor antisense applications, high
the synthetic strategies used for these modifications could ngpecificity of Watson—Crick binding is as important as high
easily be combined with DNA phosphoramidite chemistry. Thesaffinity of hybridization. For evaluation of hybridization specific-
modifications are the phosphoryl linked morpholino backbonéy, Ty was measured f@eg2against RNA targets containing
(199) of Summerton and Wellef73—75) and the pghmide mismatched nucleotides (C, G or U) opposite the modifigg T.
backbone called PNA&L98) (17,19). Structures arliilTyy values  with the matched target was comparetjjavith the mismatched
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16 . such as Chlin MMI (148) (Fig. 5E) or amide 8129)(Fig. 5B),
SHiE with S in the thioformacetal backbone (-S46-CHy-) (55), or
' with NH in the N3- P53 phosphoramidate backbof@®). Thus
an electronegative group at thigo@sition or a non-electronegative
group at the '3position was effective in shifting the sugar

1.2 £

E
1.0 |

Limod ()

0.8

2 o | = base. B o, e - conformation and improvingy. Although it seems clear that the

i ; o 4 N o, Y e presence of a less electronegative group than oxygen ‘at C-3
e i |k i represents an important feature for modifications that enhance
(15} + b n e

duplex stability, this characteristic is by no means sufficient to
enhance RNA binding affinity. This is amply illustrated by a
whole range of backbone modifications incorporating @ CH
Figure 7.Structure and Ty per substitution for the PN@98)and morpholino group attached to C-@hich did not lead to increased DNA:RNA
(199) backbones used in this study. For PN¥Ty per substitution was  duplex stability (Figs 5 and 6). Among these are Benner’s sulfone
B e et [T COTCCACT SCACASEE, T modife ogonucletdes (. CHLHz SOz Che) which gener-
GACCCAACACT, CGCTCAAGTCCCATCGAGCT. TAATGCGTACCAT.  ate an A-type pucker butdid notimprove binding to RNA because
ATGC, CGACTATGCAAGTAC, CGCTTGGCAGTCTC. For morpholino,  the single sequence for which RNA binding has been reported
ATy was measured in a single sequence, UCUGAGUAGCAGAGGAGCUC. formed a stable hairpin (76,77).
Another approach to shift the sugar conformation toward a

o o northern pucker involves the introduction of conformational con-
targets. For all modifications that resulted in increased or onlygiraints using a'46 methylene bridge in the carbocyclic nucleoside
slightly decreased duplex stability (not more thaiG-Joer  (73) (Fig. 3). A change in the sugar conformational equilibrium
substitution), specificity of the modified oligonucleotide wastoward a northern pucker can also be induced by certain base
never worse than that of the unmodified DNA parent. The onlyhodifications without alterations in the@oxyribose. Thus, 2-thio
modifications that showed poor specificity were those that (98) in combination with an unmodified sugar—phosphate
resulted in sizable destabilization. These deStab”iZing mOdiﬁC%ackbone still resulted in a shift of the sugar pucker towards a
tions likely lead to distortions in duplex structure that causgorthern conformation and increaskg (Fig. 4D).
disruption of base pairing at the site of modification and thus |OSSThe beneficial effect of preorganization of the Sugar_phosphate

00

of Watson-Crick base pair specificity. backbone is also observed in the conformationally restrici&d 1
anhydrohexitol oligonucleotides which exhibit substantially im-
DISCUSSION proved hybridization compared to unmodified ana(@gs-80). In

this context, it should also be noted that the importance of

Ar\]nalysis gf the rdesults p(jrgsented fabqve revegli fgu.(rj.approad&%%formational preorganization of the sugar—phosphate backbone
that can be used to modify DNA for improved hybridization (g mqst impressively demonstrated by Eschenmoser’s work on

RNA targets: (i) preorganize the sugars and phosphates of 0-DNA and related hexose-based nucleic 48itis84). The

DNA single strand into conformations favorable for hybridgapjin, of (2,3-dideoxys-glucopyranose-based) homo-DNA du-
formation, (ii) improve stacking by adding a polarizable group texes far exceeds that of natural DNA/DNA duplexes; however,
the heterocycle, (i) increase the number of H-bonds for an A~ ¢ t their particular conformational properties, these analogs do
pair and (iv) neutralize the backbone charge. Examples of eachpfi jing to natural nucleic acids and, in fact, would not be predicted
these will be discussed below. to do so (81,82,84). On the othenk, incorporation of flexible,
o ) . glycerol-based nucleoside analogs into oligodeoxyribonucleotides
Modifications that shift the sugar conformation toward reduced binding affinity for complementary DNA (and presuma-
the northern pucker bly also RNA) dramatically (84—86) and neither digicgrol-
Sugars in DNA:RNA hybrid duplexes frequently adopt 4 c3P2sed DNA analogs form stable self-duple{®4,86). These
endoconformation. Thus modifications that shift the conforma indings may be rationalized by a reduction in appropriate
onformational preorganization (increased entropy) similar to that

tional equilibrium of the sugar moieties in the single stran& X .
toward this conformation should preorganize the antisense strafgServed for many flexible backbone modifications (see below).

for binding to RNA. Several types of maodifications reported

above shifted the sugar toward a’'GHdo conformation.  Modifications that preorganize the backbone in

Substitution with an electronegative atom at thedaition [e.9.  conformations favorable for hybrid duplex formation

2'-fluoro (4-5)(Fig. 1A) or 2-OR (6—15, 28—49jFig. 1A, C and

D)] resulted in a shift towards the northern conformation and, im addition to shifting the sugar to a conformation favorable for

general, increasetly. Large 2-O-alkyl substituents, however, hybridization, modifications can also be made that preorganize

were not well tolerated, presumably because of steric interferentte internucleotide backbone part of the modified DNA into

by the flexible alkyl chain with other parts of the duplex.conformations favorable for duplex formation. These modifica-

However, large 20 substituents were tolerated if they containedions do not necessarily have to limit the single strand to a single

the ethylene glycol mot{B5, 37—-49)Fig. 1C and D). Apparently conformation; they simply increase the population of single

the gaucheeffect of the oxygely to the 2 oxygen results in a strands in conformations favorable for duplex formation and

configuration of the side chain favorable for duplex formation. reduce the population in conformations incompatible with duplex
Shift of the sugar conformation towards a northern pucker arfdrmation. Modifications reported above that did this success-

an increased), were also observed for modifications in whichfully were amide-3(129) (Fig. 5B), amide-4139) (Fig. 5B),

the 3-oxygen was replaced with a non-electronegative groupiMI (148)(Fig. 5E) and MDH157) (Fig. 5E).
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Preorganization of the backbone can also be detrimental fone of these factors contributes to improved hybridization. For
hybridization. Many modifications tested were less flexible thaexample, the stabilizing effect of MMI is a combination of the
the normal phosphate backbone and likely resulted in preorgangift toward C3endocaused by the' £H,, restricted backbone
ation of the antisense single strand but resulted in destabilizatiflexibility and the neutral charge. Similarly, the stabilizing effect
of the duplex. Examples include the three-at(i3-144, of 2-thio-T is likely a combination of the shift of the sugar pucker
189-190)nd five-aton{145, 196)inkages in Figures 5B and 6. toward C3 endoand improved stacking.

The conformations favored by these backbones likely were All four of the factors listed above also play a role in
incompatible with duplex formation and resulted in a decrease hybridization properties of destabilizing modifications. Fre-
Tu. Clearly just the right amount of preorganization in just theuently, in fact, one factor may contribute favorably but it is
right place was required for improved hybridization to occur. outweighed by another factor with a very unfavorable effect. For

example, the ethyl phosphinaték81-183)(Fig. 6A) have a
Modifications that improve stacking by adding a neutral backbone and theGH; helps to drive the sugar toward
polarizable group to the heterocycle a C3 endoconformation. In spite of these effects, however, the

modifications were very destabilizing, probably because this
Favorable stacking of the heterocyclic bases contributes muchigdckbone did not easily adopt conformations consistent with
the favorable enthalpy of duplex formation for nucleic acicjuplex formation. Of the modifications reported above, most
duplexes(14,87). This favorable stiing is due primarily to  were, in fact, very destabilizing. Usually, when a molecule was
favorable interactions between dipoles and induced dipoles ffiodified to favorably affect one of the factors listed above, the
adjacent residues. Thus modifications to the heterocycle thether factors were unfavorably affected for a net negative effect.
improve these interactions are likely to stabilize the duplex. Somghus, net favorable effects were rare and the success rate was low.
examples include substitution at the 5 position of pyrimidine with The most stable duplexes reported above were formed with
propyne(81) (Fig. 4A), amino-ethyl-3-acrylimid@4) (Fig. 4A)  oligonucleotides that contained two different types of modifica-
or methylthiazolg(43), tricyclic dC aniags (44) and 7-modi- tion. These include'2>-methyl MMI backbone§179) (Fig. 5I),

fied-7-deaza-puring®1-53). 2'-O-methyl amide 3 backboné71) (Fig. 5H), 2-O-methyl,
2-amino-adenosin@®1), 2-fluoro-5-propynyl dU(88) (Fig. 4B)
Modifications that increase the number of H-bonds and the 2fluoro, N3 - P5 phosphoramidate oligonucleotides

, i (70). The highTys were achieved because each of the two
H-bonds in RNA duplexes contribufé. kcal/mol of favorable  nqgifications fulfilled one of the principles outlined above and no
free energy (88). This correlates well with the increasévin  principle was violated. Thus careful combination of stabilizing
reported above for 2,6-diamino purine which can form threg,ggjfications can produce even more stable duplexes.
hydrogen bonds with U. Thus addition of a Watson—Crick t s important to note at this point that duplex stability will also
H-bond can improve duplex stability. be significantly affected by the difference in solvation energy

between the single strands and the duplex. The importance of this
Modifications that neutralize the negative phosphate charge  parameter has been addressed in some detail in a recent review

. rticle by Elgi (23). Unfdunately, due to a lack of structural
It has long been known that charge repulsion between phOSphq?%rmation, it is impossible to assess the relevance of solvation

on opposite strands provides a significant unfavorable contributi%e cts for the modified DNA:RNA duplexes discussed in this

to the free energy of duplex formation at physiological ioni ; ; :
strengthg(89,90). Thusemoval of the negative charge on one(baper in any meaningful fashion. We do feel, however, that

X ; 2! . .. “interactions with solvent may play an important role in distin-
strand s expected to increase duplex stability at physiological ionifiising ‘the effects of simple alkyl and ethylene glycol-based
strength. Several modifications described above reduced the Bely ¢ \hstitutent on RNA binding affinity (see Results: Sugar

cha_lrge on the oligonucleotide and ret_duced the dependemge of modifications) '

onionic strengtl(11$_9,27, S. Fre|er,npubllshed results). Only some In summary.we have tabulated abdkg data for roughly 200

of these resulted in an increasd i because often the favorable odifications’that Were incorporated’ into a single set of

effect of the neutral charge was offset by an unfavorable effect sug quences. We also tried to include data for stabilizing modifica-
as preorganization into a structure incompatible with dupleﬁO

formation or increased flexibility of the internucleotide linkage ns studied in other sequences. In spite of the large number of
ty 9. modifications tested, only relatively few structures that signifi-

Some of the greatest increases in stability were observed for ttt,‘gntl " . ; s
: o . : stabilize DNA:RNA duplexes were identified. It appears
PNA (198) and morpholinq199) modifications (Fig. 7) which . )r/nodified oligonucleotidef)s with very high RNA bi%%ing

?2?120;?;9;5In(e:gﬁ'vgtl%ﬂceh%\r/%ﬁd(;)L;Jtlg;%z?rg:tcilégon: cSc()aréfgrr] inity need to be constructed by the combination of two or more
P P ' ifferent types of modifications, each of which contributes

approach to charge neutralization is to add a positive charge to ;
oligonucleotide. This was done most effectively at thEoRition %rably to one of the general factors outlined above.

by addition of a 20-amino-alkyl groug30—31)(Fig. 1C) and at

the 5 position of T by addition of an amino alkgl) or an ACKNOWLEDGEMENTS

amino-ethyl-3-acrylimido grouf84) (Fig. 4A).
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