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ABSTRACT. Chemically modified nucleic acids are currently being evaluated as potential antisense
compounds for therapeutic applications-(2Ethylene glycol substituted oligoribonucleotides are second-
generation antisense inhibitors of gene expression with promising features for in vivo use. Relative to
DNA, they display improved RNA affinity and higher nuclease resistance. Moreover, chimeric
oligonucleotides with 20-methoxyethyl ribonucleoside wings and a central DNA phosphorothioate window
have been shown to effectively reduce the growth of tumors in animal models at low doses. Using X-ray
crystallography, we have determined the structures of three A-form DNA duplexes containing the following
2'-O-modified ribothymidine building blocks: '20-methoxyethyl ribo-T, 20-methyl[tri(oxyethyl)] ribo-

T, and 2-O-ethoxymethylene ribo-T. In contrast t6-@-ethylene glycol substituents, the presence of a
2'-O-ethoxymethylene group leads to slightly reduced RNA affinity of the corresponding oligonucleotides.
The three structures allow a qualitative rationalization of the differing stabilities of duplexes between
oligonucleotides comprising these types bf2modified ribonucleotides and complementary RNAs. The
stabilizing 2-O-ethylene glycol substituents are conformationally preorganized for the duplex state. Thus,
the presence of one or several ethylene glycol moieties may reduce the conformational space of the
substituents in an oligonucleotide single strand. In addition, most of these preferred conformations appear
to be compatible with the minor groove topology in an A-type duplex. Factors that contribute to the
conformational rigidity of the 20-substituents are anomeric and gauche effects, electrostatic interactions
between backbone and substituent, and bound water molecules.

DNA and RNA oligonucleotides are rapidly degraded (10, 11). (2) 2-Heteroatom substituents can promote an
under physiological conditions by a variety of exo- and RNA-like C3-endosugar conformation in an analogue. This
endonucleases. As part of the search for antisense oligoshould preorganize the modified oligonucleotide for the
nucleotides with improved efficacy for therapeutic applica- conformation adopted by the strands in an A-form RNA
tions, a multitude of chemically modified nucleic acids has duplex 6, 12, 13). (3) As a result, 20-modification can
been explored in recent yeas{5). Important criteria for lead to substantially increased stability of duplexes between
judging the practical aptness of a particular modification are modified strands and their RNA complements. This is
RNA affinity and binding selectivity of the corresponding consistent with the higher stability of RNA duplexes relative
oligonucleotidesg, 6—9). The former should be consider- to DNA—RNA hybrids (4, 15). Thus, 2-a-fluoro substitu-
ably enhanced relative to DNA, and the latter must be tion of oligodeoxyribonucleotides increases fhg of the
maintained. corresponding DNA-RNA duplexes by around 2.85C per

Among the available sites for modifications, the furanose modified residue but does not provide sufficient nuclease
2-position has been demonstrated to offer several advantagesgiesistance for in vivo applicationd§, 17, and references
(1) 2-Modification can confer improved nuclease resistance cited therein). Similarly, the '20-methyl modification

results in enhanced RNA affinityt8—21) but furnishes only

T Supported by the National Institutes of Health (Grant RO1 GM- a moderate |mpr0vement_|n m.JdeaS.e resistance (Figure 1).
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Ficure 1: Structure, modified DNARNA duplex stability, and
relative nuclease resistance 6fQ-modified RNA analogues: (A)
2'-O-methyl, (B) 2-O-methoxyethyl (MOE), (C) 20-methyl[tri-
(oxyethyl)] (TOE), and (D) 20-ethoxymethylene (EOM). The
changes in melting temperatur&T/mod.) relative to the unmodi-
fied DNA—RNA duplexes were compiled from UV melting data
for hybridizations between DNA oligonucleotides containing either
a single 2-O-modified ribothymidine or consecutive stretches of
2'-O-modified residues (T, C, or 5-MeC) and complementary RNAs
in various buffers21). The relative nuclease resistances, using the
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we have crystallized self-complementary modified DNA
duplexes with the sequencedfGCGTAtACGC), containing
different types of 20-alkoxyalkyl residues (& 2'-O-MOE,
2'-O-TOE, or 2-O-EOM ribothymidine). In the crystals, all
three duplexes adopt A-form geometry. Because the con-
formation of duplexes between RNA and-@-modified
RNA strands is most likely also of the A-type, our structures
constitute a proper template for studying these modifications.
Here, we report details of these crystal structures at resolu-
tions between 1.65 and 1.93 A and attempt to correlate the
observed thermodynamic stability data with conformational
properties of the modified residues and duplexes as well as
the changes in hydration produced by the differer©2
substituents.

METHODS
Selection of Modification Site and Crystallizatiolhe

corresponding unmodified oligodeoxyribonucleotide as the standard DNA decamer GCGTATACGC had previously been used

(relative stability= 1), were assayed in 10% heat-denatured calf
fetal serum 21, 24).

communication). Finally, terminal branching in the case of
the 2-O-allyl modification results in the complete loss of
RNA affinity, although the allyl group itself improves
hybridization to RNA 23).

Surprisingly, certain 20-alkoxyalkyl substituents were
found to affect RNA binding favorably, even when the side
chain features 10 non-hydrogen atoms (Figure Q=2
methylftri(oxyethyl)] ribonucleoside= TOE) (3, 21, 24).
However, significantly enhanced RNA binding affinity is also
conferred by a single ethylene glycol unit attached to the
2'-position and, in addition, provides considerably more
protection against nuclease degradation than @ 2ethyl
modification (Figure 1, 20-methoxyethyl ribonucleoside=
MOE). Furthermore, introduction of branched@-alkoxy-
alkyl substituents, for example, a glycerol moiety, further
improves the stability of duplexes between modified DNA
strands and RNA3J, 21, 24). Shifting the position of the

as a template to study the conformational properties of
chimeric DNA—RNA oligonucleotides 28), an Okazaki
fragment 29), the 2-O-methyl ribonucleoside modification
(30), and single-base bulge3l). In the case of 20-methyl
RNA, crystals of the decamer had been obtained with the
modified building block incorporated at position 5. There-
fore, a decamer was synthesized withCMOE ribo-
adenosine also at position 5. However, all attempts to
crystallize the resulting duplex failed, and two additional
oligonucleotides were produced, one with G3 replaced by
MOE-rG and the other with T6 replaced by MOE-rT. Well-
diffracting crystals were only obtained of the latter (MOE
decamer). Consequently, DNA decamers with the TOE and
EOM modifications at T6 were also synthesized and crystal-
lized (TOE and EOM decamers, respectively). All modified
oligonucleotides were synthesized with the standard phos-
phoramidite method on a 3.Bmol scale, according to
previously described procedure®l). After deprotection,
the trityl-on strands were purified by RP-HPLC, using a
Rainin C4 column with 0.05 M TEAA buffer, pH 7, and

second oxygen atom within the substituent away from the acetonitrile as the eluent. Following detritylation, the strands

p-position affects duplex formation with complementary
RNA in a negative fashion (Figure 1'-@-ethoxymethylene
ribonucleoside= EOM). It appears that favorable effects
on RNA binding can only be achieved if the oxygen atoms

in the alkoxyalkyl side chain are separated by an ethylene |ows.

were HPLC-purified a second time, and after desalting and
lyophilization, the concentrations of aqueous stock solutions
were adjusted to between 5 and 10 mM. The three modified
oligonucleotides GCGTAtACGC were crystallized as fol-
MOE decamer: hanging drop method; 0.8 mM

spacer. Due to the gauche effect, the conformation of the oligonucleotide, 25 mM sodium cacodylate, pH 6.0, 7.5 mM

C—C torsion in the ethylene group is then limited to either
—scor +sc The resulting higher conformational rigidity
of the 2-O-alkoxyalkyl group relative to a long unstructured
alkyl chain could provide an entropic advantage for duplex
formation, provided the set of stabilized conformations is
compatible with the duplex topology.

2'-O-MOE antisense oligonucleotides, including gapmers
with central DNA phosphorothioate windows, (25, 26),

have been tested against a number of targets in in vitro cell-

based assays as well as in animal modé|®4, 27). The
results obtained thus far render thieQalkoxyalkyl RNA

magnesium acetate, and 850 mM ammonium sulfate, equili-
brated against 50 mM sodium cacodylate, pH 6.0, 15 mM
magnesium acetate, and 1.7 M ammonium sulfate. TOE
decamer: sitting drop method; 1.2 mM oligonucleotide, 30
mM sodium cacodylate, pH 6.3, 8 MM magnesium chloride,
and 20 mM spermine tetrahydrochloride, equilibrated against
40% (v/v) 2-methyl-2,4-pentanediol (MPD). EOM decam-
er: hanging drop method; 1.2 mM oligonucleotide, 20 mM
sodium cacodylate, pH 6.0, 40 mM sodium chloride, 6 mM
spermine tetrahydrochloride, 10 mM barium chloride, and
5% MPD, equilibrated against 35% MPD. With each of the

analogues very promising second-generation antisense comeluplexes, isomorphous crystals could be obtained under

pounds for therapeutic applications.
To gain insight into the conformational properties of the
alkoxyalkyl substituents as part of a modified DNRNA

several other conditions.
Data Collection and Structure Refinemerior the MOE
decamer, diffraction data were collected at room temperature

duplex and also to more clearly define the parameters by sealing a crystal together with a droplet of mother liquor

contributing to their favorable effects on duplex stability,

into a thin-walled glass capillary. Crystals of the TOE and
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Table 1: Selected Crystal and Refinement Data A B
decamer MOE TOE EOM
cell constants (A) a=24.93 a=2464 a=24.62
b =44.59 b=43.62 b =44.08
c=45.38 c=45.47 c=46.18 %
crystal system orthorhombic orthorhombic orthorhombic ;
space group P2:2,2; P2:2:2; P2,2:2; "’ R
temperature®C) room —170 —170 AN XX
max resolution (A) 1.93 1.65 1.60 q 4‘:9»;':, . K
unique reflections 3757 5915 6414 O"A £ '{6}(‘%‘\
(F > 20(F), 8 A max) V A
completeness (%) 93.1 96.3 92.0 4{0}@,’4»1’
[F > 20(F), 8 A max] = '56:4,,"«\
final R-factor (%} 16.8 18.9 15.9 7%
final R-free (6P 21.0 22.0 18.4 '4@9,‘%;:
water molecules 58 105 140 ~ R
ions 2 Mgt 1 sperminé" C 69‘70:4
rms bond lengths (&) 0.009 0.009 0.007 K
rms bond angles (deg) 1.30 1.36 1.21

aMultiscale procedure, 10 bin8Using a 10% subset.

-
Z 2\

EOM decamers were picked up from their droplets with a
nylon loop and directly transferred into a cold nitrogen stream
(—170°C). All data were collected on a Rigaku R-AXIS-
llc image plate system, mounted on a rotating anode X-ray
generator. Various detectocrystal distances, oscillation
angles, and exposure times were used. Data were processefls re 2: Final (F, — F.) omit electron density maps (@r8evel)
with the DENZO/SCALEPACK program package in all around the sugar portion of modified residues: (A) MOE decamer
cases32). Selected crystal data as well as diffraction data (T16), (B) TOE decamer (T6), and (C) EOM decamer (T6).

and refinement statistics are summarized in Table 1. The

structures were solved by the molecular replacement method Crystals, the conformations of the@-substituents are clearly
using the program AMORE3Q) and a standard A-DNA  not induced by lattice forces.

duplex as the search model. The structures were refined with Conformational Features of the'-©-MOE Substituent.
the program X-PLOR34) with the most recent parameter Atoms in the three 20-substituents have been numbered
and t0p0|ogy fi|es$5), expanded by new|y defined patches alphabetically. For the MOE Substituent, ‘A8 bound to

for the three 20-modified RNA residues. Resolutions, CA’, which is followed by CB OC, and CD (Figure 1A).
refinement parameters, and finRHactors for the three ~ The geometries of the MOE substituents in the two modified
structures are listed in Table 1, and examples of the qualitiesresidues are similar. The only significant deviation occurs

of final omit electron density maps are depicted in Figure 2. for the torsion angle around the GZA’ bond (Figure 3A,
Table 3). In residue T6, the conformation of this torsion

’éﬁ‘\;f 7
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RESULTS AND DISCUSSION falls in the negative anticlinaH{ac) range. The conforma-
N tion of the corresponding angle in residue T16 lies in the
Overall Features of the Modified Decamer Duplexds. antiperiplanar p) range. As a consequence of the gauche

all three crystals, the duplexes adopt A-form geometry, but effect, the conformation around the-C bond of the central
only the structures of the TOE and EOM decamers are ethyl linker falls into a synclinalgc) range; for both T6 and
isomorphous. Their overall conformations differ only mini- T16, itis —sc The other shared feature among all substit-
mally, and the lattice interactions comprise stacking of yents, with one exception (see EOM paragraph), isafhe
terminal base pairs into the minor grooves of neighboring conformation of the C3-C2—02—CA' torsion angle (Table
duplexes, typical for A-DNA crystals36). The ribose  3). This feature was also observed in the structure of a DNA
moieties of modified residues display typical '‘@hdo  duplex with incorporated'20-methyl RNA building blocks
puckers. Average helical parameters for the three duplexe3(30) and in the recent crystal structure of a uniformlyC2
and an unmodified chimeric DNARNA hybrid duplex with  methyl-modified RNA duplex39). The orientation around
identical sequence are listed in Table 2. the C2—02 bond is most likely sterically controlled.

The resolutions of all three structures are better than 2 A.  The 2-O-MOE substituents in the modified base pair step
It is noteworthy that flash-freezing in the case of the TOE protrude into the minor groove (Figure 3A). The conforma-
and EOM decamer crystals led to an improvement of tions around individual bonds produce an overall orientation
resolution by around 0.3 A relative to the MOE structure, of the MOE substituents that is approximately perpendicular
for which data were collected at room temperature (Table to the helical axis (Figure 4). Thus, the expected, relative
1). For each structure, thé-@-substituents are well defined to a butyl group, higher conformational rigidity of thé 2
in the electron density maps, and there is no apparent disordelO-MOE substituent is largely borne out by the crystal
in any of them (Figure 2). The areas in the vicinity of the structure. However, an additional factor may contribute to
modification sites are not severely constrained by packing the conformational rigidity of the MOE substituents. Both,
contacts. Thus, despite the relatively dense packing and lowresidue T6 and T16, feature a water molecule that is located
water content displayed by the orthorhombic oligonucleotide between the '20-substituent and the backbonédkygen
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Table 2: Selected Inter Base Pair Parameters (Modified Residues Undérlined)

base pair step shift (A) slide (A) rise (A) twist (deg) tilt (deg) roll (deg)

MOE decamer

T4-A17/A5T16 0.73 —-1.75 3.53 27.3 1.5 20.1

A5-T16/T6A15 0.79 —1.62 3.12 30.5 14 6.6

T6-A15/A7-T14 —0.36 —1.68 3.38 32.9 0.2 13.8

average 0.07 —1.98 3.38 31.3 0.4 7.6
TOE decamer

T4-A17/A5:T16 0.68 —1.83 3.18 26.6 3.3 21.6

A5-T16/T6A15 0.36 -1.75 3.25 30.0 -0.3 5.2

T6-A15/A7-T14 0.19 —1.80 3.20 31.9 0.9 135

average 0.14 —2.00 3.34 31.8 0.5 8.0
EOM decamer

T4-A17/A5-T16 0.25 —1.94 3.18 24.8 -0.2 23.4

A5-T16/T6GAL5 1.02 -1.62 3.28 32.0 —0.6 8.3

T6-A15/A7-T14 —0.13 —1.82 3.27 30.2 -0.5 121

average 0.0 —2.03 3.36 31.7 0.1 8.5

[((GCG)d(TATACGC)} (37)

T4-A17/A5-T16 0.04 —1.50 3.53 29.6 1.0 19.5

A5-T16/T6AL5 0.83 —1.86 3.22 26.4 0.7 8.6

T6-A15/A7-T14 —-0.37 —-1.29 3.46 30.7 —-1.7 14.9

average —0.05 —1.80 341 31.5 0.2 8.7

a Calculated with program CURVES, version 438). ® Average refers to all nine base pair steps per duplex.

Ficure 3: Base pair step AF6/A15-T16, viewed roughly along the helical axis (top, upper base pair drawn with solid bonds) and
perpendicular to it (bottom), showing the conformations of th®-3ubstituents of modified residues T6 (right) and T16 (left) for the (A)
MOE decamer, (B) TOE decamer, and (C) EOM decame®©x3/gen atoms, oxygen atoms of the@-substituents, and water molecules
are labeled, and hydrogen bonds are shown as dashed lines. Modeling of the conformatib@aflgc2ryl substituent based on those of
the 2-O-MOE substituents is consistent with formation of an intranucleoside hydrogen bond between a glyceryl hydroxyl group and thymine
0O2. This may account for the higher duplex stability conferred by incorporation of tbeglyceryl compared with the'Z0-MOE RNA
analogue 21).

atom (Figure 3A). The water molecule forms close contacts to the 2-hydroxyl group 41). In the case of the'Z0-MOE

to O3, 02, and the second oxygen atom in the substituent, substituents, with three oxygen atoms only being capable to
OC. The lengths of the individual hydrogen bonds are listed act as acceptors, the hydrogen bonds to the water molecule
in Table 4. Relative to the nonbridging phosphate oxygen are probably bifurcated. Thus, one three-center hydrogen
atoms and the RNA 'zhydroxyl group, O3is a weaker bond involves O3 O2, and the water molecule and the other
acceptor40, 41), but it appears that it can act as a secondary O2, OC, and the water molecule. These findings indicate
acceptor site for hydrogen bond formation to water mol- that, compared to an aliphatic substituent, the presence of
ecules. For example, in the RNA minor groove, water the oxygen atom in the MOE substituent not only leads to
molecules were found to occupy positions between the O2 higher conformational rigidity but also contributes to the
and O3 atoms, with the shorter hydrogen bond being formed formation of a new hydration site.



10630 Biochemistry, Vol. 37, No. 30, 1998 Tereshko et al.

Ficure 4: Superposition of the central base pair step from the MOE and TOE decamer duplexes within the framework of the MOE
decamer duplex. (A) View across the major and minor grooves, roughly along the long dimension of the central base pairs. (B) View into
the minor groove, roughly along the local pseudo-2-fold rotation axis of the central base pair step. To convey an optimal impression of the
conformational variations displayed by the@-substituents, the base pair steps were rotated around their local pseudo-2-fold rotation
axes, thus creating superpositions of all four substituents on either border of the minor groove. The A5pT6 and modeled A15pT16 base
steps carrying the'20-substituents of residues MOE T6 and TOE T6 are shown in cyan and red, respectively. The A15pT16 and modeled
A5pT6 base steps carrying thé@-substituents of residues MOE T16 and TOE T16 are shown in green and pink, respectively.

Table 3: Values of Torsion Angles in thé-@-Substituents Table 4: Lengths of Hydrogen Bonds between Water Molecules
MOE MOE TOE TOE EOM EOM gg%()g)gﬂloatf?gjs;g;dodigbstltuents as Well as thé-Gxygen
torsionangle (deg) T6 T16 T6 T16 T6 T16
04—C1—-C2—-02 89 90 89 90 88 90 donor (residue) acceptor (residue) distance (A)
03-C3-C2-02 45 46 45 45 43 42 MOE decamer
C1'—C2-02-CA' 70 71 68 63 71 130 W (150) 03 (T6) 3.03
C3-C2-02—-CA" —179 —179 179 173 —179 —-120 02 (T6) 3.09
C2-02-CA'-CB" —129 —-174 171 166 OC (T6) 3.28
C2—-02—-CA'-0B’ -90 -—-82 W (158) 03(T16) 2.88
02-CA'-CB-0C —-34 —-49 —-42 -55 02 (T16) 3.17
02—-CA'-0OB'—-CC —-67 —-177 OC (T16) 3.07
CA'—CB’—OC'—CD’ —-74 —88 —169 146 TOE decamer
CA'-OB'-CC—-CD 143 178 W (110) 03 (T6) 321
CB'-0OC-CD'-CE —-177 178 ’
i 02 (T6) 2.99
OC-CD'—-CE-OF —95 -—56
. , , OC (T6) 3.10
CD'-CE—-OF-CG 159 -161 W (178) OF (T6) 342
CE-OF—-CG—CH' 163 —137 ) '
OF-CG—-CH-0I' 9 =55 or (T6) 3.44
By B W (151) 03(T16) 3.19
CG—CH-0I'-CK 165 —10 02 (T16) 319
Conformational Features of the-©-TOE SubstituentAs EOM decamer
is the case for the shorter MOE group, the conformations W (214) 03 (T6) 3.19
h . 02 (T6) 3.39
around the €&C bonds of the ethyl linkers in the TOE W (140) OB (T6) 284
substituents of both modified residues all fall into gegange 02 (T16) 2.78

(Figure 3B, Table 3). Five of these bonds adopsc
conformation, and only for the one in residue T6 which is  Rather than protruding into the minor groove, perpen-

most remote from O2the conformation istsc All other dicular to the helical axis, the TOE substituents follow the
torsion angles within the TOE substituent of residue T6 lie direction of the duplex backbones in & 5 3 manner
in the ap range. For residue T16, five of the nor-C (Figures 3B and 4). Notwithstanding a number of differences

torsion angles assuna conformations, while the confor-  in the torsion angles within the TOE substituents of residues
mations around the OFCG and CH—OI' bonds fall into T6 and T16, the relative orientations of the backbone and
the —ac and —sc ranges, respectively. As observed with substituent are similar in both cases. Closer inspection of
the MOE substituent, the well-defined appearance of the TOE the conformations of the TOE substituents of T6 and T16
substituents in the electron density maps (Figure 2B) and reveals that these are largely governed by electrostatic forces
the conserved gauche conformations of the ethyl linkers arebetween oxygen atoms of thé-@-substituent and €H
consistent with a higher rigidity of the PEG-like substituent groups of the deoxyribose from thé&djacent residues A7
compared with an aliphatic side chain of similar length. and A17, respectively (Figure 5). While one of the electron
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Ficure 5: Close-up view of the electrostatic interactions between
oxygen atoms from the'0-substituent of residue TOE T6 (top,
solid bonds) and deoxyribose-& groups of the adjacent residue

FIGURE 7: Superposition of all '20-substituents from the MOE,
TOE, and EOM decamer duplex structures as well as the corre-
sponding region of the unmodified duplex [r((GCG)d(TATACGLC)]

A7 (bottom). Selected oxygen and carbon atoms are labeled, water37) performing a best fit for the sugar atoms of residues T6 and

molecules are shown as open spheres, lone electron pairs of TO

16 (top). The comparison illustrates the conformational shift of

oxygen atoms directed toward the duplex backbone are stippled,he 3-adjacent residue as a consequence of the extended conforma-

C5—H5'---O (TOE) interactions are shown as dotted lines, and
water-+-O (TOE) hydrogen bonds are shown as dashed lines.

A

-§C
02' @OB'

-§C
Ficure 6: Conformations of the'ZD0-EOM substituent: (A) residue
T6 and (B) residue T16. The conformations of selected torsion
angles are depicted; the conformation around the-O2 bond

refers to the C3-C2—02—CA!' torsion. Oxygen atoms are stippled
in gray and are labeled.

tion of the 2-O-substituent in the case of residue EOM T16 (green).
The dinucleotide step EOM T6pA7 is shown in cyan, the dinucleo-
tide steps of the MOE and TOE structures are shown in gray, and
the corresponding steps in the unmodified DNRNA chimeric
duplex are shown in red. The observed contact betweer(TI5)

and O4 (A17) and the hypothetical short contact that would occur
without the shift are highlighted as dashed lines, and the corre-
sponding distances are given.

lies in thescrange, while the CA-OB' bond is found in an
ap conformation.

The poorer hydration of the EOM substituents, compared
with both MOE and TOE, provides good evidence that the
length of the spacer between oxygen atoms critically affects
the level of hydration (Figure 3C). The ethyl group allows
the oxygen atoms to bind water in a cooperative fashion.

lone pairs of each oxygen atom in the substituent is directed By comparison, only two water molecules are found in the
toward the sugar moiety, the other is used for hydrogen vicinity of the Z-O-EOM substituents. The water molecule

bonding to water molecules (Figures 3B and 5).

that is bound to the Oand O3 atoms of residue T6 appears

Two water molecules are bound to the TOE substituent only weakly occupied (Figure 3C). Binding of the second

of residue T6. The binding mode for the first one closely

water molecule requires the involvement of the exocyclic

resembles that observed with the MOE substituents (Figurecarbonyl 2-oxygen of T16.

3A,B, Table 4), while the second is involved in hydrogen
bonding to the additional oxygen atoms'@Rd Ol present
in the TOE group. Only one water molecule is bound to

While the conformations of the othef-@-substituents are
compatible with a standard A-type duplex geometry, the
particular conformation assumed by the EOM substituent of

the substituent of residue T16, with close contacts being residue T16 results in a local geometrical distortion of the

formed to O3 and O2 (Figure 3B, Table 4). In summary,
the conformational features of the@-TOE substituent are

modified duplex. In addition to not conforming to the
anomeric effect, the torsion angle '€X2—-02—-CA' of

thus determined by three different parameters: gauche effectghis modified residue differs by around €@rom the ap
between its oxygen atoms, electrostatic interactions betweenconformation displayed by all othef-®-substituted sugar

substituent and backbone, and bound water molecules.
Conformational Features of the-©-EOM Substituentin
the EOM substituent, OZnd the second oxygen atom are

moieties (Table 3). Comparison of selected helical param-
eters in the vicinity of the modified residues for the three
duplexes reveals that the arrangement of the EOM substituent

separated by a methylene rather than an ethyl group (Figureof residue T16 produces a substantial shift of the adjacent

1). Thus, the conformations around the’ ©2A’ and CA—

residue A17 into the minor groove (Figure 7, Table 2). Thus,

OB’ bonds would be expected to be limited by an anomeric the helical twist between base pairs-A%6 and T4A17 is

effect and should lie in thé-scor —scranges. This is indeed
the case for the EOM substituent of residue T6 (Figure 6A,

reduced by roughly 10relative to the value in a standard
A-type duplex. Although the MOE and TOE decamer

Table 3) but not for the one of residue T16 which assumes duplexes also show somewhat reduced twists at this site, the
an almost extended arrangement (Figure 6B). Only the reduction is larger for the EOM decamer and amounts to

conformation of the torsion angle around the ©2A’' bond

more than twice the standard deviation of twist values in all



10632 Biochemistry, Vol. 37, No. 30, 1998 Tereshko et al.

Ficure 8: Models of consecutive stretches of (A}@-MOE RNA and (B) 2-O-TOE RNA based on the conformations of residues MOE

T6 and TOE T6 (solid bonds) in the corresponding decamer dupleéx@sygen atoms and oxygen atoms from the substituents are highlighted,

water molecules are drawn as open spheres, and hydrogen bonds are shown by dashed lines. Both ribose modifications are likely to result
in improved backbone hydration compared with DNA, and in the casé @fPOE RNA, substituents from adjacent residues may provide

a binding site for mono- or divalent metal cations. (C) Close-up view of the relative orientation of adja€mOE RNA residues based

on the conformation of the'2D-substituent of residue TOE T6 (solid bonds). Individual substituents provide binding sites for two water
molecules, the first involving oxygen atoms ‘9032, and OC and the second Ofnd OI. However, for a modified dinucleotide step, the

latter two atoms from the'Sesidue and the former three from ther8sidue may provide a crown ether-like binding pocket for metal

cations.

nine base pair steps (data not shown)OZEOM-modified
strands display lower RNA affinity than the corresponding
DNA oligonucleotides 21). Thus, we are able to link the
unfavorable thermodynamic effects of this modification to
a particular conformation of thé-®-substituent in the crystal
structure that results in a distorted duplex geometry.
Consecutie Stretches of’20-MOE and 2-O-TOE RNA.
Our structures provide information about the conformational
properties as well as hydration of isolated@modified
RNA residues in a A-form duplex environment. To gain
insight into potential structural or stability features of
stretches of modified residues with A-type backbone con-
formation, we have generated models of fully modified
pentamers, based on the conformations of th@-MOE and
2'-O-TOE substituents of residues T6, respectively (Figure

hydrogen bond donors. UV melting data for hybrid duplexes
between RNA and'20-TOE oligoribonucleotides in near-
physiological buffer solution (moderate amounts of 2Vg
and spermine) have shown unusually high nonadditive gains
in thermal stability relative to the corresponding DNRNA
hybrids @1). Our model demonstrates that the TOE sub-
stituents of adjacent modified residues in concert could
provide binding sites for mono- or divalent metal cations
(Figure 8C). The observed stability improvement could then
be rationalized in terms of a neutralization of the backbone
due to the close vicinity of cations and phosphate groups.
Conclusions. All clinical trials currently ongoing with
antisense compounds are conducted wittedxy phosphoro-
thioates 42—45). Although initial results are encouraging,
phosphorothioates clearly suffer from suboptimal RNA

8). The models are based on the assumption that a hybridbinding 6, 7, 24) as well as a number of pharmacokinetic,

duplex between an RNA strand and 'a@maodified oligo-
ribonucleotide would most likely assume A-form geometry.
In the case of the MOE modification, our model suggests

pharmacodynamic, and toxicological limitatiors; 46—48).

Several features of the’-©-methoxyethyl substituent
render it a promising modification for the design of second-

that there are no interactions between substituents fromgeneration antisense oligonucleotides with reduced thioate
adjacent residues (Figure 8A). Furthermore, the distancescontent. Relative to DNA, the corresponding oligonucleo-
between substituent oxygen atoms from such residues areides display improved RNA affinity. The average gain of

too long to be bridged by single water molecules. However,
we cannot exclude the possibility that bridges formed by two

1.4 °C per modification inT,, for hybridization to RNA
translates into a reduction of 4 orders of magnitude in the

or more water molecules could be stabilized by substituentsdissociation constant for a modified 20-mer with@MOE

of adjacent residues.
A different picture emerges for thé-@-TOE modification.
In the model, the oxygen atoms of substituents from modified

ribonucleotides in its wings and a 6-merdeoxy phospho-
rothioate gap in the middle. Along with the higher affinity,
2'-O-MOE RNA exhibits equal or improved pairing specific-

residues are spaced closely enough to form a binding siteity compared with DNA 21). By acting via a steric block

for either water molecules or metal cations (Figure 8B). It
should be stressed that, as in the case of DNA, th@-2
modified RNA backbone remains deficient in potential

mechanism, oligonucleotides that hybridize to RNA with
high stability can overcome the necessity to induce RNase
H-mediated degradation of the target sequence. Thus, a fully
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2'-O-MOE-modified 20-mer was shown to reduce ICAM-1
expression in an RNase H-independent fashion with higher
efficiency than the corresponding DNA phosphorothioate
when targeted against thé-&ap region of human ICAM-1
RNA in HUVEC cells @9). The potential of the'’20-MOE
RNA modification was also demonstrated by effectively
reducing the growth of tumors in animal models withC2
MOE RNA/2-deoxy phosphorothioate gapmers, targeted to
either C-raf kinase or PK@- RNA (7, 24).

In light of the MOE, TOE, and EOM decamer crystal
structures, the thermodynamic stability data for duplexes
between RNA and '20-alkoxyalkyl-modified RNA ana-
logues can be rationalized as follows. The stabilizing 2
O-MOE and 2-O-TOE substituents as well as the modified
furanose ring (C3endopucker) are conformationally pre-
organized for an A-form duplex. In accordance with the
gauche effect, the conformations of the torsion angles around
the ethyl C-C bonds in the 20-substituents fall into thec
ranges in every case. The resulting arrangements are
compatible with the minor groove topology in an A-form
duplex. The conformations of the substituents are further
constrained by the coordination of water molecules. A
particular mode of hydration that involves O&nd O2 is
conserved in five of the six substituents studied in the
crystallographic context. In terms of hydrogen-bonding
enthalpy, the observed hydration of the*MOE and 2-
O-TOE substituents distinguishes them sharply from desta-
bilizing aliphatic 2-O-substituents, in particular when
considering the conserved water binding sig2)( The
structure of the TOE decamer has revealed a further
stabilizing feature, namely, a network of-€l---O hydrogen
bonds between substituent and backbone, not unlike the one
found between the backbones of adjacent duplexes in a recent
crystal structure otis-platin bound to B-DNA $0). The
Tm difference for pairing between an RNA and a modified
DNA strand, the latter containing eithel-@-MOE or 2-
O-EOM ribonucleotides, amounts to almost °Z per
modification @1). The crystal structure of the EOM decamer
demonstrates the reduced conformational preorganization o
the 2-O-EOM substituent compared with the@-MOE and
2'-O-TOE substituents. Moreover, the particular arrangement
of one of the 20-EOM substituents leads to a local duplex
deformation. Thus, the three crystal structures provide
satisfactory qualitative interpretations of the observed ther-
modynamic stability data.
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