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Fig. 2 Geometry and topology of the MOE-RNA duplex.  a, Helical rise
(black), twist (blue) and inclination (red) values for individual base
pairs in the LT1 MOE-RNA duplex, calculated with the program

2.8 L
/\ /\ fv‘/ 3 - CURVES®. Straight lines indicate the corresponding values for stan-

26l v ;‘) dard A-form RNA. b, Stereo view of the overall conformation of the
' v Lap = LT3 MOE-RNA dodecamer duplex and the Mg 2* ions bound in its
N g major groove. The Mg 2* hexahydrate complex on the left is located
3 2.44 = on the crystallographic dyad. Atoms are colored gray, orange, red,
g k25 £ green and blue for magnesium, phosphorus, carbon, oxygen and
E 2ol ] nitrogen, respectively. Hydrogen bonds are solid black lines and ter-
5 o minal residues are labeled. c, Molecular surface representation of the
20 & MOE-RNA LT2 duplex, viewed into the minor groove. Atoms of phos-
2.4 = phate groups and MOE substituents are colored orange and green,
i respectively, and all others are colored light gray.
F15
1.81

~2.2 «, roughly 0.5 « below that of standard A-form RMAFig. between RNA duplexes such that their minor grooves fit togeth-
2a). This axial compression of the double helix neither affectgités much more common than the interaction between major
diameter (24 ) nor the position of the helical axis and the numgrooves seen here (see refs 20 and 22 for examples).
ber of repeats per turn (11, average helical twist 33j, &ig. 2 The Mg* ion that bridges two duplexes is found in all four
However, the structure shows strong inclination of base pafrsictures and appears to be important for lattice formation.
(average 23j, Figapand high roll values (average 13j). DespRéosphate groups across the deep groove are spaced by merely
the non-canonical helix geometry, the structures reveal no irtzg-in the MOE-RNA duplex, ~4 ¢ below that of canonical
ularities in the conformation of the backbone or sugar moietidsform RNA (Fig.2b). With no bending apparent, the narrower
Thus, all 2'©-modified riboses have the expected @&lo major groove is a direct result of the axial compression. It is like-
pucker. Moreover, low root mean square (r.m.s.) deviatidpghat by bridging phosphates from opposite strands and con-
among the six backbone torsion angles attest to the geometating the groove, the Mgion is also at the origin of the
rigidity of the duplex. observed abnormally low helical rise. It is noteworthy that the
In the monoclinic lattice, infinite columns of duplexes crossnarrowing of the major groove observed in the crystal structure
a roughly perpendicular manner, whereby the columns foofithe E loop of 5S rRNA is also believed to be facilitated by four
sheets that run more or less normal to the y-axis. The latteMg& ions buried in the major groo%e
stitched together by Mgions that are located on crystallo-
graphic dyads. At the intersections, the major grooves of Tiy@ology of the minor groove
duplexes face each other and the?Mgns mediate close con-The different conformations adopted by the individual MOE
tacts between phosphate groups from all four strands of adjaseinstituents block access to the bases at the floor of the normally
duplexes (Fig. 2 only one duplex shown). A second fullyide and shallow RNA minor groove to various degrees. In some
hydrated M@g* (hexahydrate) only forms contacts to phosphatesses, MOE moieties protrude into the minor groove roughly
of one duplex. Mg ions were located in several RNA crystarpendicular to the helix axis (Fidy)2However, at other loca-
structures, including tRN7e (ref. 19), the P4-P6 domain of &ons, the moieties appear to follow the backbone in a 5' to 3'
group | intror?® and the hammerhead ribozyfieAlthough direction, generating van der Waals contacts to the ribose of an
Mg?* binding was frequently found to involve major groove sitadjacent intra-strand residue (Fig).2n the central part of the
the coordination mode observed in the MOE-RNA structuredigplex, methyl groups of the MOE substituents from residues
unique. Both M&" ions are located at the periphery of the majo7 and U20 are in van der Waals contact (the distance between
groove and form outer-sphere, water-mediated contacts with' atoms in LT2 is 4.1 ¢). This arrangement effectively seals the
phosphate groups but not with base functionalities. Packimigor groove (Fig. . However, despite the irregular spacings
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Fig. 3 Conformational properties of the MOE substituents.
a, Superposition of the LT1 (MOE substituents colored red), LT2
(MOE green), LT3 (MOE blue) and RT (MOE yellow) structures, choos-
ing the LT1 duplex as a reference and including all atoms to generate
the best fit. The view is across the major and minor grooves and ter-
minal residues are numbered. b, B-factors (mean and standard devi-
ation) of atoms in bases (black), riboses and phosphate groups
(gray), and MOE substituents (color schemes are the same as that in
(a)) in the four MOE-RNA duplexes. c, Histogram showing the distrib-
ution of conformations of torsion angles around CA'-CB' bonds for

all 96 MOE substituents in the LT1 to 3 and RT structures. Bars are col-
ored pink, magenta and brown for the g*, g?and t conformational
ranges, respectively, and the bars for all other angle ranges are col-
ored gray. The insets show the corresponding distributions for the
torsion angles around the C2'-02' and O2'-CA' bonds, respectively.
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of MOE substituents along the backbones, no unusual chai@®@$ in the LT3 and RT structures. In summary, the structures
in the distances between phosphorus atoms across the Mf@BEionstrate that the geometry of the MOE substituents at least
RNA minor groove occur compared with a regular RNAthe double helical state is mainly governed by the stereoelec-
duplex. Thus, the RNA minor groove can accommodate thenic gauchesffect*and, to the extent that the tested crystal-
spatial requirements of the MOE substituents. lization conditions have allowed us to probe this, only
marginally dependent on pH, temperature and ionic strength.
Conformation of the MOE substituents
Comparison of the arrangements of individual substituentsHpdration and hydrogen bonding interactions
the four structures reveals only minor deviations for m@tO-MOE substitution of RNA introduces an additional
residues (Fig.8. All crystallographic refinements were carriettceptor atom in the minor groove (OC', Fig).JA hydration
out without restraining the torsion angles of MOE supattern that is associated withgaucheconformation of the
stituents. Although their mobilities in the crystals exceed theabstituent is present in several residues (Fagh)4This pat-
of base and ribose-phosphate backbone atoms (Bjgtt® tern involves a water coordinated to OC', O2' and O3', under
substituents are ordered and exhibit distinct conformatiorfatmation of two bifurcated hydrogen bonds. Either one or two
preferences. Most significant among them is the fawgiredg® additional water molecules then hydrogen bond to that water.
conformation around the CA'-CB' bond (Figadnd ). Only This hydration motif is more common for substituents with a
two substituents per structure adopt conformations that g conformation around the ethylene bond. A second water
outside these angle ranges. However, it appears thgitdhd molecule can link the above water to the phosphate group of
cParrangements have different stabilities sgf@ecurs rough- the same residue when the substituent adogPoaentation
ly twice as often (FigcB There are no obvious steric reasofBig. 4a,b). For theg arrangement the corresponding distance
for this and lattice interactions are an unlikely cause as welligslightly too long to be bridged by a single water molecule. Itis
the other hand, the reasons for the predomirtaamsorienta- possible that the water structure around A& OE moiety is
tion of the torsions around the C2'-02' and O2'-CA' bon@sergetically favorable relative to the one around substituents
seem to be mainly steric in nature. For residue G3rdres with a g- conformation, providing a rationale for the higher
conformation around the CA'-CB' bond is conserved in all fonumber of substituents displaying the former geometry. Water
structures, hinting at a lattice contact as the possible origiolecules can also mediate hydrogen bond interactions
Indeed, modeling off or g conformations with MOE of G3between bases and substituents in cases where the latter assume
leads to repulsive contacts with a particular MOE substituena ttitnsconformation. For example, a water molecule links OC'
an adjacent duplex. Other residues displayitgaasconfor- and N2 of residue G24 (Fige)4Therefore, MOE substituents
mation of the MOE substituent are C21 in LT1 and LT2 aadopting eithergaucheor trans conformations can mediate
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Fig. 4 MOE-mediated hydration of residues with  gauche and trans conformations around the ethyl bond of the 2'- O-substituent. The coloring of
MOE carbon atoms corresponds to the conformation around the ethyl bond and matches the color scheme of the histogram in Fig. 3 b. a, Residue
G22 of structure LT1, gPconformation. b, Residue G2 of structure LT1, g* conformation. c, Residue G24 of structure LT3, t conformation. Atoms are
colored orange, green, red and blue for phosphorus, carbon, oxygen and nitrogen, respectively. Water molecules are drawn as lar ge cyan colored
spheres and hydrogen bonds are solid black lines.

enthalpically favorable interactions, consistent with the grediten shells of phosphate groups, sugars and bases overlap only
enthalpic contribution to MOE-RNA duplex formation relativeveakly in B-form DNA?.

to unsubstituted RNA (Fig bl PS-ODNs showed relatively poor permeability inirasitu
single-pass perfusion model that was used to assess the absorp-
Structural origins of the improved antisense properties tion of ONs in various segments of the rat intesfine

Our structural results are consistent with the higher affinity@énversely, MOE oligoribonucleotides with PO backbones had
MOE-RNA for RNA as compared to DNA. As expected the sBg- to 10-fold increased permeability relative to PS-ODNSs.
ars are locked in the C8hdoconformation, a prerequisite ofParacellular absorption, believed to be the dominant route for
any RNA mimic. In the case of the@-alkyl modifications, uptake of ONs, is influenced by the size, charge and
longer substituents destabilize the duplex formed betweenhydrophilicity of an antisense compound and correlates
modified strand and the RNA targetConversely, conforma-strongly with water flux and intercellular tight junction diame-
tional preorganization with MOE-RNA includes sugar moietigr. The considerably better uptake of MOE-ONss relative to PS-
and substituent, as both are governed bygtheche

effect, with _the unique hy_dration _p_attern aroun Table 1 Crystal data and refinement parameters
MOE substituents providing additional rigidity

1
Dominance of the MOE geometry by tgauche Crystal data LTt LT2 LT3 RT
effect is largely borne out by the crystal structura (3_’) 41.20 4132 42.00 44.06
The results presented here are in line with thoseb ) 34'44 34'55 35'60 35'40
an earlier crystallographic study, revealing adcc “ 46-62 46.60 47_14 48_34
tion of agauchegeometry by the three O-C-C-Cb(_) 9'2 4 9'23 9'3 ) 9'50
moieties in a single »-methyl-[tri(oxyethyl)]- Da'taconection ’ ’ : ’
modified thymidin&s. Although our structures of i )

_ ) . . Source/detector Synchrotron-APS/MARCCD  Rigaku RU200/R-axis llc
dquble stranded MO.E RNA cannot provide dlre(Temperature 120K 120K 120 K T
evidence, it is plausible that the observed conf )
mational preferences of the MOE moiety also pITotaI no. gf reflecnor?s 39,271 24,219 22,518 11,424
vail in the single-stranded state, providing eg:'sglful:ino'glz: reflections 7’103(2) 6’1823 4'1932 2'2133
entropic advantage for pairing. Interestingly, MCo o leteness ) §g4 597 §7 1 és 0
ecular dynamics simulations of a MOE-RNA singFes 2‘20/) ° s 5 5 1 s '8 7 2
strand generated a rigid structure that cIoseRé;‘ine;ent statistics ’ ’ ’ ’
resembles the conformation of the MOE strand
the duplex stafé No. of RNA atoms 602

A further feature of MOE-RNA established tmg' g]': Vl\;ztiﬁons 1015 1111 1222 12
the crystal structures is the extensive hydration_~ = "
; .. R.m.s. distances () 0.011 0.009 0.011 0.010
the minor groove and backbones. Up to three f|r.R_m_s_ angles () 189 164 188 168

shell water molecules can be stabilized by the M
moiety, assisted by bridging and non-bridgir
phosphate oxygens. The chelate-like trapping
water molecules between oxygen acceptors of ¢
stituent and backbone (Fig. db) suggests an
important role of water in the overall stability ¢
MOE-RNA. In A-form RNA, the 2'-hydroxyl:iLT, low tem;lje(:;i:;re (1(2h(ill)()i/RT, roorR]tkelz)mperature.
groups can also stabilize water bridges betw?Reym= SwSl(hkD); - <I(hk)>|/ Sy, S<I(hkl)>.
sugar and base and sugar and phosphate moigacort = SulF Ok, ~ FOK)/Su k).

in the minor groové. By comparison, the hydra:

Mean B, RNA (s.d.,* 2) 22.9(8.0) 28.1(8.7) 22.8(6.5)  31.5(11.6)
Mean B, water (s.d.,» ?) 30.9 (6.8) 34.9(7.9) 36.0(9.9) 31.6 (3.4)
No. of refls. [F>2 s(F)] 6,412 5,532 4,359 1,881
R-factor 2 (work set) 0.206 0.207 0.209 0.193
R-factor # (test set) 0.258 0.248 0.257 0.252
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ODNs s is likely a consequence of the different backbone polgdé 150 mM. The lower temperature limit was 25 {C, the upper

ties and is consistent with the extensive hydration of the M@t perature limit was 95 {C, and the temperature increment was

substituents. 0.5 {C with an equilibration time of 1 min. For each dodecamer
The precise origins of nuclease resistance are currently ffoteparate heating and cooling cycles were conducted and the
derstood. Second generation oligonucleotide modificati flpia were averaged to calculate the T -, values. Thermodynamic

un o . ) Pameters were then extracted from 1/T m VS. In[c] plots 35.

can offer improved protection against nuclease degradation

compare_:d with PS'DNA- StrUCtura_I studies that lead _to 'ns'_geél%rdinates. The coordinates and reflection data for the four

concerning the protection mechanism may y|?|d des'Qn_p”r&luctures have been deposited in the Nucleic Acid Database

ples for the development of future modifications. Steric hi@aecession codes: AR0015 (LT1), AR0016 (LT2), AR0017 (LT3), and

drance is a likely cause of the improved resistance obsefR€@L8 (RT)).

with MOE-RNA. Thus, a 2'-substituent comprising three ethyl-
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